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Submitted to the Institute for Graduate Studies in

Science and Engineering in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

Graduate Program in Chemical Engineering
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Prof. Kutlu Ülgen . . . . . . . . . . . . . . . . . . .
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Erşahin, Özgür Yaşar Çağlar, Erge Akbaş, and Ece Mutlu for always being there for

me.



iv

ABSTRACT

PEPTIDE DRUGS AGAINST ANTIBIOTIC RESISTANT

BACTERIA

Membrane active peptides have found great interest as drug candidates due

to their unique mode of action and availability in nature. In the past 20 years, beta-

lactamase-mediated antibiotic resistance has become a lethal issue with the widespread

of antibiotic cleaving beta-lactamase enzyme due to the misuse of beta-lactam type

antibiotics. In this context, antimicrobial peptides are promising broad-spectrum al-

ternatives to conventional antibiotics in the era of evolving bacterial resistance. In an

effort to propose peptide drugs against antibiotic resistance, the understanding of how

peptide drugs take action is essential. Here, the goal was to propose novel peptide an-

timicrobials that can efficiently inhibit periplasmic beta-lactamase and internalize into

bacteria. For this aim, the cell-penetrating peptide pVEC and its first five residues

(LLIIL) deleted variant del5 pVEC, were analyzed using molecular dynamics simula-

tions to gain insights about the mechanism and free energy of the lipid bilayer translo-

cation, and the contribution of the LLIIL residues to this peptide’s uptake. Motivated

by the pVEC sequence and the studies on pVEC emphasizing the importance of its

LLIIL residues to the uptake of the peptide, the approach was to build chimeric se-

quences, by combining the LLIIL residues of pVEC with the beta-lactamase inhibitory

peptides to facilitate their uptake. Our results show that the addition of LLIIL to the

beta-lactamase inhibitory peptides increase their membrane permeabilizing potential.

Interestingly, the addition of this short stretch of hydrophobic residues also modified

the inhibitory peptides such that they acquired antimicrobial property. The results

suggest that addition of the hydrophobic LLIIL residues to the peptide N-terminus

may offer a promising strategy to design novel antimicrobial peptides in the battle

against antibiotic resistance.
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ÖZET

ANTİBİYOTİK DİRENÇLİ BAKTERİLER İÇİN İLAÇ

TASARIMI

Membran aktif peptitler, doğadaki bulunma şekilleri ve benzersiz mekanizmaları

nedeniyle ilaç adayları olarak büyük ilgi görmüştür. Son 20 yılda, beta-laktamaza bağlı

gelişen antibiyotik direnci, beta-laktam tipi antibiyotiklerin kötüye kullanımı nedeniyle

yaygınlaşan beta-laktamaz enzimini yüzünden ölümcül bir sorun haline gelmiştir. Bu

bağlamda, antimikrobiyel peptitler, gittikçe artan antibiyotik direnci evresinde ge-

leneksel antibiyotiklere geniş spektrum alternatifleri vaat etmektedir. Peptit temelli

ilaçları antibiyotik direncine karşı önermek ve kullanmak amacıyla, peptit ilaçlarının

nasıl harekete geçtiğini anlamak çok önemlidir. Buradaki amaç, periplazmik beta-

laktamazı etkili bir şekilde inhibe edebilen ve bakteri hücrelerine girebilen yeni an-

timikrobiyel peptitler önermektir. Bu amaçla, hücre içine girebilen pVEC peptidi ve

ilk beş kalıntısının (LLIIL) silinmesi ile elde edilen del5 pVEC, moleküler dinamik

simülasyonları kullanılarak analiz edilmiş, çift katmanlı lipitten geçiş mekanizmaları

ve serbest enerjileri ile LLIIL kalıntılarının geçiş mekanizmasına katkısı incelenmiştir.

pVEC sekansından ve LLIIL kalıntılarının pVEC peptidinin hücre içine alınmasındaki

önemini vurgulayan çalışmalardan yola çıkarak geliştirdiğimiz yaklaşımla, pVEC pep-

tidinin LLIIL kalıntılarını beta-laktamaz inhibitörü peptitlerle birleştirerek yeni diziler

oluşturulmuştur. Sonuçlarımız, LLIIL kalıntılarının beta-laktamaz inhibitörü pepti-

tlere eklenmesinin peptitlerin membran geçirgenliğini arttırıcı potansiyelini yükselttiğini

göstermektedir. İlginç bir şekilde, bu hidrofobik kalıntıların ilavesi, inhibitör pepti-

tleri antimikrobiyel özellik kazanmaları doğrultusunda modifiye etmiştir. Sonuçlar,

hidrofobik LLIIL kalıntılarının peptit N-terminaline eklenmesinin, antibiyotik direncine

karşı savaşta yeni antimikrobiyel peptitler tasarlamak için umut verici bir strateji sun-

abileceğini düşündürmektedir.
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xviii

Figure 4.38. Stretching of pVEC using the collective variables module. The

change in energy (top) and radius of gyration (bottom) are plotted

for the whole simulation. . . . . . . . . . . . . . . . . . . . . . . . 96

Figure 4.39. Stretching of pVEC using SMD. The change of end-to-end distance

and force applied are plotted with respect to the simulation time.

Force applied and work done are also plotted with respect to the

end-to-end distance of the peptide. . . . . . . . . . . . . . . . . . . 97

Figure 4.40. Stretching of pVEC (red) in comparison with its membrane translo-

cation (black). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Figure 4.41. Histograms of z-distance between the SMD atom and the lipid bi-

layer for each umbrella window. . . . . . . . . . . . . . . . . . . . 99

Figure 4.42. The potential of mean force for the membrane translocation of

pVEC peptide as a function of the z-distance between the center

of mass of the bilayer and the peptide N-terminus. . . . . . . . . . 100

Figure 4.43. The potential of mean force for the membrane translocation of del5

pVEC peptide as a function of the z-distance between the center

of mass of the bilayer and the peptide N-terminus. . . . . . . . . . 101

Figure 4.44. Comparison of the PMF profiles for the membrane translocation of

pVEC and del5 pVEC peptides. . . . . . . . . . . . . . . . . . . . 102

Figure 4.45. Comparison of 4 pVEC REUS simulations with 1 Å or 2 Å replica
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1. INTRODUCTION

Passive diffusion through lipid membranes is a common mechanism for drug up-

take into to the cells, but many drug candidates are disregarded as they fail to go

through the membrane due to low membrane permeability [1]. Much effort has been

made to develop drug carriers that can cross the membranes and transport biologically

active cargo into cells. One of the biggest breakthroughs in this field is the discovery

of cell-penetrating peptides (CPPs) [2, 3] that can be efficiently internalized into cells

and used as carriers for intracellular delivery of bioactive molecules [4]. This ability of

CPPs and their low toxicity make them promising potential delivery vectors. Recently,

the design of chimeric peptides by combining parts of several peptides or proteins have

been favored, since the resulting peptides carry the properties of the original sequences,

and may be even more efficient than the original sequence in some cases [5].

Antibiotic resistance is a worldwide health problem and has become one of the

leading causes of death in the past 20 years [6]. Bacteria are able to develop drug resis-

tance in different mechanisms, but the production of the antibiotic inactivating beta-

lactamase enzyme is the endemic mechanism of antibiotic resistance [7–9]. Successful

combination therapies of beta-lactam antibiotics with beta-lactamase inhibitors have

been clinically used, but beta-lactamases have evolved inhibitor resistant mutations for

these therapies as well [10]. Due to the increase in the diversity of target proteins as a

result of selective pressure and evolutionary process, design of novel inhibitors is still

an area of intense research. Guiding this field, the beta-lactamase-beta-lactamase in-

hibitor protein (BLIP) complex is an attractive model both for beta-lactamase inhibitor

design [11] and the study of protein-protein interactions [12].

In my previous MSc. Thesis studies, it was aimed to investigate the translocation

mechanism of the cell-penetrating peptide pVEC (LLIILRRRIRKQAHAHSK) and to

analyze it on a residue basis in order to identify critical residues for bacterial uptake.

Wild-type and mutant pVEC peptides were chosen to be studied using steered molecu-

lar dynamics (SMD) simulations. The peptide transport was observed to occur in three
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main stages and residues contributing to the interaction of pVEC with the lipid bilayer

was investigated. In the experimental part of the study, the effect of two novel BLIP

based peptides and a known beta-lactamase inhibitor peptide on growth of antibiotic

resistant E. coli K12 pUC18 cells was examined. Modified BLIP based peptide was

taken into the cells, as revealed by microscopy and incubation with this peptide led to

cell death. The studies showed that inclusion of the five hydrophobic residues at the

N-terminus enhanced the uptake potential of the inhibitory peptide.

In this study, peptide drugs will be discussed in two different points of view. In

the first part, the aim is to study the cell-penetrating peptide pVEC and its variants, in

order to gain insights about its membrane translocation. For this aim, computational

studies on pVEC and its variants were carried out. While molecular dynamics simula-

tions on pVEC provide information at the molecular level, the simulations of mutations

and deletions on this peptide also delivered perceptions on molecular interactions that

contribute to this peptide’s penetration and translocation ability. Application of di-

mensionality reduction algorithms on molecular dynamics data was carried out as an

innovative approach to analyze big data using only statistics methodology instead of

physical and visual analysis of biological systems. In the second part of the study,

the aim is to discover novel peptide antimicrobials that are not only periplasmic beta-

lactamase inhibitors, but also can penetrate into bacteria. Inspired by the studies

on the cell-penetrating peptide pVEC emphasizing the importance of its N-terminal

residues (LLIIL) to the uptake of the peptide, our approach was to build a chimera. To

build the chimeric peptides, beta-lactamase inhibitory peptides were combined with the

hydrophobic pVEC residues (LLIIL) in the N-terminus. All proposed peptides were

then tested for their antibacterial activity, membrane permeabilizing potential and

their effects on cell surface. Peptides were also tested for mammalian cytotoxicity and

their activity were compared to other drugs such as the antimicrobial peptide melittin,

beta-lactam antibiotic ampicillin and beta-lactamase inhibitor potassium clavulanate.

Finally, a live-cell imaging study was carried out with selected peptides to investigate

their bacterial uptake using microfluidic chips. The methods used and results reported

in this thesis promise potential toward the design of novel antimicrobials and it can

hopefully guide future peptide-based drug design efforts.
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2. THEORETICAL BACKGROUND

2.1. Membrane Active Peptides

Biological membranes are physical barriers with complex dynamic structures that

consist of arrangements of phospholipids [13]. This physical barrier separates intracel-

lular regions from extracellular environment to protect the cell, thus maintain mem-

brane protein stability and function [14]. The hydrocarbon chains of the phospho-

lipids are isolated from the aqueous phase to form a sheet-like nonpolar core region

that is unfavorable to all polar and charged species [13, 14] including peptides, pro-

teins and nucleic acids. Only ions and small molecules can readily be transported

across membranes through specific channels and transporters upon stimulation with

ligands [4]. One of the biggest breakthroughs in this field is the discovery of cell-

penetrating peptides (CPPs) [2, 3] or protein transduction domains (PTDs) that can

be efficiently internalized into cells and used as carriers for intracellular delivery of

bioactive molecules [4]. Another group of peptides; antimicrobial peptides (AMPs),

have multiple functions [15], but mainly bactericidal due to their membrane integrity

impairment feature [16].

2.1.1. Antimicrobial Peptides (AMPs)

Antimicrobial peptides (AMPs) or host defense peptides (HDPs) were defined as

a group of membrane active peptides considering their ability to kill bacteria, virus,

and fungi either through membrane integrity disruption or through cellular function

inhibition [17–20]. Even though antimicrobial peptides are evolutionarily ancient, they

are widespread in plants and animals, suggesting that they have a fundamental role in

the evolution of organisms [17]. The unique mode of action of antimicrobial peptides

made them favorable and promising candidates for novel drugs against drug resistance

that bacteria, fungi, and viruses may develop [17,21]. The common feature of all AMPs

is their strong interactions with the cell membrane, not necessarily causing permanent

membrane permeabilization, which enables AMPs to translocate into the cells [21].
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AMPs may demonstrate multiple roles, including chemotactic and immunomodu-

latory functions [15], but their main activity is bactericidal, killing bacteria by perturb-

ing membrane permeability [16]. AMPs take action by binding to the membrane surface

below a threshold peptide-to-lipid ratio, but at higher ratios they either facilitate pore

formation [22–24] resulting in cell component leakage and cell death [25, 26] or induce

membrane disintegration and/or micellization by the so-called carpet mechanism [27].

Moreover, recent studies have shown that the design of chimeric peptides opens

a new way of rational engineering of novel antimicrobial peptides with membrane pen-

etration or membrane-disruptive properties. Fusing peptides to Tat11 arginine-rich

motif [28], to a stretch of cationic cell-penetrating nona (D-arginine) residues [29], to

the antimicrobial peptide ri-melittin [30] or to pVEC [31] results in peptides with high

uptake potential.

2.1.1.1. Antimicrobial Peptide Melittin. Melittin, the principal toxic component of

venom of the honey bee Apis mellifera [32–34], is a linear cationic, non-selective, am-

phipathic peptide of 26 amino acids [35, 36]. It exhibits high antimicrobial [33, 36–38]

and antiviral activity [36], and cytotoxicity in different types of mammalian [35,39–41],

and cancer cells [42].

Melittin has been favored as an antimicrobial due to its low minimal inhibitory

concentration values. Melittin was tested against many bacterial strains and the killing

doses were reported in the 1.6 - 15.6 µM range for E. coli, 0.3 - 1 µM for Bacillus subtilis,

0.5 - 3.9 µM for S. aureus, and 1 - 7.8 µM for MRSA [33,35,38,43].

Melittin is a helical water-soluble peptide in its monomer or tetramer form [44].

Upon investigation of its membrane disruption mechanism, it was observed that melit-

tin acts like a detergent on the lipid bilayers, as it forms aggregates of tetramers, which

penetrate into the phospholipid bilayers to later disrupt them [42, 45, 46]. Scanning-

electron and transmission-electron microscopy studies showed that bacteria treated

with melittin had irregular cell surface with bleb formation, and upon treatment with
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melittin, bacterial inner and outer membrane, and the peptidoglycan layer, were dam-

aged [47]. In other microscopy studies, transient membrane disruption and cytoplasm

leakage was observed upon treatment of bacteria with melittin [48], but pore formation

occurred at a much reduced level than expected [48].

2.1.2. Cell-Penetrating Peptides (CPPs)

The hydrophilic character of peptides prevents their cellular uptake due to the

hydrophobic nature of the cell wall and membranes [49]. Several strategies (such as

microinjection, electroporation, liposomes and viral vectors) have been developed in

order to circumvent the limitations in peptide uptake. However, all of these strategies

have serious drawbacks such as toxicity and low efficiency.

An alternative in the delivery of peptide inhibitors is the use of cell penetrat-

ing peptides (CPPs) or protein transduction domains (PTDs), which can translocate

the cell membrane and carry cargo into cells [2]. The strategy was inspired from the

observation that two intracellular proteins Tat (HIV-1 transcriptional activator pro-

tein) [50] and pAntp (Drosophila antennapedia transcription protein) [51] were able

to pass through the membrane, and they made delivery of conjugated molecules such

as peptides or proteins possible. Protein transduction domains (PTDs), now mostly

known as CPPs include all the peptides that are able to translocate through mem-

branes, regardless of the characteristics of the peptides [49].

Cell penetrating peptides (CPPs) are cationic and amphipathic peptides of less

than 30 residues derived from natural or unnatural proteins or chimeric sequences

[2, 3, 5, 49, 52, 53], and they are able to cross the cell membrane by direct, energy-

independent penetration or endocytosis [54]. CPPs, such as TAT [50], penetratin [51],

transportan [55], TP10 [56], and pVEC [57] improve cargo delivery into mammalian

cells, with favorable delivery and distribution properties in-vivo [58,59]. Almost every

CPP sequence includes positively charged amino acids, and most frequently studied

CPPs involve a chain of arginines [5].
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Initially, the CPPs classification was made based on the peptide’s interaction with

the cargo. The CPPs were divided into two main classes; as CPPs that require chemical

linkage with the cargo, and the CPPs that involve formation of stable, non-covalent

complexes with the cargo. Another classification of CPPs was proposed later, and the

classes were defined based on the CPPs structural properties, affinity for phospholipids,

and translocation pathways [60]. CPPs were divided into three subgroups according

to their secondary structures in the presence of phospholipids. The first subgroup

consists of the peptides that display no change in structure (random coil) in different

phospholipids, or in different lipid/peptide ratios. The CPPs in the second subgroup

adopt beta-structure, and the CPPs in the third subgroup adopt helical conformations

[60].

The properties for membrane translocation of CPPs highly depend on their nat-

ural secondary structure and especially the secondary structure they adapt when they

come in contact with the lipid bilayers. Although CPP-membrane interactions deter-

mine the CPPs’ uptake efficiency, CPPs are known to be delivery vectors therefore;

they must deliver their cargo molecules to the target. In general, when couple to larger

molecules, CPPs transport their cargo using endocytosis. The steps of the process are

(i) complex formation of the CPP and the cargo, (ii) interaction with the membrane

and endosomal uptake, (iii) endosomal escape, (iv) localization [5, 61].

Although structure-activity relationship (SAR) studies and the utilization of en-

docytotic inhibitors have revealed the uptake mechanism of CPP families to some

extent [5, 62–64], a complete and detailed picture of CPP uptake is not yet available.

It is more likely that the CPPs follow multiple pathways including direct penetration

and endocytotic uptake mediated by clathrin, caveolea and/or other molecules [5]. Al-

though a general scheme for uptake mechanism of CPPs is missing, it is agreed that

the initial contact between the CPPs and membrane involves electrostatic interactions.

After the initial contact, the cellular uptake is driven by the physical properties of the

CPP; the ability to interact with lipids, the type and concentration of the cargo, and

the composition of the membrane [5].
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In earlier studies, CPPs and CPP conjugates were thought to enter cells by direct

penetration through membranes, but these studies were performed using fixed cells [4],

in which chemicals used for fixation were shown to affect the internalization of the

peptides, which would otherwise be adsorbed on the cell surface [65–67]. Experiments

using living unfixed cells showed that endocytosis has a major role in internalization of

these peptides under physiological conditions even though direct translocation across

membranes and cytosolic distribution of arginine-rich CPPs may still be observed.

These results suggest that there are at least two pathways, which are endocytosis

and direct translocation, for CPP internalization and direct translocation is highly

dependent on concentration [4]. The overall CPP uptake kinetics, specifically the three

CPPs M918, TP10 and pVEC was investigated using a quenched fluorescence assay.

The study proved that different CPPs might exploit different pathways simultaneously

since they observed change in the uptake levels and overall kinetic profile when cells

were treated with different endocytosis inhibitors [64].

Even though CPPs were discovered and defined by their cargo carrying and in-

ternalization ability [68], they share common structural properties with antimicrobial

peptides (AMPs), another group of membrane active peptides. CPPs and AMPs share

some physical properties such as a net positive charge, short sequences, and strong in-

teractions with membranes [21,49]. CPPs penetratin, pVEC, TP10, and MAP demon-

strate AMP action and they were shown to permeabilize and kill bacteria in infected

mammalian cultures at doses that do not damage human cells [21,69–71].

2.1.2.1. Cell-penetrating Peptide pVEC. pVEC is an 18-amino acid-long CPP [57,72],

derived from residues 615 - 632 of the murine vascular endothelial-cadherin (VE-

cadherin) protein [73], which provide the physical contact between adjacent cells. VE-

cadherin protein also participates in the control of vascular permeability and angiogen-

esis, and has an active role in the information transfer from the outside of the cell [73].

pVEC can carry proteins and oligomers as cargo into human aortic endothelial, brain

capillary endothelial, Bowes melanoma, and murine brain endothelial cells [57,72], and

can be translocated into gram-negative and gram-positive bacteria and fungi [71].



8

With the sequence LLIILRRRIRKQAHAHSK, pVEC has a hydrophobic N -

terminus, a cationic mid-section and a polar C-terminus, making it an amphipathic

molecule. The peptide sequence contains 13 cytosolic amino acids closest to the mem-

brane and 5 amino acids from the C terminus of the transmembrane region of the

VE-cadherin protein [57]. Four Arg and two Lys residues in the sequence make the

peptide highly positively charged. Alanine scanning has identified the contribution of

each residue to peptide’s uptake by human Bowes melanoma cells and it was found

that mutation of the five N-terminal residues (LLIIL) to L-alanine resulted in 50-75%

reduction in cellular uptake [72]. Sequence alignment of VE-cadherin protein from dif-

ferent organisms showed that residues corresponding to Leu1, Leu2, Leu5, Arg6, Arg8

and Lys11 in the pVEC sequence are highly conserved, suggesting that these residues

carry functional importance for the full length protein as well [74].

pVEC has a random coil structure in pure water and neutral phospholipids, but it

forms a beta-sheet in negatively charged DOPG membranes [60]. However, it conserves

its random coil conformation in the presence of neutral phospholipids such as DOPC

(dioleoylphosphatidylcholine) or 80/20 mixture of DOPC/DOPG, and in the presence

of large unilamellar vesicles composed of 40/40/20 mixture of DOPC/SM/Chol (SM:

sphingomyelin, Chol: cholesterol) [60].

Even though pVEC was defined as a cell-penetrating peptide, it was later found

out that pVEC has antimicrobial properties as well [71,75]. Upon treatment of bacteria

with pVEC, inhibition of bacterial growth was observed at the concentration range of

16-25 µM for E. coli cells, at 4 µM for B. subtilis, S. aureus, and S. epidermidis [71,75].

pVEC was also antimicrobial against the yeast S. cerevisiae at concentrations higher

than 25 µM [71].

2.1.3. Analysis of Membrane Active Peptides by Computational Methods

Molecular dynamics (MD) simulations are commonly used to observe the behavior

of the membrane active peptides and the system upon penetration of the peptide into

the membrane. The MD simulations of the CPP transportan 10 (tp10) and a POPC
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showed that tp10 binds to the POPC membrane in a parallel orientation. Within a

200 ns simulation time, only the hydrophobic side of the peptide was inserted in the

membrane [76]. For the investigation of the membrane translocation mechanism of Tat

peptide, extensive molecular dynamics simulations were performed with DOPC lipid

bilayer. The simulations showed that the penetration of Tat starts with the attraction

between the Arg and Lys side chains and the lipid P-heads [77].

Much effort has been spent to develop computational methods for accurate pre-

diction of membrane permeability and partition free energy calculations for peptide-

membrane systems. However, MD simulations are not yet used for high-throughput

permeability predictions, due to their high computational cost. The permeability,

which is the partitioning of the solute into the membrane, can be quantified by the

potential of mean force (PMF) for solute translocation across the membrane. PMF cal-

culations of membrane permeation MD simulations require a physical model; defined by

the force fields, the size of the system, simulation parameters, a reaction coordinate for

quantification along the simulation pathway, and sufficient conformational sampling of

both the order parameter and orthogonal degrees of freedom [1]. Since peptide translo-

cation events are on the order of minutes [53,61,78], it is not possible to observe them

within the time frame of equilibrium MD simulations, which are limited to observing

events on the order of 10 to 100 ns [53, 79]. The time limitation in conventional MD

simulations has been overcome by using other methods such as coarse grained simu-

lations [80], replica exchange simulations [81], free energy perturbation [82] or other

non-equilibrium MD simulations such as metadynamics, umbrella sampling or SMD

simulations [74, 77, 83, 84] to study peptide adsorption or translocation through the

lipid bilayer.

Simulations with peptide-membrane systems showed that some residues con-

tribute to peptide translocation more significantly than the others. Ile and Leu, the

most hydrophobic residues, prefer to be in the bilayer core, having free energy values

around -20 kJ/mol at the bilayer center [85]. Previous reports suggested the criti-

cal involvement of cationic residues during peptide adsorption on the membrane [86].

Arginine, a common residue of many antimicrobial [87] and cell-penetrating pep-
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tides [61, 65, 88, 89], which has a free energy of +60 kJ/mol at the bilayer center,

was shown to be stabilized by the presence of a surrounding water droplet [85,90] and

arginine rich peptides, such as Tat, were shown to form a channel in which the proto-

nation/deprotonation of the fatty acids in the bilayer contribute to uptake of this pep-

tide [77]. For CPPs that contain multiple arginine residues, such as Tat [52,65,77,89]

and nona-arginine [88,91,92], multiple arginines were strictly required for their translo-

cation through the membrane. These multiple arginines were found to be taking ad-

vantage of the formation of a water defect when located in the bilayer core [85,90,93].

Moreover it was shown that the energetic cost of additional charges is lower than when

there is a single arginine at the center of the bilayer [90], which could be overcome

by the simultaneous transfer of three or four Leu residues [85, 93]. This does not nec-

essarily suggest that the peptide LLLRRR would actively cross the membrane, but a

peptide with similar composition could cross the membrane at a low energetic cost [90].

Steered molecular dynamics (SMD) is a computational time-effective approach to

study biomolecular processes such as binding - unbinding events, and their elastic prop-

erties. SMD methodology has the advantage inducing relatively large conformational

changes on ns time scales, which are hardly accessible with conventional MD. SMD

simulations apply a time- dependent artificial force to pull the systems along a certain

pathway, and mimic atomic force microscopy (AFM) experiments, which permits com-

parison of simulated and experimental force-extension profiles [94]. The application

of SMD simulations was shown to be suitable for investigating the interactions that

govern the membrane affinity processes of small molecules and peptides [95].

Molecular dynamics trajectories provide a sampling of configurations that re-

searches wish to characterize. Given a set of configurations along a process, the aim

is to find a low-dimensional embedding, which conserves the underlying manifold, but

may also help to characterize a simulation quantitatively. In practice, dimensionality

reduction is the search of this embedding with a set of coordinates that provide con-

siderable variation in data, while other coordinates could be eliminated to characterize

the whole process [96]. The classical techniques for dimensionality reduction, such as

principal component analysis (PCA) and multidimensional scaling (MDS), are simple
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and efficient to compute, and able to discover the true structure of data lying under

the high-dimensional input space. However, data sets containing nonlinear structures

are not accessible by PCA and MDS. In this context, ISOMAP approach builds on

classical MDS, preserving the intrinsic geometry and the geodesic distance between

neighboring data points, which guarantees the recovering of the true dimensionality of

nonlinear data [97].

Different dimensionality reduction algorithms were used to characterize fold-

ing/unfolding simulations, molecular motion and protein flexibility. High dimensional

data from protein folding landscape of a src homology 3 (SH3) coarse-grained protein

model was analyzed to find clusters in data with nonlinear dimensionality reduction

methods ISOMAP and Scalable ISOMAP (ScIMAP). The projected folding free- energy

landscape successfully identified the transition-state of the reaction [96]. In another

study, a new algorithm DPES-ScIMAP was proposed for the analysis of molecular

motion based on ScIMAP algorithm [98]. The diffusion map algorithm is another non-

linear dimensionality reduction technique applied to molecular simulations of n-alkane

chains, and the folding pathways of an antimicrobial peptide [99].

2.1.4. Visualization of Membrane Active Peptides by Microscopy Tech-

niques

A common and relatively old technique to observe single cells is light/fluorescence

microscopy in combination with staining and/or sectioning. Even though the resolu-

tion of light or fluorescence microscopy is usually not enough to reveal detailed cell

structures, they can be used for initial identification and detection of bacteria, give

information about the cellular morphology, and the reaction of the cells against drugs

or fluorescent labeled peptides.

Fluorescence microscopy experiments with two CPPs; pVEC and penetratin, in

four different mammalian cell lines showed that the concentration of pVEC was highest

in the murine brain endothelial cells. As a result, pVEC was determined to be a

potent carrier peptide due to its efficient and rapid penetration characteristic into the
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cells [57]. The usage of SYTOX Green as a cytotoxicity indicator dye under fluorescence

microscopy showed that the CPP TP10 caused rapid permeabilization of S. aureus, and

the CPP pVEC permeabilizes M. smegmatis cells, while both CPPs were harmless to

mammalian HeLa cells [69]. The interaction kinetics of a melittin derivative was studied

using time-lapse fluorescence microscopy, to show that melittin caused membrane pore

formation in synthetic membranes and membrane disruption in bacteria [48].

Another important approach in observation of single cells is electron microscopy

(EM). The electron microscopes are at least 400 times higher in resolution compared

to optical microscopes, and they can reveal detailed structures of the cell surface or

the inside of the cells.

The effect of two cationic amphiphilic AMPs; gramicidin S and PGLa, on cell

envelope of bacteria was studied using scanning electron microscopy (SEM) [100]. The

study showed that E. coli cells were shorter after treatment with the AMPs, and blisters

and bubbles formed on surface of the cells [100]. In other studies investigating the

effect of novel or well-established AMPs on membrane integrity and surface structure,

the common observations were change of cell surface smoothness, decrease in surface

stiffness, formation of micelles and ’blebs’ related to local destabilizations or total cell

surface rupture [47,101–103].

The majority of experiments with cells are performed after removal of the cells

from their natural environment in a time dependent manner. Under these conditions

cells are exposed to synthetic environments, which lack biochemical and mechanical in-

teractions with the extracellular matrix, and direct cell-cell contacts with the neighbor-

ing cells that vary in time and space [104]. Unfortunately most experimental conditions

are poor mimics of the natural environment; thus microfluidic systems may provide an

alternative approach to monitor live cells in their natural environment. Microfluidic

systems are small platforms with a typical length scale of one hundred nanometers

to several hundreds of micrometers, consisting of channel systems connected to liquid

reservoirs by liquid connectors. Even though the initial goal of microfluidics was to

reduce sample consumption [105], lab-on-a-chip technology has successfully provided
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portable, fast, controllable and reproducible operations [106] for biological processes

such as drug screening [105], cell counting [104, 106–108], enzymatic assays, and even

DNA extraction from bacteria [109].

2.2. Beta-Lactam Antibiotics and Beta-Lactamase Mediated Resistance

2.2.1. Beta-Lactam Antibiotics

The history of the discovery of beta-lactam antibiotics began with the study

of Alexander Fleming in 1921, when he discovered lysozyme. The lysozyme enzyme

was shown to dissolve the cell wall and kill bacteria, which led to the discovery of

penicillin [110]. Later, the work at the Northern Regional Research Laboratory re-

vealed that different strains, culture conditions and media resulted in the production

of different penicillin compounds, all of them containing a beta-lactam ring [110]. Ben-

zylpenicillin, or Penicillin G, was the first beta-lactam antibiotic that went into clinical

trials. Today, beta-lactam antibiotics is a large family containing penicillin derivatives,

monobactams, and carbapenems, whic share the the structural feature of a highly

reactive four-member ring, called the beta-lactam ring [8].

As antimicrobial therapy provided prevention of some infections, the availability

and success of antibiotics resulted in overconfidence. In 1929, Alexander Fleming fo-

cused on resistance to penicillin as a potential problem, but the therapeutic feature

of penicillin overshadowed the resistance issue. Thus, it was known from the begin-

ning that bacteria have the ability to eliminate antibiotics. Over the years, antibiotic

resistance issues have drawn increased attention [110].

Beta-lactam antibiotics are rendered inactive by bacteria in three primary mech-

anisms of resistance; production of beta-lactamase enyzme, alteration of antibiotic

target, and blocking the antibiotic’s way to the target by efflux pumps [7].



14

2.2.2. Beta-Lactamases

The production of beta-lactamase enzymes is the most common and effective

mechanism of bacterial resistance to beta-lactam antibiotics. Beta-lactamases, found

widely dispersed amongst Gram-positive and Gram-negative bacteria, degrade the

beta-lactam ring rendering antimicrobials ineffective [111]. Beta-lactamase enzymes

(EC 3.5.2.6) were first identified in Staphylococcus aureus strains in the late 1940s, be-

fore the clinical trials with penicillin have started [111]. These enzymes are especially

important in Gram-negative bacteria, since beta-lactamases prevent a natural protec-

tion from the antibiotics and therefore they constitute the major defense mechanism

of these organisms. The beta-lactamase can easily spread during the transfer of genes

by plasmids or transposons between microbes. Once the enzyme is expressed in an or-

ganism, it is secreted into the periplasmic space, bound to the cytoplasmic membrane

or excreted [110].

Beta-lactamases were categorized based on sequence similarity (Ambler classes A

through D) [112] or according to their substrate and inhibitor profiles (Bush-Jacoby-

Medeiros Groups 1 through 4) [113]. In a recent study, a beta-lactamase network was

built, in which the proteins were represented as nodes and were connected by edges

with a weight depending on the number of shared identical or similar ligands. The use

of ligand sharing information to cluster proteins resulted in classification of proteins

based on both sequence and functional similarity [114].

Nevertheless, beta-lactamase evolution and identification of new beta-lactamases

has continued and resistance trends have changed greatly over the last 15 years [115].

Over 1000 identified beta-lactamases are reported in literature. Class A, the most

abundant beta-lactamases with more than 550 enzymes, includes over 40 variants of

TEM and SHV enzyme families. Class D (group 2d) and class C (group 1) beta-

lactamases represent the most rapidly growing (130%) classes of enzymes since 2005.

It is expected that the number of unique beta-lactamases will increase to represent

natural homologs of common enzymes that may have no selective advantage [113].
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2.2.3. Beta-Lactamase Inhibitors and the Beta-Lactamase Inhibitor Protein

(BLIP)

Approaches have been suggested to overcome beta-lactamase-mediated antibiotic

resistance. The usage of extended-spectrum cephalosporins that cannot be hydrolyzed

by beta-lactamases was one of the approaches. Another approach to overcome an-

tibiotic resistance was the co-administration of a beta-lactamase inhibitor; such as

clavulanic acid or sulbactam, with a beta-lactam antibiotic, such as ampicillin or amox-

icillin [116]. The disadvantage of both approaches is that they apply selective pressure

for mutations, which either result in beta-lactamases that can cleave extended-spectrum

antibiotics or that cannot be inhibited by beta-lactamase inhibitors anymore [11]. At

the time when the beta-lactamase inhibitor tazobactam was introduced (in 1993) in

combination with piperacillin, most of the known plasmid-encoded beta-lactamases

belonged to class A, which could almost all be inhibited by tazobactam. However, to-

day more and more gram-negative pathogens have resistance against the piperacillin-

tazobactam combination [117].

Clavulanic acid, or clavulanate is one of the most studied beta-lactamase in-

hibitors [118]. Even though it was suggested as a combination drug with an antibiotic,

clavulanate alone displays limited antibacterial activity [118,119], and it has been sug-

gested that it may influence the activity of beta-lactam antibiotics by mechanisms

other than the inhibition of beta-lactamase enzyme [120]. Clavulanate can bind to

penicillin-binding proteins (PBPs) as other beta-lactams do, which may be the reason

of the enhancement of antimicrobial activity [120]. Clavulanate, when combined with

penicillin, was found to reduce the penicillin killing doses by up to 4-5 folds, which was

explained by the synergetic effect of two drugs binding to PBPs [121].

2.2.3.1. Beta-Lactamase Inhibitor Protein (BLIP). The discovery of beta-lactamase

inhibitor protein (BLIP) has led to intense research toward elucidation of the beta-

lactamase-BLIP interactions and beta-lactamase inhibition mechanism. The natural,

165-amino-acid protein is produced by Streptomyces clavuligerus, which also produces
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beta-lactam antibiotics such as cephamycins, and a beta-lactamase inhibitor, clavulanic

acid [122–125].

BLIP is able to bind and inhibit class A beta-lactamases with Ki values of 1

- 3 µM, and specifically inhibits TEM-1 with a Ki of 0.5 nM [124], but it does not

efficiently bind to class B, C or D beta-lactamases [11].

TEM-1 beta-lactamase structure has two domains, of which the substrate binding

site is located at the interface [126,127]. In the TEM-1-BLIP complex (PDB Id: 1JTG),

the Ala46-Tyr51 loop of BLIP blocks the beta-lactamase active site [128, 129]. The

major contact residues between BLIP and TEM-1 beta-lactamase were determined as

BLIP 41 to 50 residues [11]. Moreover, Y53A mutation was found to be as critical

as the D49A mutation, which results in 40-fold decrease in the BLIP binding affinity

[12,123,130].

Motivated by these findings on the TEM-1 - BLIP interface, BLIP based peptide

inhibitor design has been an ongoing research effort. The peptide based on the A46-

Y51 region of BLIP was reported to inhibit beta-lactamase with a Ki value around 500

µM [11]. Furthermore, phage display studies were used to identify peptides, such as

RRHGHYY or Pep90 (YHFLWGP), with higher affinity for beta-lactamase [131–134].
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3. MATERIAL AND METHODS

3.1. Membrane Translocation Simulations and Analysis

Steered molecular dynamics (SMD) simulations on two beta-lactamase inhibitory

peptides, the cell-penetrating peptide pVEC, and its five derivatives, translocating the

POPE lipid bilayer were performed in an effort to elucidate the mechanism whereby

the peptides cross the POPE lipid bilayer.

3.1.1. Preparation and Equilibration of the Simulations Systems

3.1.1.1. Peptides Used in the Study. The beta-lactamase inhibitory peptides (P1 and

P2), the cell-penetrating peptide pVEC, and its five derivatives (del5 pVEC, pVEC-

1, pVEC-2, pVEC-9, pVEC-11) were used to study the lipid bilayer translocation of

these peptides (Table 3.1). Beta-lactamase inhibitory peptide P1 is based on the 45-53

residues of the beta-lactamase inhibitory protein (BLIP) [129, 131]. P2 was designed

as a chimeric peptide to include P1 with the addition of five N-terminal pVEC residues

(LLIIL). The cell-penetrating peptide pVEC [57,72] and pVEC with first five residues

(LLIIL) deleted derivative; del5 pVEC were used for comparison and investigation of

the effect of its N-terminus. Four pVEC mutants with either increased or decreases

antibacterial activity were also used on order to investigate the effect of mutations on

the membrane translocation of these peptides.

3.1.1.2. Equilibration of Peptides in Water Box. For the POPE translocation simula-

tions of beta-lactamase inhibitory peptides P1 and P2, the P1 and P2 peptides were

first built and energy minimized. The coordinates for the peptides P1 and P2 were

either based on the structure of 45-53 residues of the reference beta-lactamase in-

hibitory protein (BLIP, PDB ID: 1jtg) structure [129, 131] or they were assigned as

an extended chain (φ=-180◦ and ψ=180◦, or random coil) using the psfgen plugin

in the Visual Molecular Dynamics (VMD) package [135]. The initial coordinates of
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Table 3.1. Peptides used in the membrane translocation simulations.

Peptide Description Sequence

P1 BLIP 45-53 region HAAGDYYAY

P2 BLIP 45-53 region with N-terminal

pVEC residues

LLIILHAAGDYYAY

pVEC cell-penetrating peptide LLIILRRRIRKQAHAHSK

del5 pVEC pVEC with first 5 residues deleted RRRIRKQAHAHSK

pVEC-1 pVEC with A13R mutation (improved

activity)

LLIILRRRIRKQRHAHSK

pVEC-2 pVEC with H16L mutation (decreased

activity)

LLIILRRRIRKQAHALSK

pVEC-9 pVEC with R6L, K11R mutations (im-

proved activity)

LLIILLRRIRRQAHAHSK

pVEC-11 pVEC with R6L, H14R, H16R mutations

(improved activity)

LLIILLRRIRKQARARSK

P1 (HAAGDYYAY) based on the 45-53 residues of BLIP forms a beta-hairpin. The

coordinates for the LLIIL residues in P2 (LLIILHAAGDYYAY) were assigned as an

extended chain. The time step was 2 fs and the coordinates were stored every 0.5

ps to create the simulation trajectories. Peptides placed into a water box (10 Å x

10 Å x 10 Å) were energy minimized for 1000 steps and equilibrated for 2 ns of MD

simulations with constraints on peptide atoms and for 2 ns without any constraints.

Simulations were performed using NAMD molecular dynamics package [136,137] with

CHARMM27 [138] force-field parameters.

For the POPE translocation simulations of pVEC and its mutants, pVEC, pVEC-

1, pVEC-2, pVEC-9, and pVEC-11 peptides were first built and energy minimized. The

initial coordinates of the peptides were assigned randomly using the psfgen plugin in

the VMD package. Wild-type pVEC and its mutants, pVEC-1, pVEC-2, pVEC-9, and

pVEC-11 were studied (Table 3.1). The peptides were randomly placed into a water
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box (10 Å x 10 Å x 10 Å). The water-peptide system was minimized for 1000 steps

and equilibrated for 2 ns with constraints on peptide atoms. The constraints were then

removed and the system was equilibrated for 2 ns further. Simulations were performed

using NAMD molecular dynamics package with CHARMM27 force-field parameters.

For the comparison of membrane translocation of pVEC and del5 pVEC, and in

order to investigate the effect of LLILL residues on the bilayer translocation, peptides

pVEC and del5 pVEC were first built and energy minimized. The initial coordinates

of the peptides pVEC (LLIILRRRIRKQAHAHSK) and del5 pVEC (RRRIRKQA-

HAHSK) (Table 3.1) were assigned as extended chain (φ=-180◦ and ψ=180◦) and

were prepared using the Molefacture plugin in the VMD package. The initial struc-

tures were built using the psfgen plugin in the VMD package with CHARMM36 topol-

ogy [138–140]. Extended chain conformations of pVEC and del5 pVEC were each

placed into a water box by adding a layer of water molecules 12 Å in each direction

from the peptide atom with the largest coordinate in that direction. Water molecules

within 2.8 Å of the peptides were removed. The water-peptide systems were energy

minimized for 1000 steps and equilibrated for 2 ns with constraints on peptide atoms.

The constraints were then removed and the system was equilibrated for 100 ns further.

Simulations were performed at constant temperature and pressure, 310 K and 1 atm,

using NAMD package with CHARMM36 force-field parameters [138–140]. The time

step was 2 fs and the coordinates were stored every 0.5 ps to create the simulation

trajectories.

3.1.1.3. Preparation and Equilibration of the POPE Lipid Bilayer. In all membrane

translocation simulations, the 128-lipid membrane was selected as POPE (1-Palmitoyl-

2-oleoyl-sn-glycero-3-phosphoethanolamine), which was used to mimic the inner leaflet

of the outer membrane of E. coli [141,142].

For the membrane translocation simulations of beta-lactamase inhibitory pep-

tides P1 and P2, and the membrane translocation simulations of pVEC and its mutants

(pVEC, pVEC-1, pVEC-2, pVEC-9, and pVEC-11), the 128-lipid POPE bilayer was
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prepared using the Membrane Builder plugin of VMD. The membrane was solvated

with TIP3P water molecules 60 Å in positive and negative z-directions. After solva-

tion, the water-membrane system was equilibrated for 0.5 ns with constraints on the

membrane and for 0.5 ns without any constraints.

Figure 3.1. Solvated CHARMM-GUI POPE bilayer system. The initial assembly (a)

and the final system (b) after the 6 cycles of equilibration and 25 ns of production

run.

For the comparison of membrane translocation of pVEC and del5 pVEC peptides,

the CHARMM-GUI Membrane Builder [143–145] was used to generate the membrane

coordinates of the POPE bilayer and to generate the NAMD input files to be used in

the equilibration simulations of this bilayer. The membrane was solvated with a layer

of 60 Å TIP3P water molecules on either side (Figure 3.1a). No ions were added to

the systems during the preparation of the water-lipid system, since POPE bilayer is

neutral. The NAMD input files were used to minimize and equilibrate the water-lipid
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system in six equilibration cycles. The first cycle involves 10,000 steps of minimization

and 25,000 steps of equilibration at 310 K with a time step of 1 fs. The system is

equilibrated at a total of 6 cycles following each other, where the force constant of the

restraints on the lipid bilayer is slowly decreased at each step. Simulations were carried

out with CHARMM36 force-field parameters [138,139,146]. A final production run was

performed for 25 ns without any restraints on the system and the final coordinates were

used in the membrane translocation simulations of the peptides (Figure 3.1b). The van

der Waals interactions were smoothly switched off at 12 Å by a forced-based switching

function. Long-range electrostatic interactions were calculated using the particle-mesh

Ewald (PME) method.

3.1.1.4. Preparation and Equilibration of the Peptide-Lipid Systems. In all membrane

translocation simulations, each previously equilibrated peptide conformation was ex-

tracted from the equilibration simulations and was placed into the water layer above

the membrane manually, such that the minimum distance between the peptide atoms

and the lipid head group phosphate atoms was 10 Å.

As the peptide was placed in the water layer above the lipid bilayer, the water

molecules within 2.8 Å of the peptide atoms were removed. Counter ions (Na+ and

Cl−) were added to neutralize the whole system and to set the final ion concentration

to 0.15 M using the Autoionize plugin of the VMD package (Figure 3.2).

Each simulation system consisting of over 55,000 atoms was minimized for 5000

steps and equilibrated for 0.5 ns with constraints on peptide atoms and for 0.5 ns

without any constraints. Equilibration simulations were performed at constant tem-

perature and pressure, (300 K or) 310 K and 1 atm, using NAMD package with

CHARMM27 [138] or CHARMM36 [138,140,146] force-field parameters.
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Figure 3.2. Simulation systems of del5 pVEC (a) and pVEC (b) before membrane

translocation simulations. Peptides are shown as ribbons, lipid tails in silver lines, P

heads in blue spheres, and Na+ and Cl− are as yellow and cyan spheres, respectively.

3.1.2. Steered Molecular Dynamics of Peptide Translocation

For the membrane translocation simulations of beta-lactamase inhibitory pep-

tides P1 and P2, and the membrane translocation simulations of pVEC and its mu-

tants (pVEC, pVEC-1, pVEC-2, pVEC-9, and pVEC-11), steered molecular dynamics

(SMD) simulations [137] were performed by applying force on the N terminal Cα atom

(SMD atom) of the peptide in the negative z-direction to move the peptide from one

side of the membrane to the other (Figure 3.3). Peptide is shown as ribbon (red),

lipids in lines (gray), membrane P-heads in VdW representation (purple), and water

molecules are shown in CPK representation (blue) in Figure 3.3. Constraints were

applied on the P-heads of the lipid bilayer only in z-direction and allowing the P-heads

to move freely in x- and y- directions to allow the formation of a pore with minimal
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membrane disruption. The spring constant was 10 kcal/mol/Å2 and the velocity of

pulling was 0.0000050 Å/timestep (2.50 Å/ns with a timestep of 2.0 fs). Simulations

were performed at constant temperature and pressure, 300 K and 1 atm, using NAMD

molecular dynamics package with CHARMM27 force-field parameters. The simulations

were performed at constant temperature and pressure, 300 K and 1 atm respectively,

for a simulation time of 40-50 ns. Simulations with P1 and P2 were repeated three

times (for 40 ns each) and the results were averaged for analysis.

Figure 3.3. Snapshots taken from pVEC-1 SMD simulation. When the peptide is

above the membrane (left), fully embedded in the membrane (center), and after the

peptide exits the membrane (right).

For the comparison of membrane translocation of pVEC and del5 pVEC peptides,

the simulations were carried out by applying force on the center of mass of the peptide

in the z-direction to move the peptide from one side of the membrane to the other. For

these simulations, the center of mass of the lipid bilayer was constrained in z-direction

using the collective variables (colvars) module of NAMD package [147], while it was

free to move in x- and y-directions allowing a possible change in the thickness of the

bilayer upon peptide insertion. The spring constant was set to 10 kcal/mol/Å2 and the

velocity of pulling was set to 0.0000020 Å/timestep corresponding to 1.0 Å/ns, which

is 2.5 times slower than the velocity used in our previous studies [74].
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The translocation of the peptides across the POPE bilayer was monitored by

calculating interaction energy between the peptide and the lipid bilayer, force applied

on the peptide, work done to pull the peptide through the bilayer, number of water

molecules that entered the lipid bilayer, and change in membrane thickness during

translocation of the peptides. The work performed in the pulling simulations was

calculated by taking the integral of the force profile with respect to simulation timestep.

The order parameters were computed with respect to the membrane normal axis

using the equation; order parameter (where) is the angle between a vector along the

acyl chain methylene/methyl hydrogens and the membrane normal axis. An order

parameter of 1 indicates full order and that chains reside along the bilayer normal;

whereas, an order parameter of -0.5 indicates that chains are perpendicular to the

normal [148]. The carbon numbers increase when it is away from the lipid head group

and closer to the bilayer core. Larger order parameters for a carbon atom correlate

with lower fluctuations throughout the simulation and hence more order.

3.1.3. Stretching Simulations of pVEC

A simulation system of wild-type pVEC in a water box was prepared and the

peptide was stretched. The initial structure, with an end-to-end distance of 27.7 Å, is

the same with the one that was used in the SMD simulations of membrane translocation

of pVEC. In the SMD simulations, peptide reaches its most extended conformation,

where it is embedded in the lipid bilayer, with an end-to-end distance around 57 Å.

For the stretching of pVEC, two different methods were applied. In the first

simulation, the harmonic restraint (with a force constant of 5 kcal/mol) was applied on

the end-to-end distance and in the course of a 10 ns MD simulation; this distance was

increased from 27.7 Å to 56.47 Å. Collective variables (colvars) module of NAMD [147]

was used for defining the colvar end-to-end distance and to apply the harmonic bias

on it.
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In the second stretching simulation, the peptide was stretched for 6,000,000 steps

(12 ns simulation time) by fixing the Cα atom of the Leu1 residue and pulling the Cα

atom of Lys18 with a velocity of 0.0000050 Å/timestep (2.50 Å/ns with a timestep of

2.0 fs). The peptide was stretched from an end-to-end distance of 27.7 to 57 Å. The

change in the end-to-end distance, change in the radius of gyration, force applied on

the peptide and work done throughout the simulation were calculated.

3.1.4. Umbrella Sampling and Replica Exchange Umbrella Sampling

In umbrella sampling method [149] the system of interest is simulated in the pres-

ence of an artificial biasing potential that is introduced to enhance the sampling in the

neighborhood of a selected value of the reaction coordinate. In order to achieve this, a

reaction coordinate has to be selected and then it has to be divided into a desired num-

ber of windows where each window is sampled locally. The biasing potential restrains

the variations in the reaction coordinate into a small range around some prescribed

value (window center), helping to achieve a more efficient configurational sampling

in the region. For each window that is sampled locally, the probability distributions

are calculated to plot the histograms of the reaction coordinate around the window

center in each window. The key to achieving sufficient sampling is that all neighbor

histograms should overlap at around 20-30 percent to ensure that every point on the

reaction coordinate is visited.

We have previously investigated the membrane translocation of pVEC (LLIIL-

RRRIRKQAHAHSK) and del5 pVEC (RRRIRKQAHAHSK) using SMD simulations,

in which the peptide-lipid interactions were studied in detail to determine the specific

regions of the peptide that may contribute to the cellular uptake [74]. The previous

SMD simulation was carried out by pulling the peptide from its N-terminus through

the 128-lipid POPE bilayer, with constraints on the P-heads only in the z-direction, to

mimic the membrane translocation of the pVEC peptides. Using these previous sim-

ulations, the reaction coordinate was selected as the distance (in z-direction) between

the SMD atom (Cα atom of the Leu1 residue for pVEC and Cα atom of the Arg1

residue for del5 pVEC) and the center of the lipid bilayer. The distance between the
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SMD atom and the lipid bilayer projected on z-axis was calculated for the whole SMD

trajectory. The reaction coordinate was then divided into equally spaced windows that

were simulated locally and independent from each other. In order to achieve the local

sampling, collective variables (colvars) module was used for NAMD simulations [147].

The colvars module enables to define a variable that will be biased, calculated or driven

to a target value during a MD simulation. In each window, the collective variable was

defined as the distance between the SMD atom and the lipid bilayer (projected on

z-axis). A harmonic bias (with a force constant of 1.0 kcal/mol) was applied on this

variable to make sure that the collective variable stays in the window and oscillates

around its center (initial) value.

The umbrella sampling (US) simulations for the membrane translocation of pVEC

were carried out using 57 independent windows, in which the initial structures were ex-

tracted from the SMD simulation. Each window was first minimized and then simulated

for 2 ns with harmonic bias on the z-distance between the peptide N-terminus and the

lipid bilayer center. Similarly, for the umbrella sampling simulations for the membrane

translocation of del5 pVEC, 51 independent windows, in which the initial coordinates

were extracted from the SMD simulation, were first minimized and then equilibrated

for 2 ns with harmonic bias on the z-distance between the peptide N-terminus and

the lipid bilayer center. After the simulations were completed, the distance variable

calculated in each step of the last 1 ns of each window was used (first 1 ns of each

window is considered as equilibration and is not used) to plot the histograms of the

collective variable.

The replica exchange umbrella sampling (REUS) method differs from the con-

ventional umbrella sampling (US) methodology by allowing the system to attempt

an exchange of parameters between neighboring windows [150]. By doing this, each

replica may sample different states, which may otherwise be thermodynamically inac-

cessible due to high-energy barriers along the reaction coordinate. This is possible only

by running simultaneous simulations, so that each replica can communicate with its

neighbors. The common replica exchange methodology [150] applied in MD simulations

allows temperature exchange; where the system is simulated at different temperatures
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and swapping between those temperatures is allowed at every exchange attempt. For

our simulations, instead of temperature exchange, we used Hamiltonian exchange [151],

in which the Hamiltonian to be exchanged was the US harmonic potential. The key

to achieve sufficient sampling in REUS simulations is that replicas should exchange

around 30-40 percent to assure that every point on the reaction coordinate is visited.

In this study, using the SMD simulations carried out for the membrane translo-

cation of pVEC and del5 pVEC peptides, the reaction coordinate of our system was

selected as the distance (in z-direction) between the peptide center of mass and the cen-

ter of the lipid bilayer. The SMD simulations were carried out by pulling the peptide

from its center of mass through the CHARMM-GUI 128-lipid POPE bilayer, which

was constrained on its center of mass only in the z-direction. The distance between

the peptide and the lipid bilayer projected onto the z-axis was calculated for the whole

SMD trajectory. The selected reaction coordinate was then divided into equally spaced

(2 Å or 1 Å) replicas and snapshots corresponding to each window were extracted from

the SMD simulations to be used as the initial coordinates of the REUS simulations.

In order to achieve local sampling, collective variables (colvars) module was used for

the simulations [147]. In each replica, the collective variable was defined as the center

of mass distance between the peptide and the lipid bilayer (projected on z-axis). A

harmonic bias (with a force constant of 1.0 kcal/mol) was applied on this variable to

make sure that the collective variable oscillates around its center (initial) value. Replica

exchange was enabled by allowing the neighboring replicas to attempt exchange every

1000 steps. The output files (.traj files) of the colvars module were used to generate

the PMF. Accepted exchange attempts were also calculated for each replica to make

sure that the neighbors are close enough to each other, to allow enhanced sampling.

3.1.5. Potential of Mean Force (PMF) Calculations

In order to determine the potential of mean force (PMF) [152] for the transloca-

tion of peptides along some defined reaction coordinate, umbrella sampling (US) and

replica exchange umbrella sampling (REUS) simulations were carried out.
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For the US and REUS simulations of pVEC and del5 pVEC, the probability

distribution of each window/replica is calculated to plot the histograms along the

reaction coordinate around the window center. After the histograms are computed, the

weighted histogram analysis method (WHAM) is used to calculate the PMF. WHAM

[153,154] recombines the unbiased histograms to get the total probability distribution,

which is calculated as a linear combination of the unbiased probability distributions

[155]. The WHAM approach has been routinely used to calculate the PMF along a

reaction coordinate for over 20 years. It has also been compared to other weighting

methods and the weighted histogram analysis method was found to be the most reliable

approach [152].

3.1.6. Application of Dimensionality Reduction Algorithms

The aim in this part of the study was to use the dimensionality reduction tech-

niques principal component analysis (PCA) and isometric feature mapping (ISOMAP)

to define a low dimensional embedding that could be used to characterize the mem-

brane translocation of the cell-penetrating peptide pVEC, and its derivatives. Steered

molecular dynamics (SMD) simulation trajectories (.dcd files) were used as the source

of data. The trajectory files contain the conformations of the peptides, in which, each

trajectory yields 3x18 dimensions (x, y, z Cartesian coordinates) for N conformations

(frames), a total of Nx54 data matrix.

3.1.6.1. Principal Component Analysis (PCA). The most common definition of PCA

is that, for a set of observed d-dimensional data vectors, {tn}, nε{1...N}, the q principal

axes wj, jε{1...q}, are those orthonormal axes onto which the retained variance under

projection is maximal. It can be shown that the vectors w are given by the q dominant

eigenvectors (i.e. those with the largest associated eigenvalues) of the sample covariance

matrix S = Σn(tn - m)(tn - m)/N such that Swj =λjwj and where m is the sample

mean. The vector xn = WT (tn - m), where W = (w1, ... , wq), is thus a q-dimensional

reduced representation of the observed vector tn.
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3.1.6.2. Isometric Feature Mapping (ISOMAP). The isometric feature mapping ap-

proach builds on classical Multi Dimensional Scaling (MDS) algorithm, but seeks to

preserve the intrinsic geometry of the data, as captured in the geodesic manifold dis-

tances between all pairs of data points. It is guaranteed asymptotically to recover

the true dimensionality and geometric structure of a strictly larger class of nonlinear

manifolds [97]. The complete ISOMAP, algorithm has three steps:

• Build a neighborhood graph, G. For each point, find the set of points that are

nearest neighbors on the manifold using the distance measure d(xi, xj). The

typical approach is to select the k nearest neighbors to every point. Alternatively,

a distance cutoff, ε, can be introduced, and all pairs of points closer than ε are

considered nearest neighbors.

• Compute the geodesics. The geodesics are approximated as the shortest paths

on G for all pairs of points. Construct a matrix D where Dij is the shortest path

between xi and xj.

• Compute the low-dimensional embedding. Use Multidimensional Scaling (MDS)

on the matrix D of estimated geodesic distances computed in step 2). This

produces coordinates for each point that best preserve the geodesic distances.

These coordinates, when plotted as Euclidean coordinates, have the effect of

unrolling the non-linear surface.

3.2. In-vitro Enzyme Kinetics

Beta-lactamase activity was measured by monitoring the hydrolysis of the chro-

mogenic substrate CENTA [156] (by continuous recording of the change in absorbance

at 405 nm) by periplasmic R-TEM-1 beta-lactamase, which was extracted from E. coli

K12 pUC18 cells by osmotic shock procedure.

For the determination of Km value for CENTA, five assays with different substrate

concentrations (in the final concentration range of 35-120 µM) were carried out in a

total volume of 1 mL in 50 mM potassium phosphate buffer (pH 7.0) with final enzyme

concentration of 36.33 nM at room temperature.
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For inhibition studies, P1 peptide (HAAGDYYAY) at a final concentration of

100 µM was added to the enzyme-buffer mixture. The Km and Vmax (and Ki for the

inhibition) values were calculated using the initial rate measurements with applica-

tion of linear least squares algorithm (R2 > 0.9) on the Hanes-Woolf plot, a linear

transformation and a graphical representation of the Michaelis-Menten equation.

3.3. Measurement of Drug Effects on Bacterial Growth

3.3.1. Bacterial Strains and Growth Conditions

The experiments were performed with the Escherichia coli K12 strain. Cells were

obtained from previously prepared laboratory stocks. Beta-lactamase expression was

obtained from pUC18 plasmid carrying the gene for RTEM-1. pUC18 plasmid vector

was also obtained from laboratory stocks.

In all of the experiments, the cells were cultured in LB medium and plated in LB-

agar medium. LB medium was prepared by dissolving 10 g peptone, 5 g yeast extract,

and 10 g NaCl in 1 L demineralized water and further sterilized by autoclaving at 1

atm and 121 ◦C for 15 minutes. LB-agar medium was prepared by dissolving 10 g

peptone, 5 g yeast extract, 10 g NaCl, and 15 g agar in 1 L demineralized water and

further sterilized by autoclaving at 1 atm and 121 ◦C for 15 minutes.

3.3.2. Drugs Used in the Study

Dimethyl sulfoxide (DMSO), potassium clavulanate (VETRANAL, analytical

standard), ampicillin (ROAMP ROCHE), and melittin from honey bee venom (M2272,

equal or larger than 85% purity) were purchased from Sigma-Aldrich. Peptides pVEC,

del5 pVEC, P1, P2, P2r, P3A, P3, and P4 were purchased from Thermo Fisher Scien-

tific Inc. with given sequence in Table 3.2.

Ampicillin and potassium clavulanate were dissolved in sterile demineralized wa-

ter to a final concentration of 400 mg/mL and 1 mM, respectively and filter sterilized
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prior to aliquoting. 100 µl of drug aliquots were prepared and stored at -20 ◦C.

First stock solution of melittin was prepared in DMSO-PBS buffer mixture (0.375%

DMSO) at a final concentration of 1 mM. The second stock of melittin was dissolved in

sterile demineralized water to a final concentration of 1 mM. 50 µl of peptide aliquots

were prepared and stored at -20 ◦C.

pVEC and del5 pVEC were first dissolved in the minimum possible volume of

DMSO and then diluted to 5 mM final concentration (final DMSO concentration was

1%) with sterile demineralized water. 50 µl of peptide aliquots were prepared and

stored at -20 ◦C.

P1 was dissolved in sterile 50 mM K+PO4 buffer (pH 7.0) solution to a final

concentration of 1 mM. 100 µl of peptide aliquots were prepared and stored at -20 ◦C.

P2 was first dissolved in the minimum possible volume of DMSO and then diluted

to a final concentration of 1 mM with sterile 50 mM K+PO4 buffer (pH 7.0) solution.

The final peptide solution had 20% (v/v) DMSO, and 100 µl of peptide aliquots were

stored at -20 ◦C.

P2r and P3A were first dissolved in the minimum possible volume of 50% (v/v)

DMSO/water solution and then diluted to 1 mM peptide concentration with water.

The final stock solutions of P2r and P3A had 3.69% and 2.303% DMSO, respectively.

100 µl of peptide aliquots were prepared and stored at -20 ◦C.

P3 was dissolved in sterile demineralized water to a final concentration of 5 mM.

50 µl of peptide aliquots were prepared and stored at -20 ◦C.

First stock of P4 was first dissolved in the minimum possible volume of 50% (v/v)

DMSO/buffer solution and then diluted to 1 mM peptide concentration with PBS. The

final stock solution had 4.75% DMSO, and 100 µl of peptide aliquots were stored at

-20 ◦C. The second stock of P4 was first dissolved in the minimum possible volume of
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Table 3.2. Drugs used in the study.

Drug Description Sequence

DMSO
lipid membrane permeabi-

lizer molecule
-

Melittin
antimicrobial peptide

from honey bee venom
GIGAVLKVLTTGLPALISWIKRKRQQ-

NH2

Ampicillin beta-lactam antibiotic -

Potassium

Clavulanate

beta-lactamase inhibitor

molecule
-

pVEC cell-penetrating peptide LLIILRRRIRKQAHAHSK-NH2

del5 pVEC
pVEC with first 5 residues

deleted
RRRIRKQAHAHSK-NH2

P1 BLIP 45-53 region HAAGDYYAY-NH2

P2
BLIP 45-53 with N-

terminal pVEC residues
LLIILHAAGDYYAY-NH2

P2r

BLIP 45-53 with N-

terminal pVEC residues

and RRR linker region

LLIILHAAGDYYAY-NH2

P3A
beta-lactamase inhibitory

peptide
RRGHYYA-NH2

P3
beta-lactamase inhibitory

peptide
RRGHYY-NH2

P4

beta-lactamase inhibitory

peptide with N-terminal

pVEC residues

LLIILRRGHYY-NH2

DMSO and then diluted to a final concentration of 5 mM with sterile demineralized

water. The final stock solution had 4% DMSO, and 50 µl of peptide aliquots were

stored at -20 ◦C.
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3.3.3. Determination of Antibacterial Activity and Viable Cell Count in 2

mL Cultures

In order to determine the effect of the beta-lactamase inhibitory peptides P1

(HAAGDYYAY) and P2 (LLIILHAAGDYYAY) on wild-type E. coli K12 and antibi-

otic resistant E. coli K12 pUC18 cells, a preculture in 2 mL LB medium (supplemented

with 0.1 mg/mL ampicillin for E. coli K12 pUC18 cultures) from -80 ◦C bacteria stock

was prepared and incubated at 37 ◦C and 180 rpm overnight ( 16 hours). Next morn-

ing, fresh LB (2 mL in a tube, supplemented with 0.1 mg/mL ampicillin for E. coli

K12 pUC18 cultures) was inoculated with preculture and incubated at 37 ◦C and 180

rpm until OD600 reached 0.2. Cultures in early logarithmic growth phase (OD600 = 0.2)

were treated with peptides P1 or P2 at a final concentration of 100 µM. Equal volume

of buffer was added to the control set of P1 (HAAGDYYAY) and equal volume of 20%

(v/v) DMSO - buffer mixture was added to the control set of P2 (LLIILHAAGDYYAY)

in order to eliminate any possible DMSO and/or buffer effect on the cell growth. All

of the experiments were repeated three times and the average of duplicate plate counts

at each time point for three repetitions of each experiment were plotted with standard

error.

Optical densities of E. coli cells were measured every hour at a wavelength of

600 nm using a spectrophotometer in order to determine the growth profile of E. coli

cultures. LB medium was used for both the blank and diluting the samples to keep

the spectroscopic readings within the reliable range of 0.2 to 0.8. Culture samples

were plated to compare the number of colony forming units of the control cultures and

cultures treated with the peptides. For a ten-fold dilution, 100 µl of the bacterial sample

taken at the desired time interval was transferred into a centrifuge tube containing 900

µl of fresh LB medium and vortexed to homogenize. This procedure was repeated many

times until the desired dilution is achieved. Finally, 1 mL of culture with the desired

dilution was deposited in a sterile Petri dish and LB-agar was poured into Petri dishes.

The sample and the liquid agar were mixed gently by moving the plates through an

eight-shaped path. The plates were left to cool and then incubated overnight at 37

◦C. The colonies were counted to determine the colony forming units (CFUs) in Petri
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dishes. Average values from plates were calculated and reported.

3.3.4. Determination of Minimal Inhibitory Concentration, and Number of

Colony Forming Units

The general minimal inhibitory concentration (MIC) determination protocol used

frequently in literature suggests a low bacterial inoculum dose at the beginning of the

experiments (2x104 to 105 CFU/mL) [157]. On the other hand, in order to visualize

bacterial viability and membrane damage induced by the peptides using fluorescence

microscopy and SEM imaging techniques, the cell density has to be sufficiently high

(108-1010 CFU/mL) [100]. Since the determination of minimal inhibitory concentration

of drugs is highly dependent on the inoculation cell density, MIC determination exper-

iments were carried out both at high and standard inoculum doses. The measurement

of colony forming units (CFUs), and visualization experiments were carried out at high

inoculation cell density of bacteria.

The general protocol used for MIC determination experiments at standard and/or

high inoculation cell density, followed by the measurement of number of colony forming

units (CFUs) is as follows (Figure 3.4):

• Prepare a preculture in 15 mL (in a flask) LB medium (supplemented with 0.1

mg/mL ampicillin for E. coli K12 pUC18 cultures) from -80 ◦C bacteria stock

and incubate at 37 ◦C and 180 rpm overnight (16 hours).

• Inoculate fresh LB (15 mL in a flask, supplemented with 0.1 mg/mL ampicillin

for E. coli K12 pUC18 cultures) with 100-150 µL of preculture in the morning

and incubate at 37 ◦C and 180 rpm until OD600 reaches 0.7.

• Inoculate fresh LB (15 mL in a flask, supplemented with 0.1 mg/mL ampicillin

for E. coli K12 pUC18 cultures) with 100-150 µL of the culture and incubate at

37 ◦C and 180 rpm until OD600 reaches 0.2.

• Prepare drug/peptide solutions by adding 200 µL of the highest concentration to

be tested to the well on the far right of each row and add 100 µL water/buffer

solution to the other wells.
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Figure 3.4. The protocol diagram for determination of minimal inhibitory

concentration (MIC) and number of colony forming units (CFUs).

• Start performing 2-fold serial dilutions by first withdrawing 100 µL of the highest

drug/peptide concentration and pipetting it to the next well on the left that has

100 µL water/buffer solution.

• Continue performing 2-fold serial dilutions by mixing thoroughly and withdrawing

100 µL of drug/peptide and adding it to the next well on the left until you reach

column #1. Discard 100 µL of the diluted drug/peptide solution in the last well

on the far left.

• To carry out the experiment at standard inoculum dose (2x104 to 105 CFU/mL),

dilute the culture at OD600 = 0.2 by 1:500 for E. coli K12 pUC18 cultures and

1:600 for E. coli K12 cultures.

• Add 100 µL of the diluted cultures to the wells that have 100 µL drug/peptide

solutions at 2-fold concentrations.
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• To carry out the experiment at high inoculum dose (107-108 CFU/mL), add 100

µL of the culture at OD600 = 0.2 to the wells that have 100 µL drug/peptide

solutions at 2-fold concentrations.

• For CFU measurements, incubate the microplate at 37 ◦C and 180 rpm orbital

shaking for 2 (and/or 4, and/or 20) hours and withdraw 100 µL of selected culture

samples at the end of incubation.

• Dilute the samples in 10-fold serial dilutions and plate in Agar-LB to count the

number of colony forming units after incubation at 37 ◦C for up to 24 hours.

• For MIC determination at standard and high inoculum doses, incubate the mi-

croplate for 20 hours, while taking OD600 measurements at every 5 minutes.

• After 20 hours of incubation, the MIC value is determined as the lowest drug

concentration at which no growth is observed.

In order to determine the inoculum dose at the beginning of the experiments and

to make sure that the initial cell counts are in the desired range, CFUs of the cultures

were measured before each MIC determination experiment. The following protocol is

carried out in each experiment and results for only one experiment are given below.

Table 3.3. OD600 measurements and plate counts of the sample at OD600 = 0.20

(Sample 1), when Sample 1 is diluted 1:100 (Sample 2) and when Sample 1 is diluted

1:500 (Sample 3).

Sample
OD600 CFU/mL

Measured Calculated
103 di-

lution

104 di-

lution

105 di-

lution

106 di-

lution

107 di-

lution

1 0.2 -
83 8

42 10

2 - 0.002
49 8

53 8

3 - 0.0004
107 13

113 8
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Samples from the culture at OD600 = 0.2 and diluted cultures (dilution of 1:100

or 1:500 in this example, for E. coli K12 pUC18 cells) were withdrawn. Using 10-fold

serial dilutions in LB medium, samples were plated on LB-Agar plates and the number

of colony forming units in each sample was counted. It was observed that the number

of CFUs were in the order of 6x107 for the culture at OD600 = 0.2, and in the order of

5x105 and 1x105 for the cultures diluted 1:100 and 1:500, respectively (Table 3.3 and

Figure 3.5).

Considering the reported inoculum doses in the literature, the inoculum dose

where the E. coli K12 pUC18 culture at OD600 = 0.2 was diluted 1:500 was considered

suitable for the experiments that are carried out at standard inoculation cell density.

Similarly, 1:600 dilution of the E. coli K12 culture at OD600 = 0.2 was considered

suitable for the experiments carried out at standard inoculation cell density. For the

experiments carried out at high inoculation cell density, the cultures at OD600 = 0.2

were added directly to the microplate wells.

Figure 3.5. CFU counts of the sample at OD600 = 0.2 (Sample 1), when Sample 1 is

diluted 1:100 (Sample 2) and when Sample 1 is diluted 1:500 (Sample 3).
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3.4. Visualization of Drug Effects on Bacteria

3.4.1. Time-lapse Microscopy Using Agarose Pads and Cover Glass Cham-

bers

The growth of antibiotic resistant E. coli K12 pUC18 cells and the effect of beta-

lactamase inhibitory peptide P1 (HAAGDYYAY) on cell growth were observed using

time-lapse microscopy. For these experiments, M9 minimal medium was used instead

of LB medium for imaging purposes. A preculture in 2 mL M9 medium (supplemented

with 0.1 mg/mL ampicillin) from -80 ◦C bacteria stock was prepared and incubated at

37 ◦C and 180 rpm overnight (16 hours). Next morning, fresh M9 medium (2 mL in

a tube, supplemented with 0.1 mg/mL ampicillin) was inoculated with preculture and

incubated at 37 ◦C and 180 rpm until OD600 reached 0.1. Cultures in early logarithmic

growth phase (OD600 = 0.1) were used for imaging the bacterial growth or for treatment

with P1 peptide.

The first time-lapse experiment was carried out under confocal microscopy with

untreated cells pipetted on agarose pads. The details of the protocol were described in

literature previously [158]. Agarose pads were prepared by adding 1.5% (wt/volume)

low-melt agarose (0.15 g) in 10 mL M9 medium and dissolved by microwaving and

vortexing. After a few minutes of cooling, 1 mL agarose was pipetted onto a 22-mm2

cover glass slide. Immediately after pipetting, another cover glass was placed on top

to create an agarose sandwich in between the two slides. The pads were kept at room

temperature for 1 hour to solidify. After the agarose pads were ready, the bacteria was

seeded onto the pads, allowed to settle for 15-20 minutes and time-lapse microscopy

were started after placing of the cover glass on top. This setup was tested several times

and even after 5-6 hours of imaging, cell growth was not observed.

Later, inverted microscope was set up for time-lapse imaging and a chamber of

microscopy glasses (22-mm2) stuck together with Vaseline at the edges was prepared.

Similar to the experiments carried out with agarose pads, cultures in early logarithmic

growth phase (OD600 = 0.1) were used for this experiment, and 20X diluted E. coli



39

K12 pUC18 culture was pipetted into the chamber. Using this setup, movies were

recorded using untreated cells, cells incubated with antibiotic or P1 peptide. In all of

the movies, cell growth was observed similarly in terms of number of division cycles

and duration of each cell division cycle. Magnification of 40X was found appropriate

for stable focus and single cell observation.

3.4.2. Direct Measurement of Cell Viability and Membrane Permeability

The general protocol used for determination of antibacterial effect of drugs and

visualization of the change in bacterial viability is as follows (Figure 3.6):

• Prepare a preculture in 15 mL (in a flask) LB medium (supplemented with 0.1

mg/mL ampicillin for E. coli K12 pUC18 cultures) from -80 ◦C bacteria stock

and incubate at 37 ◦C and 180 rpm overnight (16 hours).

• Inoculate fresh LB (15 mL in a flask, supplemented with 0.1 mg/mL ampicillin

for E. coli K12 pUC18 cultures) with 100-150 µL of preculture in the morning

and incubate at 37 ◦C and 180 rpm until OD600 reaches 0.7.

• Inoculate fresh LB (15 mL in a flask, supplemented with 0.1 mg/mL ampicillin

for E. coli K12 pUC18 cultures) with 100-150 µL of the culture and incubate at

37 ◦C and 180 rpm until OD600 reaches 0.2.

• Prepare drug/peptide solutions by adding 200 µL of the highest concentration to

be tested to the well on the far right of each row and add 100 µL water/buffer

solution to the other wells.

• Start performing 2-fold serial dilutions by first withdrawing 100 µL of the highest

drug/peptide concentration and pipetting it to the next well on the left that has

100 µL water/buffer solution.

• Continue performing 2-fold serial dilutions by mixing thoroughly and withdrawing

100 µL of drug/peptide and adding it to the next well on the left until you reach

column #1. Discard 100 µL of the diluted drug/peptide solution in the last well

on the far left.
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• Add 100 µL of the culture at OD600 = 0.2 to the wells that have 100 µL drug or

peptide solutions at 2-fold concentrations.

• Incubate the microplate at 37 ◦C and 180 rpm orbital shaking for 2 (and/or

4) hours (continue to incubate the microplate for up to 20 hours for minimal

inhibitory concentration determination).

• Withdraw 75-100 µL of sample cultures at the end of 2 or 4 hours of incubation.

• The withdrawn cultures should have the number of colony forming units (CFU)

of around 108 CFU/mL according to the manual of the bacterial viability kit

(LIVE/DEAD BacLight Bacterial Viability Kit) [159].

• Dilute the withdrawn culture samples in 500 µL of 0.85% NaCl solution and

centrifuge for 10 minutes at 10000 rpm.

• Remove the supernatant and dissolve the pellet in 500 µL of 0.85% NaCl solution.

Repeat this washing step three times.

• Bring the viability kit (stored at -20 ◦C) to room temperature and prepare a

mixture of dyes (Component A SYTO 9, 1.67 mM / Propidium iodide, 1.67 mM

and Component B SYTO 9, 1.67 mM / Propidium iodide, 18.3 mM) with equal

amount of both components. SYTO9 is able to dye all nucleic acids independent

from the viability of the cell. On the other hand, PI is able to penetrate into

the damaged cells only and dyes the nucleic acids as well. The emissions of two

dyes are observed at different wavelengths and upon staining with PI the SYTO9

signal is decreased. Therefore, the viable cells are observed as green, while the

cells that have membrane damage are considered dead and observed as red.

• Dissolve the recovered pellet in 500 µL of 0.85% NaCl solution and incubate with

1.5 µL of the dye mixture for 15 minutes at room temperature.

• Observe 2.5 µL of culture sample that was incubated with dye mixture under the

Nikon Eclipse E200-LED fluorescence microscope with both FITC and TexasRed

filters.

The initial experiments with the bacterial viability kit were carried out by visual-

izing 2.5 µL sample cultures (incubated with bacterial viability kit) that were pipetted

directly in between the microscopy glasses. Since the aim is to observe the viability, a
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Figure 3.6. The protocol diagram for bacterial viability experiments.

visualization method that does not involve fixation of bacteria was considered suitable,

which actually resulted in bacteria that were still mobile during visualization under

microscopy. Moreover, it was observed that the number of cells was too low for easy

quantitative visual analysis of change in viability. Therefore, instead of visual anal-

ysis, the microscopy images were analyzed using ImageJ software and the number of

live or dead cells in each image was counted. Even though the live/dead cell ratio

comparison is possible for detection of change in bacterial viability, the results were

not considered reliable due to the mobility of cells during imaging and the low cell

number observed in each image. The sample preparation protocol was later modified

and involved an additional step. In order to decrease the mobility of the bacteria and
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to gather the cells together, a gel support was prepared. Agar was dissolved in water

(15 g/L) and sterilized by autoclaving. The agar-water solution was kept at 55-60

◦C to prevent thickening, and 500 µL melted agar was pipetted onto the microscopy

glass. The coverslip was placed onto the melted agar to form a sandwich and it was

left to cool down. The coverslip was then removed and 2.5 µL of the dye incubated

cell culture was pipetted as a drop onto the gel support and left to be adsorbed on the

surface (Figure 3.7a). After the sample is adsorbed on the gel surface, a clean coverslip

is placed on the gel support (Figure 3.7b).

Figure 3.7. Sample preparation for visualization of cell viability and membrane

permeability using fluorescence microscopy. (a) The culture samples are adsorbed on

the agar support surface, (a) then coverslip is placed on top of the support.

3.4.3. Visualization of Drug Effects on Cell Surface and Structure

Scanning electron microscopy (SEM) was used for high-resolution imaging of the

protuberances on the bacterial cell envelope. The general protocol used for preparation

of samples for SEM imaging is described below (Figure 3.8):

• Prepare a preculture in 15 mL (in a flask) LB medium (supplemented with 0.1

mg/mL ampicillin for E. coli K12 pUC18 cultures) from -80 ◦C bacteria stock

and incubate at 37 ◦C and 180 rpm overnight (16 hours).
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• Inoculate fresh LB (15 mL in a flask, supplemented with 0.1 mg/mL ampicillin

for E. coli K12 pUC18 cultures) with 100-150 µL of preculture in the morning

and incubate at 37 ◦C and 180 rpm until OD600 reaches 0.7.

• Inoculate fresh LB (15 mL in a flask, supplemented with 0.1 mg/mL ampicillin

for E. coli K12 pUC18 cultures) with 100-150 µL of the culture and incubate at

37 ◦C and 180 rpm until OD600 reaches 0.2.

• Prepare drug/peptide solutions by adding 200 µL of the highest concentration to

be tested to the well on the far right of each row and add 100 µL water/buffer

solution to the other wells.

• Start performing 2-fold serial dilutions by first withdrawing 100 µL of the highest

drug/peptide concentration and pipetting it to the next well on the left that has

100 µL water/buffer solution.

• Continue performing 2-fold serial dilutions by mixing thoroughly and withdrawing

100 µL of drug/peptide and adding it to the next well on the left until you reach

column #1. Discard 100 µL of the diluted drug/peptide solution in the last well

on the far left.

• Add 100 µL of the culture at OD600 = 0.2 to the wells that have 100 µL drug or

peptide solutions at 2-fold concentrations.

• Incubate the microplate at 37 ◦C and 180 rpm orbital shaking for 2 hours (con-

tinue to incubate the microplate for up to 20 hours for minimal inhibitory con-

centration determination).

• Withdraw 25-30 µL of culture samples from the selected wells of the microplate

and pipette on 0.22 µm pore-sized nitrocellulose membrane filters.

• After the filters have absorbed the samples, float the filters on 2% glutaralde-

hyde/water (or glutaraldehyde/PBS buffer) solution for 1.5 hours.

• After the fixation step, wash the filters with water (or PBS buffer at pH=7.0 if

the glutaraldehyde solution was prepared in buffer).

• Perform dehydration in ethanol series by floating the filters on 30%, 50%, 70%

and 90% ethanol-water solutions each for 10 minutes.

• Finally, float the filters on absolute ethanol for 1 hour.

• Leave the filters to air-dry overnight in an empty sterile petri dish.
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• The next day, cut small pieces from the filters and coat with Platinum prior to

SEM imaging.

• Place the coated filters in the vacuum chamber and capture images in high vacuum

mode with 5.0 kV accelerating voltage, 3.0 spot size, working distance around 10

mm, and different magnifications, typically 2000x and 8000x.
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Figure 3.8. The protocol diagram of sample preparation for SEM imaging.

3.4.4. Visualization of Peptide Uptake Using Fluorescence Microscopy

The initial tests of bacterial uptake of peptides were carried out with fluores-

cein labeled P1 (5-Fluorescein-NH-HAAGDYYAY- CONH2) and fluorescein labeled

P2 (5/6-Fluorescein-NH-LLIILHAAGDYYAY- CONH2) peptides. The peptides were

delivered as powder in glassware and they were maintained at -20 ◦C. They were both

dissolved in 50 mM K+PO4 buffer (pH=7.0) to a concentration of 1 mM and then

aliquoted. After aliquoting, the stocks were kept at -20 ◦C.
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A preculture of E. coli K12 pUC18 cells in 2 mL LB medium (supplemented

with 0.1 mg/mL ampicillin) from -80 ◦C bacteria stock was prepared and incubated

at 37 ◦C and 180 rpm overnight (16 hours). Next morning, fresh LB (2 mL in a

tube, supplemented with 0.1 mg/mL ampicillin) was inoculated with preculture and

incubated at 37 ◦C and 180 rpm until OD600 reached 0.2. Cultures in early logarithmic

growth phase (OD600 = 0.2) were treated with peptides P1 or P2 at a final concentration

of 100 µM. After 4 hours of incubation with the peptides, 1 mL of E. coli K12 pUC18

culture samples were centrifuged and washed with buffer solution twice. The pellets

were then recovered and dissolved in buffer solution again to dilute the samples with

respect to the recorded OD600 of the sample. 2.5 µL samples were observed using a

confocal microscope under phase contrast and UV with FITC filter.

The protocol used for preparation of samples for peptide uptake imaging was later

modified. Since the usage of microplates and microplate reader decreases the amount

of materials to be used, the sample preparation for the uptake experiments of labeled

pVEC and labeled P4 peptides were carried out using a microplate in smaller volume.

The labeled pVEC (H-LLIILRRRIRKQAHAHSKK(HF488)-NH2) and labeled P4 (H-

LLIILRRGHYYK(HF488)-NH2) peptides were delivered as powder in glassware and

they were maintained at -20 ◦C. They were first dissolved in the minimum possible

volume of DMSO and then diluted to 5 mM peptide concentration with water. The

final stock solutions of labeled pVEC and labeled P4 peptides had 2% and 4% DMSO,

respectively. 50 µL of peptide aliquots were prepared and stored at -20 ◦C.

The protocol used for visualization of bacterial uptake of pVEC and P4 peptides

is described below:

• Prepare a preculture of wild-type E. coli K12 cells in 15 mL (in a flask) LB

medium from -80 ◦C bacteria stock and incubate at 37 ◦C and 180 rpm overnight

(16 hours).

• Inoculate fresh LB (15 mL in a flask) with 100-150 µL of preculture in the morning

and incubate at 37 ◦C and 180 rpm until OD600 reaches 0.7.
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• Inoculate fresh LB (15 mL in a flask) with 100-150 µL of the culture and incubate

at 37 ◦C and 180 rpm until OD600 reaches 0.2.

• Prepare peptide solutions by adding 200 µL of the highest concentration to be

tested to the well on the far right of each row and add 100 µL water to the other

wells.

• Start performing 2-fold serial dilutions by first withdrawing 100 µL of the highest

peptide concentration and pipetting it to the next well on the left that has 100

µL water.

• Continue performing 2-fold serial dilutions by mixing thoroughly and withdrawing

100 µL of peptide and adding it to the next well on the left until you reach column

#1. Discard 100 µL of the diluted peptide solution in the last well on the far left.

• Add 100 µL of the culture at OD600 = 0.2 to the wells that contain 100 µL peptide

solutions at 2-fold concentrations.

• Incubate the microplate at 37 ◦C and 180 rpm orbital shaking.

• Withdraw 200 µL of culture samples from the selected wells of the microplate at

the end of 30, 90, and 180 minutes of incubation time.

• Centrifuge the samples for 10 minutes at 10000 rpm.

• Remove the supernatant and dissolve the pellet in 100 µL of sterile demi-water.

Repeat this washing step three times.

• Dissolve the final pellet in 100 µL of sterile demi-water and observe 2.5 µL of the

washed culture sample under the Nikon Eclipse Ti-E inverted microscope under

brightfield and UV with FITC filter.

3.4.5. Live Cell Imaging with Microfluidic Systems

Hydrophilized, Zeonor reaction chamber chips of 10 µL volume; with 500 µm

chamber depth and 188 µl lid thickness (Figure 3.9) were purchased from Microfluidic

ChipShop GmbH. Silicon tubings (with inner diameter of 0.5 mm and outer diameter

of 2.5 mm) were used to feed liquids from each syringe placed at a peristaltic syringe

pump. Opaque and Thermoplastic Elastomer (TPE) Male Mini Luer fluid connectors

were used in the experiments to connect the silicone tubings to the chip inlet.
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All experiments were carried out at room temperature and chips were continu-

ously monitored using Nikon Eclipse Ti-E inverted microscope. Wild-type E. coli K12

cells were used in all experiments with bacteria and LB medium was used as broth

media.

Figure 3.9. Schematic of the reaction chamber chips that are used in the experiments.

3.4.5.1. Testing of the Reaction Chips with Beads. The channel was first perfused with

distilled water at a rate of 1 µL/min and the flow in the chamber was monitored to

observe that the channel was filled in around 40 minutes. After perfusion with distilled

water, the beads (with a diameter of 2 µm) were perfused into the chamber through

the microfluidic inlet channel at a rate of 0.2 µL/min, and the chamber was continu-

ously monitored. The inlet bead flow was stopped and distilled water (at a rate of 0.2

µL/min) was perfused again into the channel to see if the beads were able to stay in

the chamber rather then being swept by the water flow.

3.4.5.2. Testing of the Reaction Chips with Bacteria. The growth experiments were

performed with wild-type Escherichia coli K12 cells. The pre-culture was prepared

from a single colony of wild type E. coli in 15 mL Luria-Bertani (LB) medium (per

liter: 10 g tryptone, 5 g yeast extract, 10 g NaCl) and cells were grown overnight at 37

◦C and 180 rpm. This pre-culture was used to inoculate 15 mL fresh LB medium at

1:100 dilution and the inoculum was incubated at 37 ◦C and 180 rpm until the OD600

was 0.2 (early logarithmic phase). In µL/min) without bacteria, and then switched to

a broth media with cultured bacteria (at OD600 of 0.2). In the first attempts, many
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problems were faced during this switching between the LB medium and culture tub-

ings. Bubbling in the chambers and increased pressure leading to purging of chamber

contents were some of the major problems. To overcome these problems, a Y-shaped

capillary connector was introduced between the tubings of LB medium and bacterial

culture. By using this connector, the need of unplugging and re-plugging the tubings

to the inlet of the channel was eliminated.

After the first perfusion of the chamber with LB medium, LB syringe pump was

switched off and bacterial culture pump was switched on. After a short period of

pumping the culture at a rate of 0.1 µL/min, the flow was stopped for a short period

to allow the bacteria to settle down. After the immobilization period, the flow of plain

LB medium was turned on. The chamber was monitored continuously and images from

the same spot were captured every 15 minutes starting from the time point when the

cells were loaded in the chamber.

3.4.5.3. Bacterial Uptake of Fluorescein Amine in Reaction Chips. Experiments were

performed with wild-type Escherichia coli K12 cells. The pre-culture was prepared

from a single colony of wild type E. coli in 15 mL LB medium and cells were grown

overnight at 37 ◦C and 180 rpm. This pre-culture was used to inoculate 15 mL fresh

LB medium at 1:100 dilution and the inoculum was incubated at 37 ◦C and 180 rpm

until the OD600 was 0.1. The culture at OD600 = 0.1 was then diluted 1:2 and kept in

+4 ◦C prior to perfusion into the chip.

In this experiment, two Y-shaped capillary connectors between the tubings of LB

medium, bacterial culture, and fluorescein amine (600 µM, in water) were introduced.

The chamber was first perfused with plain LB medium (1 µL/min) without bacteria,

and then a broth media with cultured bacteria (at OD600 of around 0.05) was fed to

the channel. After a short period of pumping the culture at a rate of 0.1 µL/min,

sterile LB medium was reintroduced (at a rate of 0.1 µL/min) for 1 hour to allow

the bacteria to slowly settle down and to sweep the excess amount of mobile bacteria.

After 1 hour, fluorescein amine was perfused at a rate of 0.1 µL/min for a total volume
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of 10 µL. After perfusion of fluorescein amine, washing with LB medium (at a rate of

0.1 µL/min) was carried out. The chamber was monitored continuously and images

from the same spot were captured every 15 minutes starting from the time point when

fluorescein amine was perfused. Fluorescence microscopy images (overlaid on bright

field) were captured using the FITC filter.

3.4.5.4. Bacterial Uptake of BacLight Bacterial Viability Kit in Reaction Chips. Nu-

cleic acid dyes, such as SYTO9 and PI, may bind to the nucleic acids or other com-

ponents in rich growth media, which may in turn reduce or abolish the dye uptake

into the cells. For the experiments with the viability kit, as described in Section 3.4.2,

the experimental procedure involved a centrifugation and washing step of the cells to

remove the growth medium completely, as it was suggested in the viability kit man-

ual [159]. The preliminary chip experiment with this bacterial viability kit involved

perfusion of LB medium followed by the perfusion of the viability dye solution. The vi-

ability dye uptake into bacteria (data not shown) was not observed, but a high amount

of background fluorescence was observed continuously, possibly due to binding of the

dyes to the media components. Therefore, an additional centrifugation and washing

steps were introduced for the cells, and LB medium usage in the chip was omitted.

Instead, sterile demi-water was used as the washing and perfusion liquid in the chip.

The experiment was performed with wild-type Escherichia coli K12 cells. The

pre-culture was prepared from a single colony of wild type E. coli in 15 mL LB medium

and cells were grown overnight at 37 ◦C and 180 rpm. This pre-culture was used to

inoculate 15 mL fresh LB medium at 1:100 dilution and the inoculum was incubated

at 37 ◦C and 180 rpm until the OD600 was 0.2. 4 mL of this culture was centrifuged at

10,000 rpm for 10 minutes and the supernatant was removed. The pellet was dissolved

in sterile water and centrifuged again at 10,000 rpm for 5 minutes. By repeating this

last step twice, the cells were washed and growth media traces were removed. 4 mL

of the washed culture at OD600 = 0.2 was then diluted 1:2 and kept in +4 ◦C prior

to perfusion into the chip. Two Y-shaped capillary connectors were used between

the tubings of water, bacterial culture, and bacterial viability dye solution (3 µL dye
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mixture of equal amounts of Component A and Component B in 500 µL water) (Figure

3.10). The chamber was first perfused with water (1 mL/hour) without bacteria, and

then with cultured bacteria (at OD600 of around 0.1). After pumping the culture at

a rate of 0.2 µL/min for 30 minutes, the culture pump was switched off and the dye

solution pump was switched on (at a rate of 0.3 µL/min). After waiting for about

30 minutes, the chamber was monitored continuously while still feeding viability dye

solution, and images from the same spot were captured every 30 minutes. Fluorescence

microscopy images were captured using the FITC (for SYTO9 signal) and Texas Red

(for PI signal) filters.

Figure 3.10. Water and viability dye solution tubings were connected, and their

outlet was connected to the culture tubing (left). The outlet of latter connector was

connected to the chip via a Male Mini Luer fluid connector (right).

3.4.5.5. Bacterial Uptake of pVEC and P4 Peptides in Reaction Chips. Experiments

were performed with wild-type Escherichia coli K12 cells. The pre-culture was pre-

pared from a single colony of wild type E. coli in 15 mL LB medium and cells were

grown overnight at 37 ◦C and 180 rpm. This pre-culture was used to inoculate 15 mL

fresh LB medium at 1:100 dilution and the inoculum was incubated at 37 ◦C and 180

rpm until the OD600 was 0.2. 4 mL of this culture was centrifuged at 10,000 rpm for

10 minutes and the supernatant was removed. The pellet was dissolved in sterile water

and centrifuged again at 10,000 rpm for 5 minutes. By repeating this last step twice,
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the cells were washed and growth media traces were removed. 4 mL of the washed

culture at OD600 = 0.2 was then diluted 1:2 and kept in +4 ◦C prior to perfusion into

the chip. Two Y-shaped capillary connectors were used between the tubings of water,

bacterial culture, and pVEC or P4 solutions (250 µM in DMSO-water mixture).

The chamber was first perfused with water (1 mL/hour) without bacteria, and

then with cultured bacteria (at OD600 of around 0.1). After pumping the culture at a

rate of 0.2 µL/min for 30 minutes, the culture pump was switched off and the peptide

solution pump was switched on (at a rate of 0.3 µL/min). For the uptake experiment

with pVEC peptide, continuous chamber monitoring was started after 30 minutes of

incubation with the peptide. After 1 hour of feeding pVEC solution, the peptide

pump was switched off and washing with sterile water was carried out. For the uptake

experiment with P4 peptide, continuous chamber monitoring was started immediately

when the P4 solution pump was switched on and no further washing of the chamber

was carried out. In both experiments images from the same spot in the chamber were

captured every 30 minutes. Fluorescence microscopy images were captured using the

FITC filter.

3.5. Drug Effects in Mammalian Cell Culture

3.5.1. Drug Effects on HeLa Cells

Previously plated HeLa cells were washed with trypsin to remove them off the

plate and then centrifuged to form a pellet. The pellet was dissolved in 1-1.5 mL of

DMEM medium and 50 µL of the culture were plated in each of 3 plates. The plates

were then filled with 2 mL of DMEM medium.

The next day, DMEM medium was removed from the plates and fresh medium

was added. Three different media were prepared; first one was 2 mL DMEM with 200

µL PBS buffer added, second was 2 mL DMEM with 2 µL ampicillin and 200 µL PBS

buffer added, and the third one was 2 mL DMEM with 2 µL ampicillin and 200 µL

P1 peptide. Microscopy images were taken of the same spot on each plate on the first,
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third and sixth days. Hemocytometer was used for counting of number of the HeLa

cells in each treated culture.

3.5.2. Measurement of Cytotoxicity Using XTT Proliferation Assay

Tetrazolium salts (MTT, XTT) have been widely used for many years in quan-

tification of viable cells, histochemical localization studies and cell biology assays

[160, 161]. The XTT cell proliferation assay was first described [162] as an effective

method to quantify cell growth and to measure drug sensitivity in tumor cell lines

and can be used in cell proliferation, cytotoxicity, and apoptosis assays [161–163].

The Cell Proliferation Kit II (XTT) contains two reagents, which are XTT labeling

reagent (sodium 3- [1-(phenylaminocarbonyl) - 3,4 - tetrazolium] - bis (4-methoxy-6-

nitro) benzene sulfonic acid hydrate, dissolved in RPMI 1640 without phenol red) and

electron-coupling reagent (ECR) (PMS; (N-methyl dibenzopyrazine methyl sulfate)

dissolved in phosphate buffered saline (PBS)). The cell proliferation assay is based on

the reduction of colorless or slightly yellow tetrazolium salt (XTT) to form an orange

formazan dye by cells with metabolic activity. The accuracy and sensitivity of an XTT

assay is greatly improved by the usage of PMS since it helps the reduction of XTT by

picking up electrons at the cell surface.

The general protocol used for measurement of drug cytotoxicity with XTT assay

is described below:

• Bring frozen HK-2 (human kidney cell) stock to 37 ◦C and centrifuge to recover

the cells.

• Dissolve the pellet in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12

(DMEM/F12) and add 5000 cells per 100 µL (5x104 cells/mL) to each well of

96-wells TPP plate.

• Incubate the microplate overnight at 37 ◦C under a humidified, 5% CO2 atmo-

sphere.

• The next day, cells are adherent to the plate and remove the medium from all

wells.
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• Supplement DMEM/F12 media with selected drugs to a desired final concentra-

tion and add 100 µL of supplemented media to selected wells.

• Prepare control samples to include the same amount of water with the drug

treated samples, non-treated samples to include DMEM/F12 media (100 µL)

without any drug. Prepare blank wells to have only DMEM/F12 media (100 µL)

without any cells. All samples should be prepared as triplicates.

• Incubate the plate overnight (20-24 hours) at 37 ◦C under a humidified, 5% CO2

atmosphere.

• The next day, bring the frozen XTT Assay reagents to room temperature and

mix 4 mL XTT with 80 µL ECR.

• Add 100 µL of this mixture to all wells and incubate the plate further for 3 hours

at 37 ◦C under a humidified, 5% CO2 atmosphere.

• After 3 hours of incubation, measure the absorbance for each well at 490 and 650

nm wavelengths.

• Subtract the absorbance values measured at 650 nm from the ones measured at

450 nm. Subtract the blank absorbance values from all measurements of wells

that had HK-2 cells. Since non-treated samples are considered to be 100% viable,

normalize the absorbance measurements of other wells with respect to non-treated

samples.

3.5.3. Measurement of Cytotoxicity Using Cell Counter and Trypan Blue

Dye

The XTT assay measures metabolic activity of a culture, therefore the assay

results could indicate either the change in the number of cells or the change in the

metabolic activity of each cell. Considering this, the number of viable cells upon treat-

ment with drugs could also be measured by using a cell counter and trypan blue dye.

Trypan blue is a viability dye that can penetrate into cells with damaged membranes

and it does not alter the viability of the cells [164–166].

The general protocol used for measurement of drug cytotoxicity with cell counter

and trypan blue dye is described below:



54

• Bring frozen HK-2 (human kidney cell) stock to 37 ◦C and centrifuge to recover

the cells.

• Dissolve the pellet in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12

(DMEM/F12) and add 2 mL HK-2 culture (5x104 cells/mL) to each well of 6-well

TPP plate.

• Incubate the microplate overnight at 37 ◦C under a humidified, 5% CO2 atmo-

sphere.

• The next day, cells are adherent to the plate and remove the medium from all

wells (except one well, which will be the nontreated sample).

• Supplement DMEM/F12 media with selected drugs to a desired final concentra-

tion and add 2 mL of supplemented media to selected wells.

• Prepare control (blank) samples to include the same amount of water (or DMSO-

water mixture) with the drug treated samples.

• Incubate the plate overnight (20-24 hours) at 37 ◦C under a humidified, 5% CO2

atmosphere.

• The next day, capture microscopy images for all treatments and the nontreated

sample for comparison of the drug effects.

• Before using the cell counter, withdraw the medium from each well and pipette

in separate falcons.

• Add 1 mL PBS buffer to each well to wash and then withdraw again to be pipetted

in each falcon.

• To wash off the adherent cells in each well, add 250 µL trypsin to each well and

incubate the plates at 37 ◦C under a humidified, 5% CO2 atmosphere for around

5 minutes.

• After 5 minutes, check each well under microscopy to see if the cells are round-

shaped and moving around upon shaking the plate.

• If the adherent cells are removed off the wells, add 500 µL PBS to each well and

withdraw contents from each well to pipette in falcons.

• Centrifuge each falcon at 2000 rpm for 2 minutes, remove the supernatant and

dissolve the pellets in 1 or 2 mL PBS.

• Mix 10 µL trypan blue with each 10 µL dissolved pellet sample to dye the cells.
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• Get 10 µL of dyed cell suspension and pipette into the microscopy glass to place

into the cell counter.
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4. RESULTS AND DISCUSSION

4.1. Membrane Translocation Simulations of Membrane Active Peptides

4.1.1. SMD Simulations of Membrane Translocation of Beta-Lactamase In-

hibitory Peptides

The molecular mechanism by which the beta-lactamase inhibitory peptides move

through the membrane was examined by steered molecular dynamics (SMD) simula-

tions. The results given in this section can also be found in the manuscript published in

the Journal of Peptide Science entitled ’A Novel Chimeric Peptide with Antimicrobial

Activity’ by Begum Alaybeyoglu, Berna Sariyar Akbulut and Elif Ozkirimli.

In order to investigate the effect of initial peptide conformations on the translo-

cation mechanism, the coordinates for the peptides P1 and P2 were either based on

BLIP 45-53 residues or they were assigned as extended chain.

Figure 4.1. Initial and final structures of P1 peptide. Initial structures were assigned

as either beta-hairpin or extended chain. Final structures were obtained after

minimization and equilibration in water.

In the simulations of P1, the beta-hairpin (formed by H bonding between residues

Gly4, Asp5, Tyr6) was maintained during the equilibration of the peptide in water

(Figure 4.1). On the other hand, when the initial structure was assigned as an extended
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chain, the equilibrated peptide became more compact after the equilibration simulation

in the peptide-lipid-water system, as it got closer to the membrane, and a beta-hairpin

formed by residues Gly4, Asp5, and Tyr6 (Figure 4.2). When two initial structures

were compared, it was observed that the extended chain initial structure changed as the

peptide made the initial contact with the P-heads, resembling the structure observed

with the beta-hairpin initial structure of P1.

Figure 4.2. Initial and final structures of P1 peptide in the peptide-lipid-water system.

Similarly, for P2, the peptide assumed a more compact form whether the starting

structure is an extended chain or a beta-hairpin. The hairpin formed by Gly9, Asp10,

and Tyr11 residues of P2 in the initial beta-hairpin structure was maintained after

equilibration of the peptide with beta-hairpin initial conformation and the same hairpin

formed after equilibration of the extended chain structure (Figure 4.3).

Interestingly, the peptide conformations in the lipid bilayer during the SMD sim-

ulations were very similar for P1 and P2. These observations of the calculated SMD

trajectories suggested that the initial structure assignment does not change the translo-

cation pathway and interactions with the membrane. For all cases, the peptides moved

through the bilayer as a single chain, penetrating the bilayer like a needle.

In order to investigate the membrane translocation dynamics of P1 and P2 pep-

tides, and the contribution of the LLIIL stretch, SMD simulation for both peptides

were carried out multiple times with the POPE lipid bilayer. Each simulation was first
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Figure 4.3. Initial and final structures of P2 peptide. Initial structures were assigned

as either beta-hairpin or extended chain. Final structures were obtained after

minimization and equilibration in water.

analyzed separately (Figure 4.4), and average profiles were calculated for P1 and P2

simulations (Figure 4.5).

The modification of P1 (addition of LLIIL) increased the hydrophobicity of the

peptide; hence P2 was expected to have increased interactions with the membrane

lipids. Even though the averaged interaction energy profiles for both peptides are

similar in trend and magnitude (Figure 4.4 and Figure 4.5) and do not reveal any

distinct stages of the transport process, the electrostatic energy between the peptide

and the lipid suggests that transport occurs in four stages at electrostatic energy values

of -40, -100, -40 and -60 kcal/mol. For P1, electrostatic energy was -40 kcal/mol only

between z values of 40 to 30 Å, but for P2, the electrostatic energy was -40 kcal/mol

between z values of 40 to 10 Å (Figure 4.6). This stage (i) corresponds to the initial

interactions of the peptides with the membrane and P2 has increased interactions due

to its hydrophobic N-terminus. The electrostatic energy increases to -60 kcal/mol and

it is conserved until the SMD atom reaches the membrane core. At this stage P2 is
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Figure 4.4. Interaction energy (top) and force (bottom) profiles of each P1 (left) and

P2 (right) SMD simulation.

in contact with the membrane closely and reaches a more compact state compared to

its initial structure (Figure 4.6). This behavior of P2 resembles that of antimicrobial

peptides, which are usually found to adapt a horizontal orientation during their initial

contact with the membranes.

The initial interactions of P1, on the other hand, increase almost linearly as the

peptide penetrates into the bilayer with no plateau in interaction energy (Figure 4.4

and Figure 4.5). The maximum values of electrostatic energies reached by P1 and

P2 are similar in magnitude but the driving forces of the interactions are different.

Electrostatic energy of P1 reaches its maximum values at stage (ii) as the peptide
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Figure 4.5. Average interaction energy (left) and force (right) profiles of P1 (top) and

P2 (bottom) SMD simulations.

N-terminus penetrates and starts embedding itself in the lipid bilayer (Figure 4.6).

On the other hand, the electrostatic energy of P2 reaches its maximum when the

hydrophobic N-terminus reaches the bilayer core and this value is conserved until the N-

terminus exits the bilayer. Indeed, when the electrostatic interaction energy values are

calculated on a residue basis, the strongest interactions occur between Asp, C-terminus

Tyr (Asp5 and Tyr9 for P1, Asp10 and Tyr14 for P2) residues and phosphate groups

for both P1 and P2. His1 residue of P1 is one of the major contributors to electrostatic

interactions, whereas in the case of P2, His6 residue is no longer of importance and

Leu1 has become a major electrostatic interaction contributor. Stage (iii) corresponds

to the conformations of both peptides fully embedded in the membrane where the

van der Waals (VdW) and interaction energy between the peptides and the membrane

reach maximum values (Figure 4.6). For both peptides, the electrostatic interaction

energy decreases upon exit of N-terminus from the bilayer at stage (iv). The final

increase in the electrostatic energy at stage (v) is observed as the C-terminus (YYAY)

of both peptides leave the membrane (Figure 4.6). The van der Waals energy between
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the lipids and P2 reaches higher values than that with P1 when the peptide is fully

embedded in the membrane (between z values of -10 to -30 Å).

Figure 4.6. Electrostatic energy profiles of P1 (top left), and P2 (top right), and

snapshots from the simulation trajectories of P1 and P2.

Lipid tail order parameters measured using deuterium solid-state NMR of deu-

terium labeled lipids provide information about the order and configuration of the

fatty acyl chains. Here, the order of the lipid tails in the presence of the peptides

was compared with that in a 20 ns membrane-water MD simulation to determine the

effect of peptide penetration (Figure 4.7a). The calculated order parameters were in

good agreement with experimentally measured C-D bond order parameters of sn-2

acyl chain at 30 ◦C for POPE membrane [167]. As expected, the order parameter for

the membrane was higher in the absence of the peptides than in the presence of the
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peptides. The decrease in order parameter in the presence of the peptides was most

significant at the bilayer surface while it can be considered negligible at the bilayer

core. As the peptide moved through the bilayer, a pore formed (since the phosphate

heads were free to move in the x-y direction) in the membrane plane. Therefore, the

increase in disorder was induced by transport of the peptides across the bilayer and

the interactions of the peptide with the lipid acyl chains.

Figure 4.7. (a) Order parameters of the bilayer palmitoyl (top), and oleyl (bottom)

carbon atoms in the presence or absence of the peptides. (b) Order parameters of C2

(top), C8 (center) and C16 (bottom) carbon atoms in the presence of P1 or P2.

On average, P2 created slightly higher disorder especially near the lipid head

groups (Figure 4.7a) possibly suggesting that the higher hydrophobicity of P2 results

in increased interactions with the membrane lipids during initial penetration causing

fluctuations of the lipid tails that are closer to the lipid-water interface. While the

change in the C8 or C16 carbon order parameters of the palmitoyl tail was negligible,

the order parameter of the C2 in the palmitoyl tail fluctuated significantly during

the simulations (Figure 4.7b). Such an increase in the disorder of carbons near the

membrane surface suggested that the strong interaction with the membrane surface
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might have induced pore formation. The results are in agreement with the interaction

energy analysis, which showed that the initial penetration into the upper P-heads is

an important energy barrier in the uptake of the peptides.
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Figure 4.8. Number of hydrogen bonds formed over 40 ns simulation time for P1 (a)

and 45 ns simulation time for P2 (b). The hydrogen bonds formed between the LLIIL

tail of P2 and the lipid are highlighted in yellow (b).

The hydrogen bonding interactions of the peptides with the lipid bilayer further

provides insights on residue-based interactions for each peptide. The hydrogen bonding

interactions during the translocation of P2 are present over the entire course of the

simulation even though the LLIIL tail is not the major contributor statistically (Figure

1b). The Asp residue (Asp5 in P1 and Asp10 in P2) is found to be the major contributor

to the hydrogen bonding of the peptides with 15% occupancy for P1 and 25% occupancy

for P2 over the simulation times. Tyr residues are the second major contributors to the

hydrogen bonding with 6% occupancy of Tyr6, 2% occupancy of Tyr7, 10% occupancy

of Tyr9 for P1 and 11% occupancy of Tyr11, 9% occupancy of Tyr12, 26% occupancy of
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Tyr14 for P2 respectively. For P2, the LLIIL tail contributes to the hydrogen bonding

interactions with 4% occupancy, which facilitates the peptide lipid interactions.

4.1.2. SMD Simulations of Membrane Translocation of pVEC and its Mu-

tants

In this part of the study, wild type and mutant pVEC peptides with increased

or decreased activity were compared using SMD simulations (Table 3.1). Here, SMD

simulations on the wild-type pVEC and four mutants were performed in an effort to

observe the mechanism whereby the peptides are translocated across the cell membrane.

4.1.2.1. SMD Simulation of Membrane Translocation of wild-type pVEC. Membrane

translocation simulation for wild-type pVEC (wt-pVEC or wt) was analyzed for water

molecules that enter the lipid bilayer upon pore formation, force applied on the peptide

and interactions of the peptide with the lipid bilayer (Figure 4.9). Peptide is shown

in cartoon representation (black) and water molecules are represented as blue spheres

(Figure 4.9b).

Water molecules start to penetrate into the membrane with the initial penetration

of the N-terminus. The number of water molecules reaches a local maximum value

of 33 as the N-terminus resides around the membrane core (Figure 4.9). The pore

formed by the peptide is larger during the N-terminus insertion, which lets the water

molecules to penetrate into the membrane, but as the water molecules are pushed out

of the membrane a local minimum value is observed (ii). As the rest of the peptide is

inserted, more water molecules penetrate into the membrane and the number of water

molecules reaches a global maximum value (around 50) since the peptide is surrounded

by water when it is fully embedded in the membrane (iii). Number of water molecules

decreases as the peptide leaves the membrane (iv).

The SMD simulations were carried out using constant velocity pulling. Thus, the

force applied on the peptide varies throughout the simulations and this variation gives
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Figure 4.9. (a) Number of water molecules that penetrate into the membrane during

translocation of wild-type pVEC with respect to the z coordinate of the SMD atom.

(b) Snapshots of the trajectory taken at the corresponding time points labeled in a.

insights on the interactions between the peptide and the membrane. The force profile

of wt-pVEC (Figure 4.10) shows that the force applied to pull the peptide through the

membrane increases gradually up to a value of 1300 pN until the N-terminus reaches

the lower phosphate heads (z=-10). After that barrier, the force fluctuates around the

global maximum value until the N-terminus starts to leave the membrane (z=-40). As

the N-terminus exits the membrane, the force that was applied decreases gradually and

eventually reaches to a value around zero, where the peptide is in water again.
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Figure 4.10. Force applied on wt-pVEC peptide during the simulation with respect to

the z coordinate of the SMD atom.

The interaction energy profile of wt-pVEC with the lipid bilayer is given in Figure

4.11 with electrostatic and Van der Waals energy profiles. Figure 4.12 shows the

snapshots from the simulation corresponding to the points labeled in the interaction

energy profile in Figure 4.11.
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Figure 4.11. Interaction energy between the wt-pVEC peptide and the membrane

with respect to the z coordinate of the SMD atom.
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The interaction energy for wt-pVEC increases as peptide approaches and even-

tually penetrates into the membrane and oscillates around a value of -300 kcal/mol

when z coordinate of the SMD atom is around zero (Figure 4.11 and Figure 4.12i).

At this point, first 6 residues have already penetrated into the membrane and Arg7

resides between the phosphate heads of the upper lipid layer, but residues His14, Ala15

and His16 are also interacting with the membrane as the beta-hairpin loop lays on the

surface of the membrane. The interaction energy increases even more as the beta-

hairpin loop unfolds and reaches to a maximum value around -550 kcal/mol when

z coordinate of the SMD atom is around -15 (Figure 4.11 and Figure 4.12ii). This

point also corresponds to the maximum value of electrostatic interactions since the

N-terminus is in contact with the lower phosphate atoms while the C-terminus is in

contact with the upper phosphate atoms at the same time. As the N-terminus starts to

exit from the membrane the interaction energy starts decreasing and oscillates around

-300 kcal/mol again when z coordinate of the SMD atom is around -30 (Figure 4.11

and Figure 4.12iii). At this point, residues Ile3, Ile4 and Leu5 start to exit from the

membrane and since first 2 residues (Leu1 and Leu2), which contribute highly to the

interactions of the peptide with the lipid bilayer, have already left the membrane, the

interaction energy reaches a small plateau. After this point, the peptides continues

to move out of the membrane and the interaction energy profile decreases abruptly

with the exit of the previously unfolded beta-hairpin loop. A sudden increase in the

interaction energy profile is observed (around -300 kcal/mol when z coordinate of the

SMD atom is around -50) as the exit of the peptide (residues Arg10, Lys11 and Gln12)

disturbs the membrane causing some of the lipid tails to hang out and peptide interacts

with these lipid tails (Figure 4.11 and Figure 4.12iv). The final plateau is observed

with the exit of the C-terminus (residues His14, Ala15 and His16) from the membrane

(when z coordinate of the SMD atom is around -60). Although the overall interaction

energy between the peptide and membrane decreases, these residues are in contact with

the lipid tails hanging out from the membrane causing fluctuations in the interaction

energy profile (Figure 4.11 and Figure 4.12v).
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Figure 4.12. Snapshots corresponding to the stages observed in the interaction energy

profile of the wt-pVEC with the membrane. Water molecules are not shown for

clarity.

4.1.2.2. SMD Simulation of Membrane Translocation of pVEC-1. Similar to that of

wt-pVEC simulation, water molecules start to penetrate into the membrane as the N-

terminus of pVEC-1 reaches the membrane core (Figure 4.13, z=0). The pore formed by

the peptide gets smaller as the peptide unfolds in the membrane and a local minimum

value is observed in the number of waters molecules that penetrate into the membrane
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(z=-10). As the rest of the peptide is inserted, the number of water molecules reaches

a global maximum value (around 55) as the peptide is surrounded by water molecules

when it is fully embedded in the membrane (around z=-25). Number of water molecules

starts to decrease only when the C-terminus of the peptide leaves the membrane.
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Figure 4.13. (a) Number of water molecules that penetrate into the membrane during

translocation of pVEC-1 with respect to the z coordinate of the SMD atom. (b)

Snapshots of the trajectory taken at the corresponding time points labeled in a.

The force profile of pVEC-1 (Figure 4.14) shows that the force applied to pull the

peptide through the membrane increases gradually up to a value around 1150 pN until

the N-terminus is close to the lower layer phosphate heads (z=-10). After that barrier,
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the force fluctuates around the global maximum value until the N-terminus starts to

leave the membrane (z=-20). As the N-terminus exits the membrane, the force that

was applied decreases gradually and eventually reaches to a value around zero, where

the peptide is in water again.
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Figure 4.14. Force applied on the pVEC-1 peptide during the simulation with respect

to the z coordinate of the SMD atom.

The interaction energy profile of pVEC-1 with the lipid bilayer is given in Figure

4.15. Figure 4.16 shows the snapshots from the simulation corresponding to the points

labeled in the interaction energy profile in Figure 4.15.

The interaction energy for pVEC-1 starts increasing as the peptide approaches

to the membrane and a local minimum is observed around a value of -200 kcal/mol

when z coordinate of the SMD atom is around +19, just after the N-terminus of the

peptides penetrates into the membrane (Figure 4.15 and Figure 4.16i). The interaction

energy continues increasing as the beta-hairpin loop unfolds and peptide is embedding

itself into membrane. The interaction energy reaches to a maximum value around -750

kcal/mol when z coordinate of the SMD atom is around -11 (Figure 4.15 and Figure

4.16ii). This point also corresponds to the maximum value of electrostatic interactions

since the N-terminus is in contact with the lower phosphate atoms while the residues
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Figure 4.15. Interaction energy between the pVEC-1 peptide and the membrane with

respect to the z coordinate of the SMD atom.

Arg10, Lys11, Gln12, Arg13 and His14 are penetrating into the membrane at the same

time.

As the N-terminus starts to exit from the membrane the interaction energy starts

decreasing and oscillates around -200 kcal/mol again when z coordinate of the SMD

atom is around -30 (Figure 4.15 and Figure 4.16iii). At this point, residues Ile3, Ile4

and Leu5 start to exit from the membrane and since first 2 residues (Leu1 and Leu2),

which contribute highly to the interactions of the peptide with the lipid bilayer, have

already left the membrane, the interaction energy reaches a small plateau. After this

point, the peptides continues to move out of the membrane and the interaction energy

profile decreases abruptly with the exit of the previously unfolded beta-hairpin loop.

The final plateau is observed with the exit of the C-terminus from the membrane when

z coordinate of the SMD atom is around -60 (Figure 4.15 and Figure 4.16iv), since

these peptides continue to interact with the lipids tails hanging out of the lipid bilayer.

4.1.2.3. SMD Simulation of Membrane Translocation of pVEC-2. Similar to that of

wt-pVEC or pVEC-1 simulations, water molecules start to penetrate into the mem-
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Figure 4.16. Snapshots corresponding to the stages observed in the interaction energy

profile of the pVEC-1 peptide with the membrane. Water molecules are not shown

for clarity.

brane as the N-terminus of pVEC-2 reaches the membrane core (Figure 4.17, z=0). The

pore formed by the peptide gets smaller as the peptide unfolds in the membrane and

a local minimum value is observed in the number of waters molecules that penetrate

into the membrane (z=-10). As the rest of the peptide is inserted, the number of water
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molecules reaches a global maximum value (around 40) as the peptide is surrounded by

water molecules when it is fully embedded in the membrane (around z=-30). Number

of water molecules decreases as the peptide leaves the membrane.
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Figure 4.17. (a) Number of water molecules that penetrate into the membrane during

translocation of pVEC-2 with respect to the z coordinate of the SMD atom. (b)

Snapshots of the trajectory taken at the corresponding time points labeled in a.

The force profile of pVEC-2 (Figure 4.18) shows that the force applied increases

gradually up to a value of 900 pN when the N-terminus is around the membrane core

(z=0). This maximum force value is smaller in magnitude when compared to that of

wt-pVEC and pVEC-1 simulations. After that barrier, the force fluctuates until a new

barrier is reached when the N-terminus resides in the lower layer phosphate groups of
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the membrane (z=-20). This second barrier observed for pVEC-2 simulation is also

smaller in magnitude when compared to that of wt-pVEC and pVEC-1, indicating

that the attractive interactions between the peptide and the membrane is weaker. As

the peptide exits the membrane, the force applied decreases gradually and eventually

reaches to a value around zero.
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Figure 4.18. Force applied on the pVEC-2 peptide during the simulation with respect

to the z coordinate of the SMD atom.

The interaction energy profile of pVEC-2 with the lipid bilayer is given in Figure

4.19. Figure 4.20 shows the snapshots from the simulation corresponding to the points

labeled in the interaction energy profile in Figure 4.19.

The interaction energy for pVEC-2 starts increasing as the peptide approaches

and eventually penetrates into the membrane. After the initial penetration, oscillations

around the first local minimum value of -400 kcal/mol when z coordinate of the SMD

atom is around zero (Figure 4.19 and Figure 4.20i) are observed. At this point, first

6 residues have already penetrated into the membrane and Arg7, Arg8 and Ile9 reside

between the phosphate heads of the upper lipid layer, but residues His14, Ala15, His16

and Ser17 are also interacting with the membrane as the beta-hairpin loop lays on

the surface of the membrane. The interaction energy increases even more as the beta-

hairpin loop unfolds and reaches to a maximum value around -500 kcal/mol when z



75

-80-60-40-2002040
-600

-500

-400

-300

-200

-100

0

100

200

z coordinate (A)

In
te

ra
c
ti
o

n
 E

n
e

rg
y
 (

k
c
a

l/
m

o
l)

i.

ii.

iii.

iv.

v. vi.

Figure 4.19. Interaction energy between the pVEC-2 peptide and the membrane with

respect to the z coordinate of the SMD atom.

coordinate of the SMD atom is around -15 (Figure 4.19 and Figure 4.20ii). This point

also corresponds to one of the maximum values of electrostatic interactions since the

N-terminus is in contact with the lower phosphate atoms while the C-terminus is in

contact with the upper phosphate atoms (residues His14, Ala15, His16 and Ser17 are

now penetrating into the membrane) at the same time.

As the N-terminus starts to exit from the membrane the interaction energy starts

decreasing and oscillates around -200 kcal/mol again when z coordinate of the SMD

atom is around -30 (Figure 4.19 and Figure 4.20iii). At this point, residues Ile3, Ile4

and Leu5 start to exit from the membrane and since first 2 residues (Leu1 and Leu2),

which contribute highly to the interactions of the peptide with the lipid bilayer, have

already left the membrane, the interaction energy reaches a small plateau. After this

point, the peptides continues to move out of the membrane, but a sudden increase

in the interaction energy profile is observed (around -450 kcal/mol when z coordinate

of the SMD atom is around -40) as residues Arg6, Arg7 and Arg8 reside in between

the phosphate groups of the lower layer and the peptide continues to exit from the

membrane (Figure 4.19 and Figure 4.20.iv). At this stage, another maximum value of

electrostatic interactions is observed. As peptide continues its way out of the membrane
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Figure 4.20. Snapshots corresponding to the stages observed in the interaction energy

profile of the pVEC-2 peptide with the membrane. Water molecules are not shown

for clarity.

an abrupt decrease in the interaction energy profiles is observed just after Arg6 have

left the membrane and the residues Arg7, Arg8 and Ile9 reside between the phosphate

groups of the lower layer (Figure 4.19 and Figure 4.20v). The final plateau is observed

with the exit of the C-terminus (residues Ala13, His14 and Ala15) from the membrane
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when z coordinate of the SMD atom is around -60 (Figure 4.19 and Figure 4.20vi).

4.1.2.4. SMD Simulation of Membrane Translocation of pVEC-9. Membrane translo-

cation simulation for pVEC-9 was analyzed for water molecules that enter the lipid bi-

layer upon pore formation, force applied on the peptide and interactions of the peptide

with the lipid bilayer.

Water molecules start to penetrate into the membrane with the initial penetration

of the N-terminus (Figure 4.21i). The number of water molecules reaches a local

maximum value of 41 as the N-terminus resides around the membrane core (Figure

4.21ii). The pore formed by the peptide is larger during the N-terminus insertion

because of the Arg7-Gln12 loop that is conserved during the penetration of these

residues. The formation of this pore lets the water molecules to penetrate into the

membrane, but as the peptide (Arg7-Gln12 loop) unfolds in the membrane, the water

molecules are pushed out and a local minimum value (16 water molecules) is observed

(iii). As the rest of the peptide is inserted, more water molecules penetrate into the

membrane and the number of water molecules reaches a global maximum value of

98 (iv) since the peptide is surrounded by water when it is fully embedded in the

membrane, forming a pore in the lipid bilayer. Number of water molecules start to

decrease shortly after the N terminus have left the lipid bilayer and after the whole

peptide have left the bilayer the number of water molecules is back to 0 (v).

The force profile of pVEC-9 (Figure 4.22) shows that the peptide is pulled toward

the lipid bilayer by atomic interactions, which is observed by the force applied on the

peptide in positive direction (around z=+30 to +35). As the peptide N terminus

reaches the upper phosphate heads of the bilayer, the force abruptly increases to a

value around 1200 pN (Figure 4.22). At this stage, the N terminus penetrates into the

bilayer followed by a sudden decrease in the force. The force applied on the peptide

gradually increases as the peptide is steered toward the membrane core and reaches up

to a value of 1400 pN when the N-terminus reaches the lower phosphate heads (z=-15

to -20). After that barrier, the force fluctuates around the global maximum value until
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Figure 4.21. (a) Number of water molecules that penetrate into the membrane during

translocation of pVEC-9 with respect to the z coordinate of the SMD atom. (b)

Snapshots of the trajectory taken at the corresponding time points labeled in a.

the R rich mid section starts to leave the membrane (z=-35). As residues Leu6, Arg7

and Arg8 residues exit the membrane, the force that was applied decreases abruptly

(to 400 pN), but since the during the exit (around z =-55) of Arg11 (the mutated
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residue) the force increases up to 550 pN. After the Arg11 have left the membrane, the

force applied on the peptide decreases and fluctuates around 0 pN until the peptide

completely leaves the lipid bilayer.
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Figure 4.22. Force applied on the pVEC-9 peptide during the simulation with respect

to the z coordinate of the SMD atom.

The interaction energy profile of pVEC-9 with the lipid bilayer is given in Figure

4.23 with electrostatic and Van der Waals energy profiles. Figure 4.24 shows the

snapshots from the simulation corresponding to the points labeled in the interaction

energy profile in Figure 4.23.

The interaction energy for pVEC-9 oscillates around a value of +100 kcal/mol

until the peptide terminus touches the upper phosphate heads of the lipid bilayer when

the interaction energy is 0 kcal/mol. As the peptide penetrates into the lipid bilayer,

the interaction energy starts to decrease (Figure 4.23i and Figure 4.24i), but the peptide

forms a loop between residues Arg7 and Gln12, which is adsorbed on the membrane

surface and conserved for a long period, until the Gln12 residue penetrates into the

bilayer. The interaction energy decreases even more as the Arg7-Gln12 loop starts to

unfold and reaches to a maximum value around -600 kcal/mol when z coordinate of the

SMD atom is around -20 (Figure 4.23ii and Figure 4.24ii). This point also corresponds

to the maximum value of electrostatic and Van der Waals interactions since the N-
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Figure 4.23. Interaction, electrostatic and Van der Waals energy profiles energy

between the pVEC-9 peptide and the membrane with respect to the z coordinate of

the SMD atom.

terminus is in contact with the lower phosphate layer while the C-terminus is in contact

with the upper phosphate layer at the same time. As the N-terminus starts to exit

from the membrane the interaction energy increases abruptly and oscillates around

-200 kcal/mol when z coordinate of the SMD atom is around -30 (Figure 4.23iii and

Figure 4.24iii). At this point, since first 2 residues (Leu1 and Leu2), which contribute

highly to the interactions of the peptide with the lipid bilayer, have already left the

membrane and the C-terminus have already passed the upper phosphate layer, the

interaction energy reaches a small plateau. After this point, the peptide continues

to move out of the membrane and the interaction energy increases gradually. The
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final plateau is observed with the exit of the C-terminus from the membrane (when

z coordinate of the SMD atom is around -70), which disturbs the membrane causing

some of the lipid tails to hang out (Figure 4.23iv and Figure 4.24iv). At this point,

although the overall interaction energy between the peptide and membrane decreases,

the peptide C-terminus is still in contact with the lipid tails hanging out from the

membrane for a longer period, causing fluctuations in the interaction energy profile.

After the C-terminus loses all contact with the lipid tails, the interaction energy reaches

a value around +100 kcal/mol, similar to that in the beginning of the simulations.

Figure 4.24. Snapshots corresponding to the stages observed in the interaction energy

profile of the pVEC-9 peptide with the membrane. Water molecules are not shown

for clarity.

4.1.2.5. SMD Simulation of Membrane Translocation of pVEC-11. Membrane translo-

cation simulation for pVEC-11 was analyzed for water molecules that enter the lipid
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bilayer upon pore formation, force applied on the peptide and interactions of the pep-

tide with the lipid bilayer.
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Figure 4.25. (a) Number of water molecules that penetrate into the membrane during

translocation of pVEC-11 with respect to the z coordinate of the SMD atom. (b)

Snapshots of the trajectory taken at the corresponding time points labeled in a.

Water molecules start to penetrate into the membrane with the initial penetration

of the N-terminus. The number of water molecules reaches a local maximum value of
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24 as the N-terminus resides around the membrane core (Figure 4.25i). The pore

formed by the peptide is larger during the N-terminus insertion, which lets the water

molecules to penetrate into the membrane, but as the peptide unfolds in the membrane

the water molecules are pushed out and a local minimum value is observed (ii). As

the rest of the peptide is inserted, more water molecules penetrate into the membrane

and the number of water molecules reaches a global maximum value of 42 since the

peptide is surrounded by water when it is fully embedded in the membrane (iii). As

the Arg rich mid-section exits, some of the water molecules are pushed out of the

membrane (iv). Interestingly, specific to the simulation of pVEC-11, the mutations at

the C terminus (H14R and H16R) cause formation of another water pore around the

C terminus (third peak in the number of water molecules, Figure 4.25v) as it is pulled

toward the membrane core. Number of water molecules start to decrease only after the

C terminus passes the membrane core to reach the lower phosphate head of the lipid

bilayer.

The force profile of pVEC-11 (Figure 4.26) shows that the peptide is pulled toward

the lipid bilayer by atomic interactions, which is observed by the force applied on the

peptide in positive direction (between z=+30 and +25). As the peptide N terminus

reaches the upper phosphate heads of the bilayer, the force abruptly increases to a

value around 800 pN (Figure 4.26). At this stage, the N terminus penetrates into the

bilayer followed by a sudden decrease in the force. The force applied on the peptide

gradually increases as the peptide is steered toward the membrane core and reaches up

to a value of 1000 pN when the N-terminus reaches the lower phosphate heads (z=-15

to -20). After that barrier, the force fluctuates around the global maximum value until

the R rich mid section starts to leave the membrane (z=-45). As these residues exit

the membrane, the force that was applied decreases abruptly to 0 pN and fluctuates

around this value until the peptide completely leaves the lipid bilayer.

The interaction energy profile of pVEC-11 with the lipid bilayer is given in Figure

4.27 with electrostatic and Van der Waals energy profiles. Figure 4.28 shows the

snapshots from the simulation corresponding to the points labeled in the interaction

energy profile in Figure 4.27.
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Figure 4.26. Force applied on the pVEC-11 peptide during the simulation with

respect to the z coordinate of the SMD atom.

The interaction energy for pVEC-11 oscillates around a value of +100 kcal/mol

until the peptide terminus touches the upper phosphate heads of the lipid bilayer when

the interaction energy is 0 kcal/mol (Figure 4.27i and Figure 4.28i). The interaction

energy decreases gradually and the peptide starts to rotate so that its C terminus is

also in contact with the membrane surface even though it is pulled from the N terminus

(Figure 4.27ii and Figure 4.28ii). As the peptide penetrates into the lipid bilayer, the

interaction energy continues to decrease, but the peptide conserves its T shape by

the adsorption of the C terminus on the membrane surface. The interaction energy

decreases even more as the beta-hairpin loop unfolds and reaches to a maximum value

around -800 kcal/mol when z coordinate of the SMD atom is around -15 (Figure 4.27iii

and Figure 4.28iii). This point also corresponds to the maximum value of electrostatic

interactions since the N-terminus is in contact with the lower phosphate layer while

the C-terminus is in contact with the upper phosphate layer at the same time.

As the N-terminus starts to exit from the membrane the interaction energy starts

increasing and oscillates around -400 kcal/mol when z coordinate of the SMD atom

is around -30 (Figure 4.27iv and Figure 4.28iv). At this point, residues Ile3, Ile4 and

Leu5 start to exit from the membrane and since first 2 residues (Leu1 and Leu2), which
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Figure 4.27. Interaction, electrostatic and Van der Waals energy profiles energy

between the pVEC-11 peptide and the membrane with respect to the z coordinate of

the SMD atom.

contribute highly to the interactions of the peptide with the lipid bilayer, have already

left the membrane, the interaction energy reaches a small plateau. After this point, the

peptide continues to move out of the membrane and a sudden increase in the interaction

energy is observed (around -200 kcal/mol when z coordinate of the SMD atom is

around -45) as the exit of the peptide (residues Arg10, Lys11 and Gln12) disturbs

the membrane causing some of the lipid tails to hang out (Figure 4.27v and Figure

4.28v). The final plateau is observed with the exit of the C-terminus (residues Arg14,

Ala15 and Arg16) from the membrane (when z coordinate of the SMD atom is around

-65). Although the overall interaction energy between the peptide and membrane

decreases, these residues are in contact with the lower phosphate heads and the lipid

tails hanging out from the membrane for a longer period, causing fluctuations in the

interaction energy profile (Figure 4.27vi and Figure 4.28vi).
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Figure 4.28. Snapshots corresponding to the stages observed in the interaction energy

profile of the pVEC-11 peptide with the membrane. Water molecules are not shown

for clarity.

4.1.2.6. Comparison of Membrane Translocation of pVEC and the Mutants. The wa-

ter defect that forms for the five peptides were compared and it was observed that for

wilt-type pVEC (wt) and pVEC-2, the number of water molecules increases to 40

and then abruptly drops to 10 while for pVEC-1 and pVEC-11, the number of water

molecules is maintained at around 25-50 between z values of -20 to -60 (Figure 4.29).

The translocation of pVEC-9 on the other hand, results in a much larger water pore

compared to pVEC-1 and pVEC-11, but the water pore is again maintained for longer

period of time (between z= -20 to -60). At the maximum value of water molecules, the

water pore is continuous from one side of the membrane to the other (Figure 4.30).

The comparison of force profiles showed that (Figure 4.31) the least force in

magnitude had to be applied on pVEC-2, which may indicate that the interacting forces

are weaker between the peptide and the lipid bilayer. When the interaction energy
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Figure 4.29. Number of water molecules that penetrate into the membrane during

simulations with wt-pVEC (black), pVEC-1 (green), pVEC-11 (blue), pVEC-2 (red)

or pVEC-9 (purple) with respect to the z coordinate of the SMD atom.

Figure 4.30. Water pore formation during the translocation of the pVEC peptides.
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profile of each peptide with the lipid bilayer is compared, it was observed that pVEC-

11 made the strongest interactions throughout the simulation (Figure 4.32) mostly due

to electrostatic interactions with the phosphate heads.
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Figure 4.31. Force profiles of wt-pVEC (black), pVEC-1 (green), pVEC-11 (blue),

pVEC-2 (red) and pVEC-9 (purple) with respect to the z coordinate of the SMD

atom.

On the other hand, the maximum value of force was required for the translocation

of pVEC-9, which also results in the highest value of maximum work done (Figure 4.33)

during its translocation. Although the maximum force applied and the maximum

work done during the translocation simulations corresponds to that of pVEC-9, the

interaction energy during its translocation is lower compared to that of pVEC-11 and

pVEC-1. We believe that this may be a result of the largest water pore formation,

which in turn may block the peptide’s interaction with the lipids. The interaction

energy and force profiles for pVEC-2 showed a shallow dip compared to wild-type

pVEC (wt), pVEC-1, pVEC-9 and especially pVEC-11. This is actually similar to

our previous results on scramble pVEC, a pVEC analogue with a decreased uptake

value compared to other pVEC analogues. Our previous results suggested that high

interaction energy between the cationic stretch and the upper or the lower phosphate
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Figure 4.32. Interaction, electrostatic and van der Waals energy profiles of wt-pVEC

(black), pVEC-1 (green), pVEC-11 (blue), pVEC-2 (red) and pVEC-9 (purple) with

respect to the z coordinate of the SMD atom.

layer may also drive the peptide forward in the SMD direction.

In order to compare the effects of peptides on the membrane, order parameters

were calculated for each simulation system. Here, the order of the lipid tails in the

presence of the peptides was compared with that in a 20 ns membrane-water MD

simulation to determine the effect of peptide penetration.

The results show that, all five peptides have similar disordering effect on the

membrane when averaged over the whole simulation time (Figure 4.34). Throughout
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Figure 4.33. Work done on the peptide during the translocation of wt-pVEC (black),

pVEC-1 (green), pVEC-11 (blue), pVEC-2 (red) and pVEC-9 (purple) with respect

to the z coordinate of the SMD atom.

the SMD simulations, harmonic constraints are applied on the phosphate heads of

lipid bilayers in the z direction, and as a result, the thickness of the bilayer stays

almost constant. As the peptide moves through the bilayer, a pore forms (because

the phosphate heads are free to move in the x-y direction) in the membrane plane.

Therefore, the increase in disorder in the presence of peptide is not due to membrane

thinning, which cannot be observed with the current simulations, but it is due to the

disorder induced by transport of the peptides across the bilayer and the interactions

of the peptide with the lipid acyl chains.

The results presented here based on SMD simulations on four pVEC variants

suggest that formation of a larger water pore that is maintained for a long period and

stronger electrostatic interactions with the membrane are related to an increase in the

uptake potential of pVEC peptides. We believe the enhancement of the water pore

that is formed during the translocation is facilitating the uptake of pVEC-1, pVEC-11

and pVEC-9.
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Figure 4.34. Order parameters calculated for the membrane in the presence of

wt-pVEC (black triangles), pVEC-1 (green dots), pVEC-2 (red asterisks), pVEC-11

(blue circles) or pVEC-9 (purple asterisks) and in the absence peptides (squares).

Moreover, the comparison of the interactions of each peptide with the lipid bilayer

showed that pVEC-11 made the strongest interactions throughout the simulation via

mostly the electrostatic interactions with the phosphate heads. The interaction energy

and force profiles for pVEC-2 showed a shallow dip profile compared to wild-type pVEC

(wt), pVEC-1 and especially pVEC-11, similar to our previous results on scramble

pVEC, a pVEC analogue with a much decreased uptake value. The results show that,

all five peptides have similar disordering effect on the membrane when averaged over

the whole simulation time due to the disorder induced by transport of the peptides

across the bilayer and the interactions of the peptide with the lipid acyl chains.
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4.1.3. Equilibration of the pVEC and del5 pVEC Peptides

For the SMD simulations of pVEC and del5 pVEC peptides, new simulation

systems were prepared. The first step was the equilibration of extended chain confor-

mations of both peptides.

Figure 4.35. Equilibration of pVEC peptides. (a) RMSD profiles of pVEC (red) and

del5 pVEC (blue) peptides during the simulations. (b) Initial peptide conformations,

and conformations extracted after 40 ns, 65 ns and 86 ns of equilibration.

The simulation trajectories were analyzed and the RMSD for each peptide was

calculated by aligning the peptide backbone to the initial structure (Figure 4.35). The

del5 pVEC peptide RMSD to the initial coordinates was more stable after 25 ns of
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simulation time, whereas pVEC peptide assumes a random coil structure throughout

100 ns of equilibration simulation. Three different conformations for each peptide were

extracted from the equilibration simulations of pVEC and del5 pVEC systems at 40

ns, 65 ns and 86 ns simulation time (Figure 4.35) to be used as the initial structures

in the SMD simulations of the membrane translocation of these peptides.

4.1.4. SMD Simulations of pVEC and del5 pVEC Peptides

In order to move the peptides from one side of the lipid bilayer to the other, force

needs to be applied on the center of mass, in the -z direction to pull the peptides. The

force profiles plotted as a function of the z-coordinate of the peptide center of mass

(Figure 4.36) are similar for pVEC and del5 pVEC simulations. The force applied on

the peptide starts to increase, as the peptide gets closer to the membrane. The force

reaches its maximum value when the peptides are in the bilayer core (z around 0 Å).

The major difference in the force profile of pVEC and del5 pVEC is that the maximum

force applied on the pVEC peptide (around 1100 pN) is higher than that of del5 pVEC

(around 600 pN). Moreover, the force applied on pVEC increases abruptly just before

the peptide reaches the bilayer core and decreases abruptly after the peptide passes the

bilayer core. On the other hand, the force applied on del5 pVEC decreases gradually as

the peptide moves toward the lower layer of the membrane. Similar to our observations

on the force profiles of pVEC and del5 pVEC systems, the work done (Figure 4.36) to

pull the del5 pVEC through the POPE bilayer was much lower (around 300 kcal/mol),

when compared to that to pull pVEC (400 kcal/mol).

During the pulling simulations of pVEC and del5 pVEC peptides, no constraints

were applied on the phosphate heads of the bilayer. Instead, the translational motion

of the bilayer was restrained by constraining the center of mass in the z-direction only.

Therefore, the P-heads were free to move and change in the thickness of the membrane

was allowed. In both SMD simulations, we observed that upper P-heads started to

move toward the bilayer core as the peptide penetrated into the bilayer. As the P-heads

moved toward the membrane core, a water pore started to form in both simulations

and the membrane thickness increased. The pores were largest when the peptides were
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Figure 4.36. Analysis of the SMD simulations of pVEC (black), del5 pVEC (red)

peptides translocating the POPE bilayer.

embedded in the lipid bilayer (z around 0 Å). At this stage, the membrane thickness was

highest for the pVEC simulation system. A larger pore (around 250 water molecules

at maximum) formed in the presence of pVEC when compared to del5 pVEC (around

150 water molecules at maximum) (Figure 4.36). Similar to our observations on the

force profiles of both systems, the water pore formed during the translocation of pVEC

deformed faster than that in the del5 pVEC simulation. After pVEC passed the bilayer

core, the thickness of the membrane started to decrease back to its initial value toward

the end of the simulation. The membrane thickness in the del5 pVEC system stayed

higher toward the end of the simulation. After the peptide has lost its interaction

with the bilayer completely, the membrane thickness decreased back to its initial value

(Figure 4.36).
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4.1.5. Stretching Simulations of pVEC

A simulation system of wild-type pVEC in a water box was prepared and the

peptide was stretched. The initial structure, with an end-to-end distance of 27.7 Å, is

the same with the one that was used in the SMD simulations of membrane translocation

of pVEC. In the SMD simulations, the peptide unfolds as it translocates through the

membrane. In its most extended conformation, where the peptide is embedded in the

lipid bilayer, the end-to-end distance is observed to be around 57 Å.

Figure 4.37. Stretching of wild-type pVEC. (a) Initial structure with an end-to-end

distance of 27.7 Å, (b) after 2 ns the distance is increased to 40.28 Å, (c) at the end

of the simulation the distance was 56.47 Å.

For the stretching of pVEC, two simulations using two different methods were

carried out. In the first simulation, a harmonic bias was applied to increase the end-

to-end-distance of the peptide from 27.7 Å to 56.47 Å, in the course of a 10 ns MD

simulation (Figure 4.37). The change in the radius of gyration, and the change in

energy throughout the simulation can be seen in Figure 4.38.

The average interaction and electrostatic energy was around -600 kcal/mol through-

out the simulations. It was observed that van der Waals contribution was minor to the

total energy. The radius of gyration (rgyr) increased from around 11 Å to 17 Å at the

end of the simulation.

In the second stretching simulation, the Cα atom of the Leu1 residue was fixed

and the Cα atom of Lys18 was pulled in the opposite direction to increase the end-to-
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Figure 4.38. Stretching of pVEC using the collective variables module. The change in

energy (top) and radius of gyration (bottom) are plotted for the whole simulation.

end-distance in the course of a 12 ns simulation time. The change in the end-to-end

distance, force applied on the peptide and work done throughout the simulation can

be seen in Figure 4.39.

The end-to-end distance of the peptide increased gradually from 27 Å to 57 Å in

a 12 ns simulation time. The force profile with respect to simulation time or end-to-end

distance of the peptide, showed some oscillations during the first 8 ns where the end-

to-end distance was increased from 27 Å to 45 Å. To increase the distance from 45 Å to

57 Å, the force applied on the peptide abruptly increased to a final value of around 200

pN. In consistent with the force profile, work done gradually increased 5 kcal/mol to

extent the peptide to an end-to-end distance of 45 Å. For further extension, the work

increased up to 18 kcal/mol.
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Figure 4.39. Stretching of pVEC using SMD. The change of end-to-end distance and

force applied are plotted with respect to the simulation time. Force applied and work

done are also plotted with respect to the end-to-end distance of the peptide.

To compare the force applied on the pVEC peptide during stretching and mem-

brane translocation, force and work profiles were plotted together with respect to the

radius of gyration of the peptide (Figure 4.40). It was observed that the contribution

of peptide stretching to the total force or work was minor when compared to that of

membrane translocation. The results suggested that pulling the peptide through a

lipid bilayer necessitates a higher amount of force when compared to that of stretching

the peptide.



98

−1500

−1000

−500

0

F
o

rc
e

 (
p

N
)

 

 

8 10 12 14 16 18 20
0

200

400

600

800

1000

Rgyr (A)

W
o

rk
 (

k
c
a

l/
m

o
l)

 

 

translocation

stretching

translocation

stretching

Figure 4.40. Stretching of pVEC (red) in comparison with its membrane

translocation (black).

4.1.6. Umbrella Sampling Simulations of Membrane Translocation

4.1.6.1. PMF Calculation for pVEC Membrane Translocation. The umbrella sampling

(US) simulations for the membrane translocation of pVEC were carried out using 57

independent windows, in which the initial structures were extracted from the SMD

simulation. Each window was first minimized and then simulated for 2 ns. After the

simulations were completed, the distance variable calculated in each step of the last

1 ns of each window was used to plot the histograms of the distance variable (Figure

4.41).
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Figure 4.41. Histograms of z-distance between the SMD atom and the lipid bilayer

for each umbrella window.

The PMF calculated for the membrane translocation of pVEC shows a barrier of

145 kcal/mol energy to move the peptide from one side of the membrane to the other

(Figure 4.42). The system reaches its minimum energy of 0 kcal/mol when the distance

between the SMD atom and the membrane is 26.37 Å. At this stage, the peptide is just

above the upper phosphate heads of the lipid bilayer and shortly after it penetrates

the bilayer. Moreover, since the PMF profile is not symmetric and always positive,

the system may possibly be far away from equilibrium, which may be overcome by

repeating US simulations with different initial conformations and longer simulations

times.

4.1.6.2. PMF Calculation for del5 pVEC Membrane Translocation. The umbrella sam-

pling simulations for the membrane translocation of del5 pVEC was carried out using

a similar protocol that was followed for the umbrella sampling simulations of the mem-

brane translocation of pVEC peptide. 51 independent windows, in which the initial

coordinates were extracted from the SMD simulation, were first minimized and then



100

−80−60−40−2002040

0

25

50

75

100

125

150

Distance (A)

P
M

F
 (

k
c

a
l/
m

o
l)

Figure 4.42. The potential of mean force for the membrane translocation of pVEC

peptide as a function of the z-distance between the center of mass of the bilayer and

the peptide N-terminus.

equilibrated for 2 ns. After the simulations were completed, the distance variable cal-

culated in each step of the last 1 ns of each window was used to plot the histograms

of the distance variable. The PMF calculated for the membrane translocation of del5

pVEC shows a free energy difference of -23 kcal/mol energy to move the peptide from

one side of the membrane to the other (Figure 4.43). It was also observed that the

system reaches its minimum energy of 0 kcal/mol when the distance between the SMD

atom and the membrane is 18.5 Å. At this stage, the peptide N-terminus is embedded

in the upper phosphate heads of the lipid bilayer and inserts into the bilayer shortly af-

ter this stage. The PMF profile was almost symmetric at the plane where the distance

variable is -10, suggesting that the system was near equilibrium.

4.1.6.3. Comparison of the PMF profiles. The membrane translocation PMF profiles

for pVEC and del5 pVEC peptides was motivated by the structure activity relation

studies showing that the uptake of the cell-penetrating peptide pVEC was abolished

upon deletion of its N-terminus (LLIIL) [57, 72]. Considering these findings, a lower

free energy was expected for the membrane translocation of the pVEC peptide when
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Figure 4.43. The potential of mean force for the membrane translocation of del5

pVEC peptide as a function of the z-distance between the center of mass of the

bilayer and the peptide N-terminus.

compared to that of del5 pVEC, suggesting that pVEC translocation would be more

favorable.

In our simulations, we have observed that the computed PMF profiles are quite

different for pVEC and del5 pVEC systems. For ease of comparison, the initial data

points (far left) in the PMF profiles were considered as the initial states, where the

peptide is not interacting with the membrane. The whole PMF profiles were translated

by assigning the initial states a PMF value of 0 kcal/mol (Figure 4.44). It was observed

that the PMF profile of pVEC peptide is almost always positive throughout the reaction

coordinate suggesting the translocation is unfavorable. On the contrary, the PMF

profile of del5 pVEC system was found to be lower than that of pVEC, a result that

was not expected (Figure 4.44).
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Figure 4.44. Comparison of the PMF profiles for the membrane translocation of

pVEC and del5 pVEC peptides.

A characteristic feature in free energy calculations of bilayer systems is that the

PMF profile is symmetric around the bilayer center and the convergence to equilibrium

can be tested by checking the symmetry of these PMF profiles [90, 152, 168]. The

expected symmetric PMF profile was not observed for the pVEC system, but the del5

pVEC PMF curve was almost symmetric (Figure 4.44). These results suggest that del5

pVEC simulations were near equilibrium when compared to pVEC simulations, which

may be the reason of the lower PMF curve obtained for the del5 pVEC system.

4.1.7. Replica Exchange Umbrella Sampling Simulations of Peptide Translo-

cation

We have previously investigated the membrane translocation of pVEC (LLIIL-

RRRIRKQAHAHSK) and del5 pVEC (RRRIRKQAHAHSK) using steered molecular

dynamics (SMD) simulations, in which the peptide-lipid interactions were studied in
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detail to determine the specific regions of the peptide that may contribute to cellular

uptake [74]. The previous SMD simulations were carried out by pulling the peptide

from its N-terminus through the 128-lipid POPE bilayer, which was constrained on

its P heads only in the z-direction. In this study, the SMD simulations were carried

out by pulling the peptide from its center of mass with a smaller velocity, through the

CHARMM-GUI 128-lipid POPE bilayer, which was constrained on its center of mass

only in the z-direction. Using these SMD simulations, the reaction coordinate of our

system was selected as the distance (in z-direction) between the peptide center of mass

and the center of the lipid bilayer. The selected reaction coordinate was then divided

into equally spaced (2 Å or 1 Å) replicas and snapshots corresponding to each window

were extracted from the SMD simulations to be used as the initial coordinates of the

replica exchange umbrella sampling (REUS) simulations.

4.1.7.1. PMF Calculation for the Membrane Translocation of pVEC. For the REUS

simulations of pVEC translocation across the membrane, the z-distance between the

peptide center of mass and lipid bilayer center of mass was selected as the reaction

coordinate. The 40 - 18 Å range of the reaction coordinate was divided into 12 replicas

with 2 Å spacing. The initial structures were extracted from the previous pVEC SMD

simulation. Simulations were carried out for 5 ns per replica and then were extended

to 10 ns per replica.

The PMF generated from the first 5 ns (per replica) of the REUS simulations

(Figure 4.45a, red circles) indicates an energy barrier of around 14 kcal/mol to move

the pVEC peptide from the water layer (42 Å distance from the bilayer center) into

the POPE bilayer (17.5 Å distance from the bilayer center). The PMF reaches its

minimum value (close to 0) at around 35.5 Å, which corresponds to a state where

the peptide is not interacting with the membrane. After extending the simulations to

10 ns (per replica), no major change in the PMF was observed (Figure 4.45a, orange

circles). Although the PMF was slightly lower in the 30 Å - 25 Å range, it started to

diverge from the PMF generated from the first 5 ns in the 22 Å - 17 Å range. The

exchange rates calculated for the 10 ns (per replica) REUS simulations with 2 Å replica
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Figure 4.45. Comparison of 4 pVEC REUS simulations with 1 Å or 2 Å replica

spacing. PMF (a) and accepted exchange percentage (b) between replicas are plotted

as a function of the z-distance of the peptide center of mass lipid center.

spacing indicate that the average exchange percentage was around 10% (Figure 4.45b,

red). This average exchange rate is lower than the recommended rates [151], which are

around 30-40%. Especially, the exchange rates of replicas corresponding to the states

with peptide-lipid distance of 39 Å, 29 Å, and 23 Å were around 5%, which did not

increase even after 10 ns (per window) simulation time. These results suggested that

2 Å replica spacing is wide to achieve efficient exchange between replicas.
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The REUS simulations for the membrane translocation of pVEC were then carried

out by dividing the 40 Å - 17 Å range of the reaction coordinate into 24 replicas with

1 Å spacing. The results of the initial runs with 1 Å spacing are given in comparison

with 2 Å spacing in Figure 4.45.
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Figure 4.46. REUS simulations for the membrane translocation of pVEC peptide.

PMF (a) and accepted exchange percentage between replicas (b) plotted as a function

of the peptide-lipid distance corresponding to each replica.



106

The PMF generated from each 2 ns (per replica) of the REUS simulations (Figure

4.46a) indicates an energy barrier of around 100-120 kcal/mol to move the pVEC

peptide from the water layer (40 Å distance from the bilayer center) into the POPE

bilayer core (0 Å distance from the bilayer center). The PMF reaches its minimum

value (around -3 kcal/mol) at around 31 Å, which corresponds to a state where the

peptide is not interacting with the membrane. Throughout each 2 ns of simulation

in the first 10 ns (Figure 4.46a), the PMF increased indicating that the simulation

is far from equilibrium. On the other hand, throughout the last 5 ns (per replica)

of the simulations (Figure 4.46a) a decrease in the PMF was observed, suggesting a

convergence to equilibration. Using the last 3 ns of the simulation data, the final PMF

was calculated as 94 kcal/mol (Figure 4.46a, black-yellow diamonds). The exchange

rates calculated for the all 20 ns (per replica) simulations indicate that the average

exchange percentage was around 40% (Figure 4.46b).

4.1.7.2. PMF Calculation for the Membrane Translocation of del5 pVEC. The REUS

simulations for the membrane translocation of del5 pVEC were also tested by divid-

ing the 40 Å - 18 Å range of the reaction coordinate (z-distance between center of

mass of peptide and center of mass of lipid bilayer) into 12 replicas with 2 Å spacing.

The initial structures were extracted from the previous del5 pVEC SMD simulation.

Harmonic bias with a force constant of 1.0 kcal/mol was applied on the peptide-lipid

z-distance to achieve local sampling. Simulations were carried out for 5 ns (per replica)

simulation time.

The PMF generated from the first 5 ns (per replica) of the REUS simulations

(Figure 4.47a) indicates an energy barrier of around 9 kcal/mol to move the del5 pVEC

peptide from the water layer (42 Å distance from the bilayer center) into the POPE

bilayer (17.5 Å distance from the bilayer center). The PMF is at its minimum value

of -3 kcal/mol at around 28.5 Å, which corresponds to a state where the peptide is

not interacting with the membrane. The exchange rates calculated for the 5 ns (per

replica) REUS simulations with 2 Å replica spacing indicate that the average exchange

percentage was less than 10% (Figure 4.46b). This average exchange rate is lower
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Figure 4.47. Comparison of del5 pVEC REUS simulations with 1 Å and 2 Å replica

spacing. PMF (a) and accepted exchange percentage (b) between replicas are plotted

as a function of the z-distance of the peptide center of mass lipid center.

than the recommended rates, which are around 30-40%. Especially, the exchange rates

of replicas corresponding to the states with peptide-lipid distance of 37 Å, and 21 Å

were less than 5%, which seemed unlikely to exceed 30% by extending the simulations.

These results suggested that 2 Å replica spacing is wide for the del5 pVEC simulation

system to achieve efficient exchange between replicas.
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Figure 4.48. REUS simulations for the membrane translocation of del5 pVEC

peptide. PMF (a) and accepted exchange percentage between replicas (b) plotted as

a function of the peptide-lipid distance corresponding to each replica.

The REUS simulations for the membrane translocation of del5 pVEC were then

carried out by dividing the 40 Å - 17 Å range of the reaction coordinate into 24

replicas with 1 Å spacing. The results of the initial runs with 1 Å spacing are given in

comparison with 2 Å spacing in Figure 4.47.

The PMF generated from each 2 ns (per replica) of the REUS simulations with

(Figure 4.48a) indicates an energy barrier of around 70-80 kcal/mol to move the del5
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pVEC peptide from the water layer (40 Å distance from the bilayer center) into the

POPE bilayer core (0 Å distance from the bilayer center). The PMF reaches its mini-

mum value (around -5 kcal/mol) at around 28 Å, which corresponds to a state where

the peptide is not interacting with the membrane. Using the last 3 ns (per replica) of

the simulation data, the final PMF is calculated as 65 kcal/mol (Figure 4.48a, dark

blue). The exchange rates calculated for the all 20 ns (per replica) REUS simulations

indicate that the average exchange percentage was around 40% (Figure 4.48b).

4.1.7.3. Comparison of the PMF Profiles. We focused on the calculation the mem-

brane translocation PMF profiles for pVEC and del5 pVEC peptides based on the

results of the structure activity relation studies that showed the uptake of the cell-

penetrating peptide pVEC was abolished upon deletion of its hydrophobic N-terminus

(LLIIL) [57, 72]. Considering these findings, if the simulation pathway is realistic, a

lower free energy should be observed for the membrane translocation of pVEC peptide

when compared to that of del5 pVEC peptide, suggesting that pVEC translocation

would be more favorable.

However, our calculations suggest that the PMF trends are similar for pVEC

and del5 pVEC systems. The PMF profile generated from the last 3 ns simulations of

pVEC is always positive throughout the reaction coordinate and the energetic cost of

carrying pVEC into the bilayer core is around 94 kcal/mol, suggesting the translocation

is unfavorable. The PMF profile generated from the last 3 ns simulations of del5 pVEC

system was found to be lower than that of pVEC with a free energy around 65 kcal/mol

and the increase in the profile after del5 pVEC penetrates into the bilayer was much

lower than that for pVEC. These results suggest that del5 pVEC translocates into the

POPE bilayer at a lower energetic cost.
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Figure 4.49. Comparison of the PMF profiles generated from REUS simulations of

pVEC (black) and del5 pVEC (red) translocating the POPE bilayer.

4.1.8. Analysis of Simulation Trajectories by Dimensionality Reduction Al-

gorithms

The data sets of molecular configurations produced by simulations could be ana-

lyzed in order to extract the important features of the system motion. Given a sample

of configurations, finding a low-dimensional embedding such that the shape of the un-

derlying manifold is preserved, is the principal of any dimensionality reduction problem.

The aim is to define a low-dimensional embedding that could be used quantitatively

to characterize a simulation [96].

The molecular dynamics simulation trajectories were analyzed using dimensional-

ity reduction techniques PCA and ISOMAP [97] to interpret the underlying manifold.

Before applying the dimensionality reduction algorithms on the complex membrane

translocation simulations, a simpler system, the stretching of pVEC was analyzed.
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4.1.8.1. PCA and ISOMAP Applications on Stretching Simulation of pVEC. For the

application of PCA algorithm on the stretching of pVEC, the peptide trajectory was

aligned (with respect to backbone, reference frame is the initial structure) and alpha-

carbon atom coordinates of the aligned peptide in every 10,000 simulation step (every

20 ps) was used as data set. The percent variance explained by the first two components

was calculated as 82% (67.22% for the first and 15.1% for the second component).

The simulation data projected on the first two PCs (PC1 and PC2) are color-

coded with respect to the end-to-end distance of the peptide (Figure 4.50a). The data

projected on the first two principal components (PC1 and PC2) shows a disordered

profile (Figure 4.50a) even though the first component (PC1) is related to the increase

in the end-to-end distance of the peptide (color-coding blue to red). This was expected

since the highest variance corresponds to PC1 (67.22%) and can be verified by plotting

the distance with respect to the data mapped on PC1 (Figure 4.50c), which yields

an almost linear profile. On the other hand, plotting the data mapped on PC2 does

not show any structure when plotted against any physical variable in the simulation

system.

For the application of the ISOMAP algorithm, the Cartesian coordinates of Cα

atoms of each residue at every 2000 simulation step (every 4 ps) of the aligned peptide

trajectory were used as the data set. Variations for the first 2 dimensions were calcu-

lated for different values of k, and the best k value was chosen to be 5, which yields

the highest variation in the data. At this k value, the total variation of the data in

the first 2 ISOMAP dimensions (DIM1 and DIM2) was calculated as 99.72%, of which

99.5% is already explained by the first ISOMAP dimension (DIM1).

The simulation data projected on the first two DIMs (DIM1 and DIM2) are color-

coded with respect to the end-to-end distance of the peptide (Figure 4.50b).The data

projected on the first two dimensions (DIM1 and DIM2) shows a structured profile

(Figure 4.50b) and with further investigation, it can be suggested that application of

the ISOMAP algorithm enables the identification of abrupt structural changes. Since

the first dimension (DIM 1) already represents most of the data, further investigation
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Figure 4.50. PCA (a) and ISOMAP (b) projections of the pVEC stretching

simulation. (c) First principal component (PC1) and (d) first ISOMAP dimension

(DIM1) are plotted with respect to the end-to-end distance.

for the physical characterization of DIM 1 should be carried out. When the distance

between the SMD atom and the lipid bilayer is plotted against the data projected on

DIM 1 (Figure 4.50d), it is observed that DIM 1 not only contains the information

on the increase of the distance, but also gives information about the abrupt structural

changes (such as rotations) indicated by the jumps between data points. On the other

hand, DIM 2, by itself represents a negligible amount of data, but the projection on

DIM 2 is harder to characterize.

4.1.8.2. PCA and ISOMAP Applications on Translocation Simulations. The simula-

tion systems of 4 different pVEC derivative peptides (wt-pVEC, retro-pVEC, scrambled-
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pVEC and del5 pVEC) translocating the POPE lipid bilayer were analyzed. The sim-

ulations analyzed here were previously carried out and explained in detail in another

study [74].
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Figure 4.51. PCA applied on the membrane translocation simulation of pVEC. First

two principal components are shown with z-coordinate (a) and force (b) color-coding.

PC1 is plotted with respect to the z-coordinate (c) and radius of gyration(d).

For the application of PCA algorithm, the peptide trajectories were aligned (with

respect to backbone, reference frame is the initial structure) and Cα atom coordinates

of each aligned peptide were used as data sets. The results of the PCA for the wt-

pVEC system are given below as an example. Figure 4.51 shows the principal compo-

nents and first principal component (PC1) plotted against second principal component

(PC2) with z coordinate (Figure 4.51a), and force color-coding (Figure 4.51b). The

z-coordinate coloring scheme represents the simulation trajectory starting from dark

red (beginning of the simulation) to dark blue (end of the simulation). The accumu-

lated data points of dark red and dark blue colors represent the motion of the peptide
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in water layer above the membrane (before initial penetration) and the motion of the

peptide in water layer below the membrane (after peptide exit from the membrane)

respectively. When the peptide is in the membrane (between z values 20 to 40 Å),

data points tend to follow a clearly observable U shape. In order to determine what

PC1 corresponds to in the simulation, PC1 is plotted against both z-coordinate of the

SMD atom (Figure 4.51c) and radius of gyration Figure 4.51d). It was observed that

PC1 versus radius of gyration plot was almost linear, which shows that the algorithm

defines PC1 as the radius of gyration for the simulation system.
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Figure 4.52. Comparison of PCA results for four different pVEC systems; (a)

wt-pVEC, (b) retro-pVEC, (c) scr-pVEC, (d) del5 pVEC. Data is color-coded with

respect to z coordinate of the SMD atom.

The application of PCA on the SMD simulations of pVEC derivatives showed that

PC1 is always defined as the radius of gyration independent from the peptide used in the
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simulation. On the other hand, the three modes of translocation (before penetration,

in membrane and after exit) observed in the PCA results for the wt-pVEC system are

detectable for the scrambled-pVEC (Figure 4.52c) simulation whereas they can hardly

be specified for retro-pVEC (Figure 4.52b). Also, there is no detectable structure for

the simulation of del5 pVEC system (Figure 4.52d). These major differences may give

idea about the importance of the LLIIL residues in the translocation mechanism, since

deletion of these residues changes the underlying manifold.

For the application of ISOMAP algorithm, the peptide trajectories were aligned

(backbone) with respect to the initial structure and Cα atom coordinates of each aligned

peptide are used as data sets. Variation for the first two dimensions were calculated for

different values of k and the best k value was selected such that it results in the highest

variation (for first two dimensions) for the ISOMAP projection for each system.

The results of the ISOMAP projection for the wt-pVEC system are given below

as an example. Figure 4.53 shows the first three dimensions (DIM1, DIM2, DIM3)

detected by ISOMAP algorithm and they were plotted with respect to each other. The

coloring scheme represents the simulation trajectory starting from dark red (beginning

of the simulation) to dark blue (end of the simulation). The first two dimensions of

ISOMAP plotted with respect to each other (DIM1 versus DIM2), different from PCA,

shows the data spread out as the peptide penetrates into the membrane and it unfolds.

In order to determine what DIM1 corresponds to in the simulation, DIM1 is plotted

against both radius of gyration and z coordinate of the SMD atom (Figure 4.53). DIM1

versus z coordinate of the SMD plot was almost linear (Figure 4.53c), which shows that

the algorithm defines DIM1 and the main motion as the change in z coordinate of the

SMD atom for the simulation system. The advantage and the reason of preference for

the usage of ISOMAP algorithm was that it is a nonlinear dimensionality reduction

algorithm, which uses neighborhood relations of data points and thus keeps track of

the motion as a continuous process instead of handling the data points separately.

The application of ISOMAP on the SMD simulations of pVEC derivatives showed

that DIM1 is defined either as the z coordinate of the SMD atom or as the combination
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Figure 4.53. ISOMAP applied on the membrane translocation simulation of pVEC.

First three dimensions are shown with z-coordinate (a,b) color-coding. DIM1 is

plotted with respect to the z-coordinate (c) and radius of gyration(d).

of the z coordinate of the SMD atom and the radius of gyration of the peptide. The

ISOMAP projection of retro-pVEC was very similar to that of wt-pVEC (Figure 4.54b).

On the other hand, the projection of scrambled-pVEC (scr-pVEC) simulation showed

a different manifold especially toward the end of the simulations (blue to dark blue

colored data points), where the peptide fluctuates and takes a lot of time to exit the

membrane (Figure 4.54c). The most different manifold was the projection of del5 pVEC

system (Figure 4.54d), similar to the case in PCA. As mentioned earlier, the major

differences in manifolds may give idea about the importance of the LLIIL residues in

the translocation mechanism, since deletion of these residues (del5 pVEC) changes the

underlying manifold abruptly.
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Figure 4.54. Comparison of ISOMAP results for four different pVEC systems; (a)

wt-pVEC, (b) retro-pVEC, (c) scr-pVEC, and (d) del5 pVEC. Data points are

color-coded with respect to z coordinate of the SMD atom.

4.2. In-vitro Enzyme Kinetics of Beta-lactamase Inhibitory Peptides

In order to investigate the binding and inhibition of beta-lactamase enzyme by

the proposed inhibitory peptides, in-vitro enzyme kinetics experiments were carried

out. The results given in this section can also be found in the manuscript published in

the Journal of Peptide Science entitled ’A Novel Chimeric Peptide with Antimicrobial

Activity’ by Begum Alaybeyoglu, Berna Sariyar Akbulut and Elif Ozkirimli.



118

Enzyme kinetics experiments carried out with TEM-1 beta-lactamase and its

substrate CENTA resulted in Km and kcat values of 70 µM and 110 s−1, respectively,

for a final enzyme concentration of 11.2 nM with the initial rate measurements method.

In an independent study, the Ki value for the peptide based on the 46-51 loop of BLIP

was reported as 500 µM [11]. Here, the enzyme kinetics experiments were carried out

with R-TEM-1 beta-lactamase purified from beta-lactamase expressing bacteria and

with the substrate CENTA. The effect of P1 addition and beta-lactamase inhibition

with P1 was investigated accordingly. Table summarizes the kinetic constants obtained

with CENTA and R-TEM-1 beta-lactamase in the presence and absence of P1.

Table 4.1. R-TEM-1 beta-lactamase inhibition in the presence and absence of P1.

CENTA P1

[Enzyme] (nM) 36.33 36.33

[CENTA] (µM) 35-120 35-120

[P1] (µM) - 100

Vmax (µM/min) 5125 5231

Km (µM) 55.02 93.88

kcat (s−1) 2351 929

Ki (µM) - 58.6

The kinetic constants Km and Vmax obtained for CENTA hydrolysis with R-

TEM-1 beta-lactamase were calculated as 55.02 µM and 5125 µM/min, respectively

for a final enzyme concentration of 36.33 nM. Upon addition of P1, Vmax did not change

(5231 µM/min), while Km value increased to 93.88 µM showing that P1 is a competitive

inhibitor of R-TEM-1 beta-lactamase with a Ki value of 58.6 µM. In comparison, the Ki

for the peptide based on 46-51 loop of BLIP was 500 µM, suggesting that extension of

this previously identified peptide to include His45 and Tyr53 results in tighter binding

and improved inhibition.
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4.3. Effect of Drugs on Growth of Bacterial Cells

The aim in this part of the study was to design chimeric peptides that can pen-

etrate into bacteria to reach and inhibit the target beta-lactamase enzyme. With

this aim, two BLIP-based beta-lactamase inhibitory peptides, HAAGDYYAY [84] and

RRGHYY [131,132] were tested and further modified to enhance their bacterial uptake.

The modification approach involved the addition of the five N-terminal residues (LLIIL)

of the cell-penetrating peptide pVEC to the N-terminus of the peptides to design a

chimera that combines the key fragments of an inhibitor protein and a cell-penetrating

peptide. The chimeric peptide LLIILHAAGDYYAY [84] was further modified with

addition of three arginine residues as a linker region (LLIILRRRHAAGDYYAY) to

increase the peptide solubility. All peptides were tested for their antimicrobial activity

on wild-type and antibiotic resistant E. coli strains, and their antimicrobial activity

was compared with antimicrobial actions of a lipid membrane permeabilizer DMSO, a

well-established antimicrobial peptide melittin [35, 36], a beta-lactam antibiotic ampi-

cillin [169], a known beta-lactamase inhibitor potassium clavulanate [118, 120, 121],

and the cell-penetrating peptide pVEC [57, 72]. Moreover, pVEC and its variant del5

pVEC, which does not include the N-terminal hydrophobic residues (LLIIL) was com-

pared in terms of their antimicrobial action, in order to investigate the significance of

the LLIIL stretch on the antimicrobial action and membrane permeabilization potential

of the cell-penetrating peptide pVEC.

4.3.1. Effect of DMSO on Bacterial Growth

In order to determine the effect of lipid membrane permeabilizer DMSO on wild-

type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells, cultures at standard

and high inoculation cell density were treated with different DMSO concentrations

in the 0.39% - 50% range. The control samples were treated with water only for

comparison.

After 20 hours of incubation of the DMSO treated and control cultures, visible

growth was observed in control cultures at both standard and high inoculation density
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of E. coli K12 and E. coli K12 pUC18 cells. On the other hand, visible growth was not

observed in the cultures treated with 12.5% DMSO or more at standard inoculation

density of both E. coli K12 and E. coli K12 pUC18 cells. At high inoculation density

of both E. coli K12 and E. coli K12 pUC18 cells, visible growth was not observed in

the cultures treated with 25% DMSO or more.

Figure 4.55. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different DMSO concentrations.

Growth curves of each DMSO treated culture and control cultures are given in

(Figure 4.55). Even though the MIC for DMSO was determined as 25% at high in-

oculation density and 12.5% at standard inoculation density of both E. coli strains,

it was observed that 6.25% DMSO or higher concentrations also inhibit the growth

of E. coli K12 pUC18 cells effectively (Figure 4.55). At 3.13% or lower DMSO con-

centrations, cell growth profile was similar to that of the control samples. A similar

observation was made for wild-type E. coli K12 cells. 12.5% DMSO or higher concen-

trations also inhibit the growth of E. coli K12 cells effectively, and at 6.25% or lower
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DMSO concentrations, cell growth profile was similar to that of the control samples

(Figure 4.55). The results suggest that wild-type E. coli K12 cells can tolerate higher

DMSO concentrations when compared to the antibiotic resistant E. coli K12 pUC18

cells.

4.3.2. Effect of Melittin on Bacterial Growth

The initial experiments with melittin were carried out with antibiotic resistant

E. coli K12 pUC18 cells. In order to determine the minimal inhibitory concentration

of melittin on E. coli K12 pUC18 cells at high inoculation cell density, 100 µL of cell

culture (at OD600 = 0.2) was added to each well containing different concentrations

of melittin (or melittin free) solutions, and the plate (Figure 4.56) was placed in the

microplate reader for incubation of 20 hours at 37 ◦C and 180 rpm orbital shaking.

Figure 4.56. The photograph of the plate after incubation of 20 hours (left) and the

plate setup used in the experiment (right).

After 20 hours of incubation, there was no visible growth (Figure 4.56) in any

wells in columns 5 and 6, in wells D4, E4 (at 37.5 µM melittin concentration) and

A4 (which is one replicate of two samples treated with 25 µM of melittin). Assuming

there were not any experimental errors, 25 µM concentration is the determined MIC
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for melittin on E. coli K12 pUC18 cells. The OD600 of each sample was monitored for

20 hours (Figure 4.57).

Figure 4.57. Absorbance measurement (at 600 nm) of all samples for each row (rows

A-H) of the microplate.

The initial OD600 values for the samples with higher melittin concentration are

higher compared to the control sets or the samples with lower melittin concentration,

showing that melittin already increases the OD of the sample itself. The control sets
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(wells A1, B1, D1, E1, G1 and H1) have an increasing OD trend from the start of

the experiment until they reach the stationary phase (around 7-8 hours). On the other

hand, in the cultures treated with sub MIC concentrations of melittin (wells A2-3, B2-3,

D2-3, E2-3, G2-4, H2-4), the OD600 decreases to some extent (for 2-7 hours), but then

they start increasing logarithmically and converge to the control OD curves. At MIC

or supra MIC concentrations (wells A4-6, B5-6, D4-6, E4-6, G5-6, H5-6), the OD600

values start decreasing immediately and at around 6-7 hours they converge to their

minimum value and these OD600 values are conserved until the end of the experiment.

Another independent experiment with different melittin concentrations (Figure

4.58) was carried out using the same experimental procedure and samples from the

microplate were used to determine the number of CFUs after melittin treatment. After

20 hours of incubation time, there was no visible growth in columns 3 and 4 (Figure

4.58). The MIC for melittin on E. coli K12 pUC18 cells at high inoculation cell density

was again determined as 25 µM.

Figure 4.58. The photograph of the plate after incubation of 20 hours (left) and the

plate setup used in the experiment (right).

The OD600 of each sample was monitored for 20 hours (Figure 4.59). The initial

OD600 values for the samples with higher melittin concentration are higher compared
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Figure 4.59. Absorbance measurement (at 600 nm) of all samples for each row (rows

A-H) of the microplate.

to the control sets or the samples with lower melittin concentration, showing that

melittin already increases the OD of the sample itself. The control sets (wells A1, B1,

D1, E1, G1 and H1) have an increasing OD trend from the start of the experiment
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until they reach the stationary phase (around 4-6 hours). On the other hand, in the

cultures treated with sub MIC concentrations of melittin (wells in column 2), the OD600

decreases to some extent (for 2-3 hours), but then they start increasing logarithmically

and converge to the control OD curves. At MIC or supra-MIC concentrations (wells

columns 3 and 4), the OD600 values start decreasing immediately and at around 8-9

hours they converge to their minimum value and these OD600 values are conserved until

the end of the experiment.

In order to determine the MIC of melittin at lower inoculum doses, different

melittin concentration were added to the wells inoculated with the 1:10 dilution of

the culture at OD600 = 0.2 and to the wells inoculated with the 1:100 dilution of the

culture at OD600 = 0.2. After incubation at 37 ◦C and 180 rpm for 20 hours, no visible

growth was observed in the samples treated with melittin concentration of 12.5 µM

or higher. The growth curves (OD600 vs. time) for 20 hours of incubation for each

melittin concentration is given in Figure 4.60. For simplicity, the control curves are

plotted as the average of each set with the standard error of the mean.

Figure 4.60. Growth curve of E. coli K12 pUC18 cultures treated with different

melittin concentrations for 20 hours. Control curves are the average of each set and

plotted with the standard error of the mean.

In order to determine and compare the effect of the antimicrobial peptide melittin

on both wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells, cul-

tures at standard and high inoculation cell density were treated with different melittin
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concentrations in the 1.56 µM - 100 µM range. For these experiments, a new melittin

stock solution was prepared, therefore previous MIC determination experiments with

melittin and E. coli K12 pUC18 cells had to be repeated. Since melittin stock solution

was prepared in water, control samples were treated with water as well, for comparison.

After 20 hours of incubation of the melittin treated and control cultures, visible

growth was observed in control cultures at both standard and high inoculation density

of E. coli K12 and E. coli K12 pUC18 cells. At standard inoculation cell density,

visible growth was not observed in the E. coli K12 cultures treated with 3.125 µM or

higher concentrations of melittin, and visible growth was not observed in the E. coli

K12 pUC18 cultures treated with 6.25 µM or higher melittin concentrations. At high

inoculation density of both E. coli K12 and E. coli K12 pUC18 cells, visible growth

was not observed in the cultures treated 50 µM or higher melittin concentrations.

The determined MIC value for E. coli K12 pUC18 at high inoculum was different

than the MIC value (25 µM) determined with the first melittin stock. Since two

melittin stock solutions were prepared from two different delivered melittin powders

with different purity values, melittin solutions were not identical to each other. These

two different melittin stock solutions caused a discrepancy in the antimicrobial action

and the determined MIC values of melittin.

Growth curves of each melittin treated culture and control cultures are given in

(Figure 4.61). Even though the MIC for melittin was determined as 50 µM at high

inoculation density of both E. coli strains and 3.125 µM and 6.25 µM at standard inoc-

ulation density of E. coli K12 and E. coli K12 pUC18 cells, respectively, it was observed

that all of the tested concentrations inhibit the growth of cells, effective immediately

with the addition of melittin (Figure 4.61). The results suggest that the antimicrobial

action of melittin is similar for wild-type E. coli K12 and antibiotic resistant E. coli

K12 pUC18 cells at their high inoculation cell density. At standard inoculation den-

sity, E. coli K12 pUC18 cells can tolerate 2-folds higher melittin concentration when

compared to that of E. coli K12 cells. Moreover, the absorbance measurements showed

that 6.25 µM and higher melittin concentrations increase the initial absorbance values

significantly when compared to the control samples (Figure 4.61).
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Figure 4.61. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different melittin concentrations.

The samples from the cultures at high inoculation cell density that were incubated

with sub-MIC (MIC/2) and MIC of melittin for 2 hours were used for measurement of

CFUs. The control samples of both E. coli K12 and E. coli K12 pUC18 cultures had

CFU counts on the order of 108 to 109 (Figure 4.62). When the cells were incubated

with sub-MIC (25 µM) of melittin for 2 hours, the number of CFUs decreased around

35-folds and 300-folds for E. coli K12 pUC18 and E. coli K12 cells, respectively (Figure

4.62). The number of CFUs in the cultures treated with MIC (50 µM) of melittin

could not be detected at the lowest possible dilution (101), indicating that the number

of CFUs in both cultures was in the 0-10 range (Figure 4.62).
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Figure 4.62. Number of colony forming units (A) in antibiotic resistant E. coli K12

pUC18 and (B) in wild-type E. coli K12 cultures after 2 hours of incubation with

sub-MIC and MIC of melittin compared with the control samples.

4.3.3. Effect of Ampicillin on Bacterial Growth

In order to determine the effect of the beta-lactam antibiotic ampicillin on wild-

type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells, cultures at standard

and high inoculation cell density were treated with different ampicillin concentrations

in the 0.191 - 12.2 µg/mL range for E. coli K12 cells, and in the 1.56 - 200 mg/mL

range for E. coli K12 pUC18 cells. Since ampicillin stock solution was prepared in

water, control samples were treated with water as well, for comparison.

After 20 hours of incubation of the ampicillin treated and control cultures, visible

growth was observed in control cultures at both standard and high inoculation density

of E. coli K12 and E. coli K12 pUC18 cells. At standard inoculation cell density,
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visible growth was not observed in the E. coli K12 cultures treated with 3.05 µg/mL

or higher concentrations of ampicillin, and visible growth was not observed in the E.

coli K12 pUC18 cultures treated with 12.5 mg/mL or higher ampicillin concentrations.

At high inoculation density, visible growth was not observed in the E. coli K12 cultures

treated with 6.1 µg/mL or higher concentrations, and visible growth was not observed

in the E. coli K12 pUC18 cultures treated with 200 mg/mL ampicillin, which was the

highest concentration tested.

Figure 4.63. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different ampicillin concentrations.

Growth curves of each ampicillin treated culture and control cultures are given

in (Figure 4.63). The results suggest that at high inoculation cell density antibiotic

resistant E. coli K12 pUC18 cells can tolerate up to 200 mg/mL ampicillin, which is

over 32,000-folds when compared to the ampicillin concentration that E. coli K12 cells

could tolerate. Similarly, at standard inoculation cell density, E. coli K12 pUC18 cells



130

are resistant to ampicillin at 12.5 mg/mL, which is over 4000-folds when compared to

the ampicillin concentration that E. coli K12 cells could tolerate.

Figure 4.64. Number of colony forming units (top) in antibiotic resistant E. coli K12

pUC18 and (bottom) in wild-type E. coli K12 cultures after 2 hours of incubation

with sub-MIC and MIC of ampicillin compared with the control samples.

For CFU measurements, culture samples at high inoculation cell density were

incubated with sub-MIC (MIC/2) and MIC of ampicillin for 2 hours. The control

samples of both E. coli K12 and E. coli K12 pUC18 cultures had CFU counts on the

order of 108 to 109 (Figure 4.64). When E. coli K12 pUC18 cells were incubated with

sub-MIC (100 mg/mL) of ampicillin for 2 hours, the number of CFUs decreased around

200-folds when compared to the control samples. When E. coli K12 pUC18 cells were

incubated with MIC (200 mg/mL) of ampicillin for 2 hours, the number of CFUs could
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not be detected at the lowest possible dilution (101), indicating that the number of

CFUs was in the 0-10 range (Figure 4.64). When E. coli K12 cells were incubated

with sub-MIC (3.05 µg/mL) of ampicillin for 2 hours, the number of CFUs decreased

around 30-folds when compared to the control samples (Figure 4.64). Similarly, when

E. coli K12 cells were treated with MIC (6.1 µg/mL) of ampicillin for 2 hours, the

number of CFUs decreased around 4500-folds when compared to the control samples

(Figure 4.64).

4.3.4. Effect of Potassium Clavulanate on Bacterial Growth

In order to determine the effect of the beta-lactamase inhibitor potassium clavu-

lanate (PC) on wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells,

cultures at standard and high inoculation cell density were treated with different potas-

sium clavulanate (PC) concentrations in the 7.81 µM - 500 µM range. Since potassium

clavulanate (PC) stock solution was prepared in water, control samples were treated

with water as well, for comparison.

After 20 hours of incubation of the PC treated and control cultures, visible growth

was observed in control cultures at both standard and high inoculation density of E.

coli K12 and E. coli K12 pUC18 cells. At standard inoculation cell density, visible

growth was not observed in the E. coli K12 cultures treated with 125 µM or higher

concentrations of PC, and visible growth was not observed in the E. coli K12 pUC18

cultures treated with 31.25 µM or higher PC concentrations. At high inoculation

density of both E. coli K12 and E. coli K12 pUC18 cells, visible growth was not

observed in the cultures treated with 250 µM or higher PC concentrations.

Growth curves of each PC treated culture and control cultures are given in (Figure

4.65). Even though the MIC for PC was determined as 250 µM at high inoculation

density of both E. coli strains and 31.25 µM and 125 µM at standard inoculation

density of E. coli K12 pUC18 and E. coli K12 cells, respectively, it was observed that

all of the tested concentrations inhibit the growth of cells, effective immediately with

the addition of PC (Figure 4.65). The results suggest that the antimicrobial action of
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Figure 4.65. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different PC concentrations.

PC is similar for wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells

at their high inoculation cell density. At standard inoculation density, E. coli K12 cells

can tolerate 4-folds higher PC concentration when compared to that of E. coli K12

pUC18 cells (Figure 4.65).

For CFU measurements, culture samples at high inoculation cell density were

incubated with sub-MIC (MIC/2) and MIC of PC for 2 hours. The control samples of

both E. coli K12 and E. coli K12 pUC18 cultures had CFU counts on the order of 108

to 109 (Figure 4.66). When E. coli K12 pUC18 cells or E. coli K12 cells were incubated

with sub-MIC (125 µM) of PC for 2 hours, the decrease in the number of CFUs was

around 2-folds when compared to the control samples (Figure 4.66). Similarly, when

the cultures were incubated with MIC (250 µM) of PC for 2 hours, the decrease in the

number of CFUs was around 5-folds when compared to the control samples.
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Figure 4.66. Number of colony forming units (top) in antibiotic resistant E. coli K12

pUC18 and (bottom) in wild-type E. coli K12 cultures after 2 hours of incubation

with sub-MIC and MIC of (PC) compared with the control samples.

Even though PC is a beta-lactamase inhibitor, the results suggest that the an-

timicrobial action of PC is not specific to the beta-lactamase expressing E. coli K12

pUC18 cells. In terms of the determined MIC values and measured CFU counts of

the treated cultures, the antimicrobial action of PC was similar for both E. coli K12

pUC18 and E. coli K12 cells, suggesting that the antimicrobial action may not be

directly related to the beta-lactamase inhibition, but may be related to some other

mechanism as well.
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4.3.5. Effect of pVEC and del5 pVEC Peptides on Bacterial Growth

In order to determine the effect of the cell-penetrating peptide pVEC (from VE-

cadherin protein) and del5 pVEC on wild-type E. coli K12 cells, cultures at standard

and high inoculation cell density were treated with different pVEC and del5 pVEC

concentrations in the 7.813 µM - 250 µM range. Since pVEC and del5 pVEC stock

solutions were prepared in DMSO-water mixture, control samples were treated with

the same concentration of this mixture, for comparison.

Figure 4.67. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different peptide concentrations.

After 20 hours of incubation, visible growth was observed in control cultures and

del5 pVEC treated cultures at both standard and high inoculation density of E. coli

K12 cells (Figure 4.67). Visible growth was not observed in the cultures treated with

15.625 µM or higher concentrations of pVEC, and visible growth was not observed in

the cultures treated with 62.5 µM or higher concentrations of pVEC, at standard and

high inoculation cell densities, respectively. Even though 125 and 250 µM del5 pVEC

concentrations had inhibitory effect on the growth curve of the cells, the MIC value
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could not be detected at the highest concentration (250 µM) tested.

The experiment was repeated to test different peptide concentration ranges. E.

coli K12 cultures at standard and high inoculation cell density were treated with pVEC

peptide in the 6.25 µM - 100 µM concentration range, and treated with del5 pVEC

peptide in the 31.25 µM - 500 µM range concentration range. After 20 hours of incuba-

tion, visible growth was observed in control cultures and del5 pVEC treated cultures at

both standard and high inoculation density of E. coli K12 cells (Figure 4.68). Visible

growth was not observed in the cultures treated with 12.5 µM or higher concentra-

tions of pVEC, and visible growth was not observed in the cultures treated with 100

µM or higher concentrations of pVEC, at standard and high inoculation cell densities,

respectively. Even though the tested del5 pVEC concentrations had inhibitory effect

on the growth curve of the cells, the MIC value could not be detected at the highest

concentration (500 µM) tested.

Figure 4.68. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different peptide concentrations.
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For CFU measurements, culture samples at high inoculation cell density were

incubated with sub-MIC (MIC/2) or MIC of pVEC, and 500 µM of del5 pVEC for

2 hours. The control samples had CFU counts on the order of 108 to 109 (Figure

4.69). When E. coli K12 cells were incubated with sub-MIC of pVEC for 2 hours, the

decrease in the number of CFUs was around 10-folds when compared to the control

samples (Figure 4.69). Similarly, when the cultures were incubated with MIC of pVEC

for 2 hours, the number of CFUs decreased to 102 (Figure 4.69). When E. coli K12

cells were incubated with 500 µM of del5 pVEC for 2 hours, around 5-folds decrease

was determined in the number of CFUs (Figure 4.69).

Figure 4.69. Number of colony forming units in wild-type E. coli K12 cultures after 2

hours of incubation with sub-MIC and MIC of pVEC, and 500 µM del5 pVEC

compared with the control samples.

4.3.6. Effect of P1 and P2 Peptides on Bacterial Growth

The results given in this section can also be found in the paper published in

the Journal of Peptide Science entitled ’A Novel Chimeric Peptide with Antimicrobial

Activity’ by Begum Alaybeyoglu, Berna Sariyar Akbulut and Elif Ozkirimli.

In order to determine the effect of the beta-lactamase inhibitory peptides P1 and

P2 on wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells, cultures
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in early logarithmic growth phase (OD600 = 0.2) were treated with peptides P1 or P2

at a final concentration of 100 µM. All of the experiments were repeated three times

and the average of duplicate plate counts at each time point for three repetitions of

each experiment were plotted with standard error.

Figure 4.70. Growth profiles (left) and colony forming units (right) in the presence of

100 µM peptide (circles) or in the absence of peptide (stars) for E. coli K12 pUC18 or

E. coli K12 cells treated with P1 or P2. 0 hour indicates the time of peptide addition.

Growth curves of P1 or P2 treated samples showed that incubation of P1 or P2

had no effect on the growth of cells (Figure 4.70). The growth curves of control sets

of both peptides were similar (Figure 4.70), showing that the effect of DMSO and/or

buffer is negligible. Incubation with P1 had no effect on the number of viable cells

(Figure 4.70), either suggesting that P1 had no antimicrobial activity or it was unable
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to disrupt or penetrate the cell wall to reach and inhibit beta-lactamase. Interestingly,

the number of viable cells decreased by 30% upon incubation with P2. In order to

ascertain that retardation in cell growth is due to uptake of the peptide and inhibition

of intracellular beta-lactamase, wild type E. coli K12 cells with no beta-lactamase

production were also treated with P2. If disruption of the cell wall/membrane is the

reason for cell death, then these cells would die upon treatment with P2. On the other

hand, if the antimicrobial action of P2 is due to inhibition of beta-lactamase, then

these wild type cells would be unaffected. Consistent with the second hypothesis, P2

did not have any effect on wild-type E. coli K12 cells (Figure 4.70). These results

showed that P2 acts as a beta-lactamase inhibitor while P1 has no effect on bacterial

cells suggesting that addition of the N terminus hydrophobic tail facilitates delivery

into the cell to access an intracellular enzyme.

4.3.7. Effect of P2r Peptide on Bacterial Growth

In order to determine the effect of the P2r peptide on antibiotic resistant E. coli

K12 pUC18 cells at high inoculation density, 25, 50, 100, 200 and 400 µM peptide

concentrations were tested. Since the 1 mM stock peptide solution contains 3.69%

DMSO, control samples were prepared for each sample that was incubated with peptide

with the same DMSO concentration (Figure 4.71).

The growth curves (OD600 vs. time) for 2, 4, and 20 hours of incubation for each

well of the microplate are given in Figure 4.72. Samples from rows A-D were used to

count CFUs at the 2nd and 4th hours of incubation, rows E and F were incubated either

with or without the peptide for 20 hours at 37 ◦C.

Visible growth was observed in each well of the microplate (in rows E and F) after

20 hours of incubation, suggesting that the MIC value of this peptide is larger than 400

µM for E. coli K12 pUC18 cells. It was observed that the peptide inhibits the growth

even at 25 µM concentration and higher peptide concentrations (100 µM or more)

increases the initial OD600 values at the beginning of the experiment. The numbers of

colony forming units (CFU) were counted for the samples that were withdrawn after 2
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Figure 4.71. The microplate setup used in the experiment.

hours (from wells A3, A4, B3 and B4) or 4 hours (from wells C3, C4, D3 and D4) of

incubation in the microplate (Figure 4.73).

The results show that the peptide inhibits the growth even at the lowest tested

concentration (25 µM), which was effective immediately at the beginning of the ex-

periment (Figure 4.72). Moreover, incubation of the cultures with 100 µM or 200 µM

peptide caused a decrease in the CFU counts (Figure 4.73) around 10 times (1 log)

or approximately 100 times (2 log) respectively, after incubation with the peptide for

2 hours. Similarly, after incubation of bacteria with 100 µM or 200 µM peptide, the

CFU counts decreased to half or by approximately 100 times (2 log) respectively.

In order to determine the MIC of P2r peptide at lower inoculum doses of E. coli

K12 pUC18 cells, different P2r peptide concentration were added to the wells inoculated

with the 1:10 dilution of the culture at OD600 = 0.2, and to the wells inoculated with
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Figure 4.72. Growth curves of the P2r peptide treated cultures and control samples

for the first 2 hours of incubation (top), for 4 hours of incubation (middle), and for 20

hours of incubation (bottom).

the 1:100 dilution of the culture at OD600 = 0.2. After incubation at 37 ◦C and 180

rpm for 20 hours, visible growth was observed in all samples treated with different

concentrations of P2r, and MIC of P2r peptide could not be detected. The growth
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Figure 4.73. Comparison of CFU counts for the P2r treated and control samples in E.

coli K12 pUC18 cultures after incubation for 2 or 4 hours. The average counts are

shown for the control sample CFUs.

curves (OD600 vs. time) for 20 hours of incubation for each P2r treatment is given in

Figure 4.74. For simplicity, the control curves are plotted as the average of each set

with the standard error of the mean.

Figure 4.74. Growth curves of bacteria at 7x106 CFU/mL cell density (left) and at

7x105 CFU/mL cell density (right) treated with different P2r peptide concentrations.

In order to determine the effect of the P2r peptide on wild-type E. coli K12

cells, a similar experiment was carried out with 25, 50, 100, 200 and 400 µM peptide
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concentrations with high inoculation density of E. coli K12 cells. Visible growth was

observed in each well of the microplate after 20 hours of incubation, suggesting that the

MIC value of this peptide is larger than 400 µM for E. coli K12 cells. 2-hour incubation

of the cultures with 100 µM or 200 µM peptide caused a decrease in the CFU counts

around 2-fold or approximately 4-fold respectively (Figure 4.75). Similarly, after 4-hour

incubation of bacteria with 100 µM or 200 µM peptide, a 2-fold decrease in the CFU

counts was observed (Figure 4.75).

Figure 4.75. Comparison of CFU counts for the P2r treated and control samples in E.

coli K12 cultures after incubation for 2 or 4 hours. The average counts are shown for

the control sample CFUs.

When the effect of Pr2 peptide on antibiotic resistant E. coli K12 pUC18 and

wild-type E. coli K12 cells was compared, it was observed that the peptide has a

stronger antimicrobial effect on antibiotic resistant cells in the presence of ampicillin.

On the other hand, the weak antimicrobial activity of P2r peptide on wild-type bacteria

suggests that the antimicrobial action of this peptide is not directly or only related to

the beta-lactamase inhibition. It is possible that the peptide or the LLIIL/LLIILRRR

region alone has membrane disruptive activity, which may be contributing to this

peptide’s cellular uptake.
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4.3.8. Effect of P3A Peptide on Bacterial Growth

In order to determine the effect of the P3A peptide on antibiotic resistant E. coli

K12 pUC18 cells at high inoculation density, 25, 50, 100, 200 and 400 µM peptide

concentrations were tested. Since the 1 mM stock peptide solution contains 2.303%

DMSO, control samples were prepared for each sample that was incubated with peptide

with the same DMSO concentration (Figure 4.76).

Figure 4.76. The microplate setup used in the experiment.

The growth curves (OD600 vs. time) for 2, 4 and 20 hours of incubation for each

well of the microplate are given in Figure 4.77. The average curves for the control

samples are shown with the standard error of the mean. It was observed that the

peptide does not have any inhibitory effect on the growth of cells after incubation for

2 hours, 4 hours or even for 20 hours.

The number of colony forming units (CFUs) was counted for each sample that

was withdrawn after 2 hours (wells A2, A4, B2, B3 and B4) or 4 hours (wells C2, C4,

D2, D3 and D4) of incubation and plotted in Figure 4.78 with logarithmic scale. The
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Figure 4.77. Growth curves of the P3A peptide treated cultures and control samples

for the first 2 hours of incubation (top), for 4 hours of incubation (middle), and for 20

hours of incubation (bottom).

results show that incubation of the cultures with 50 µM, 100 µM or 200 µM peptide

caused a slight increase in the CFU counts (Figure 4.78) after incubation for 2 or 4

hours.
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Figure 4.78. Comparison of CFU counts for the P3A treated and control samples in

E. coli K12 pUC18 cultures after incubation for 2 or 4 hours. The average counts are

shown for the control sample CFUs.

4.3.9. Effect of P3 Peptide on Bacterial Growth

In order to determine the effect of the beta-lactamase inhibitory peptide P3

(RRGHYY) on wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells,

cultures at standard inoculation cell density were treated with different P3 concentra-

tions in the 31.25 µM - 500 µMM range and cultures at high inoculation cell density

were treated with different P3 concentrations in the 62.5 µM - 2500 µM range. Since

P3 stock solution was prepared in water, control samples were treated with water as

well, for comparison.

After 20 hours of incubation of the P3 peptide treated and control cultures, visible

growth was observed in control cultures at both standard and high inoculation density

of E. coli K12 and E. coli K12 pUC18 cells. At standard inoculation cell density, visible

growth was observed in all E. coli K12 and E. coli K12 pUC18 samples treated with up

to 500 µM P3. Similarly, at high inoculation cell density, visible growth was observed

in all E. coli K12 and E. coli K12 pUC18 samples treated with up to 2500 µM P3.
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Under these experimental conditions, the MIC value for P3 could not be determined.

Growth curves of each P3 treated culture and control cultures are given in (Figure

4.79). At standard inoculation cell density, the growth curves of P3 treated cultures

were very similar to that of the control samples. Similarly, at high inoculation density,

the growth profiles of P3 treated cultures were similar to those of the control samples.

Only a minor decrease in the growth of cells that were incubated with 1250 µM or 2500

µM P3 was observed. The results suggest that P3 peptide does not have any inhibitory

affect on the growth wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18

cells after 20 hours of incubation.

Figure 4.79. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different P3 peptide concentrations.

For CFU measurements, culture samples at high inoculation cell density were

incubated with 500 µM of P3 for 2 hours, as a test case. The control samples of both
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E. coli K12 and E. coli K12 pUC18 cultures had CFU counts on the order of 108 to

109 (Figure 4.80). Upon incubation of E. coli K12 and E. coli K12 pUC18 cultures

with 500 µM of P3 for 2 hours, a minor increase in the number of CFUs was observed

(Figure 4.80).

Figure 4.80. Number of colony forming units (top) in antibiotic resistant E. coli K12

pUC18 and (bottom) in wild-type E. coli K12 cultures after 2 hours of incubation

with 500 µM of P3 peptide compared with the control samples.

The results suggest that beta-lactamase inhibitory peptide P3 does not have any

antimicrobial effect on E. coli K12 or E. coli K12 pUC18 cells, either because the

peptide does not have any membrane disruptive property or it cannot penetrate into

the cells to reach beta-lactamase enzyme. In either case, it can be suggested that P3

is not a membrane active peptide.
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4.3.10. Effect of P4 Peptide on Bacterial Growth

The initial experiments with P4 were carried out with antibiotic resistant E.

coli K12 pUC18 cells at high inoculation density. In order to determine the effect of

the modified beta-lactamase inhibitory peptide P4 (LLIILRRGHYY) on E. coli K12

pUC18 cells, 20, 40 and 80 µM peptide concentrations were tested. Since the 1 mM

stock peptide solution contains 4.75% DMSO, control samples were prepared for each

sample that was incubated with peptide with the same DMSO concentration (Figure

4.81).

Figure 4.81. The microplate setup used in the experiment.

The growth curves (OD600 vs. time) for 2 and 4 hours of incubation for each well

of the microplate are given in Figure 4.82. The average curves for the control samples

are shown with the standard error of the mean. It was observed that the peptide

inhibits the growth even at 20 µM concentration and higher peptide concentrations

(80 µM) increases the initial OD600 values at the beginning of the experiment.

The number of colony forming units (CFUs) was counted for each sample that was

withdrawn after 2 or 4 hours of incubation in the microplate (Figure 4.83). The results

show that the peptide inhibits the growth even at the lowest tested concentration (20

µM), which was effective immediately at the beginning of the experiment. Moreover,
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Figure 4.82. Growth curves of the P4 peptide treated and control samples for the first

2 hours of incubation (top), and for 4 hours of incubation (bottom).

incubation of the cultures with 40 µM peptide caused a decrease in the number of

CFUs around 10 times (1 log), whereas approximately 100 times (2 log) decrease in

the CFUs was determined upon incubation with 80 µM peptide (Figure 4.83).

In order to determine the MIC of P4 peptide at lower inoculum doses of E. coli

K12 pUC18 cells, different P4 peptide concentration were added to the wells inoculated

with the 1:10 dilution of the culture at OD600 = 0.2, and to the wells inoculated with

the 1:100 dilution of the culture at OD600 = 0.2. After incubation at 37 ◦C and 180

rpm for 20 hours, no visible growth was observed in the samples treated with P4

concentration of 80 µM or higher (160 µM and 320 µM), suggestion that the MIC
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Figure 4.83. Comparison of CFU counts for the P4 treated and control samples in E.

coli K12 pUC18 cultures after incubation for 2 or 4 hours. The average counts are

shown for the control sample CFUs.

value of P4 peptide could be detected as 80 µM at low inoculum doses. The growth

curves (OD600 vs. time) for 20 hours of incubation for each P4 treatment is given in

Figure 4.84.

Figure 4.84. Growth curves of E. coli K12 pUC18 bacteria at 7x106 CFU/mL cell

density (left) and at 7x105 CFU/mL cell density (right) treated with treated with

different P4 peptide concentrations.

In order to determine the effect of the P4 peptide on wild-type E. coli K12 cells

at high inoculation density, 20, 40, 80, and 160 µM peptide concentrations were tested
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(Figure 4.85). Visible growth was observed in each well of the microplate (in rows E

and F) after 20 hours of incubation, suggesting that the MIC value of this peptide is

larger than 400 µM for E. coli K12 cells.

Figure 4.85. The microplate setup used in the experiment.

The number of colony forming units (CFUs) was counted for each sample that

was withdrawn after 2, 4, and 20 hours of incubation (Figure 4.86). After 2 hours of

incubation of the cultures with 20 µM, 40 µM or 80 µM peptide, a decrease in the CFU

counts up to 10-fold (1 log), and a decrease up to 100 times (2 log) upon incubation

with 160 µM peptide was observed. For 4 hours of incubation, the CFU counts of

the cultures treated with peptide were 10-fold (1 log) less than those of the control

samples. Interestingly, after 20 hours of incubation, the cultures treated with different

peptide concentrations gave similar results in terms of CFU counts with their control

samples.

When the effect of P4 peptide on antibiotic resistant E. coli K12 pUC18 and wild-

type E. coli K12 cells, it was observed that the peptide has a stronger antimicrobial
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Figure 4.86. Comparison of CFU counts for the P4 treated and control E. coli K12

cultures after incubation for 2, 4, and 20 hours. The average counts are shown for the

control sample CFUs.

effect on antibiotic resistant cells in the presence of ampicillin. On the other hand,

the weak antimicrobial activity of P2r peptide on wild-type bacteria suggests that the

antimicrobial action of this peptide is not directly or only related to the beta-lactamase

inhibition. It is possible that the peptide or the LLIIL region alone has membrane

disruptive activity, which may be contributing to this peptide’s cellular uptake.

For repetitive experiments to determine and compare the effect of P4 peptide

on wild-type and antibiotic resistant bacteria, a new P4 peptide stock solution was

prepared, therefore previous experiments with P4 had to be repeated. The determined

MIC values for P4 peptide may differ depending on the stock solution, since two peptide

stock solutions are prepared from two different delivered peptide powders with possibly

different purity values, making the peptide stock solutions non-identical to each other.

In order to determine the effect of P4 peptide on wild-type E. coli K12 and an-

tibiotic resistant E. coli K12 pUC18 cells, cultures at standard inoculation cell density

were treated with different P4 concentrations in the 18.75 µM - 125 µM range and at

high inoculation cell density were treated with different P4 concentrations in the 25
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µM - 300 µM range. Since P4 stock was prepared in DMSO-water solution (5 mM

stock with 4% DMSO), control samples were treated with DMSO-water to include the

same DMSO concentration in the P4 treated cultures accordingly.

After 20 hours of incubation of the P4 peptide treated and control cultures, visible

growth was observed in control cultures at both standard and high inoculation density

of E. coli K12 and E. coli K12 pUC18 cells. At standard inoculation cell density,

visible growth was not observed in the E. coli K12 cultures treated with 100 µM or

higher concentrations of P4 peptide, and visible growth was not observed in the E. coli

K12 pUC18 cultures treated with 80 µM or higher P4 peptide concentrations. At high

inoculation density of both E. coli K12 and E. coli K12 pUC18 cells, visible growth was

not observed in the cultures treated with 250 µM or higher P4 peptide concentrations.

Figure 4.87. Growth curves of E. coli K12 (left) and E. coli K12 pUC18 (right)

cultures for 20 hours of incubation. Bacteria at standard inoculum (top) and high

inoculum (bottom) dose were treated with different P4 peptide concentrations.

Growth curves of each P4 peptide treated culture and control cultures are given

in (Figure 4.87). Even though the MIC for P4 was determined as 250 µM at high inoc-

ulation density of both E. coli strains and 80 µM and 100 µM at standard inoculation
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density of E. coli K12 pUC18 and E. coli K12 cells, respectively, it was observed that

all of the tested concentrations inhibit the growth of cells (Figure 4.87). The results

suggest that the antimicrobial action of P4 is similar for wild-type E. coli K12 and

antibiotic resistant E. coli K12 pUC18 cells at their standard and high inoculation cell

density.

Figure 4.88. Number of colony forming units (top) in antibiotic resistant E. coli K12

pUC18 and (bottom) in wild-type E. coli K12 cultures after 2 hours of incubation

with sub-MIC and MIC of P4 peptide compared with the control samples.

For CFU measurements, culture samples at high inoculation cell density were

incubated with sub-MIC (MIC/2) and MIC of P4 for 2 hours. The control samples of

both E. coli K12 and E. coli K12 pUC18 cultures had CFU counts on the order of 108
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to 109 (Figure 4.88). When E. coli K12 pUC18 cells were incubated with sub-MIC (125

µM) of P4 for 2 hours, the decrease in the number of CFUs was around 50-folds when

compared to the control samples (Figure 4.88). Upon increasing the concentration to

MIC (250 µM) of P4, the number of CFUs in E. coli K12 pUC18 cultures decreased

around 1200-folds, when compared to the control samples (Figure 4.88). Similarly, for

the wild-type E. coli K12 cells incubated with sub-MIC (125 µM) of P4, the number

of CFUs decreased around 18-folds and for the wild-type E. coli K12 cells incubated

with MIC (250 µM) of P4, the number of CFUs decreased around 150-folds (Figure

4.88).

The results show that P4 is antimicrobial for both antibiotic resistant E. coli K12

pUC18 and wild-type E. coli K12 cells, suggesting that the peptide has membrane dis-

ruptive properties. Moreover, P4 has either selectively stronger antimicrobial activity

for E. coli K12 pUC18 cells, or the antimicrobial action is faster in E. coli K12 pUC18

cultures when compared to E. coli K12 cultures.

4.3.11. Comparison of the Antibacterial Activity of Drugs

The determined MIC value of each drug for antibiotic resistant E. coli K12 pUC18

and wild-type E. coli K12 cells under standard (low) and high inoculum doses are given

in Table 4.2.

Minimal inhibitory concentration value is highly dependent on the initial cell den-

sity. For DMSO, the MIC values were determined as 2-folds higher at high inoculation

cell density when compared to the ones determined at standard inoculation density of

both E. coli K12 pUC18 and E. coli K12 cells (Table 4.2). The MIC values determined

for DMSO were the same for both strains.

At standard inoculation cell density, the determined MIC value of melittin is in

the range of MIC values reported in literature [33, 35, 38, 43]. At high inoculation cell

density, the MIC value of melittin was determined 8-folds higher for E. coli K12 pUC18

cells and 16-folds higher for E. coli K12 cells when compared to the values determined at
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standard inoculation cell density (Table 4.2). The MIC values determined for melittin

were similar for both strains.

Table 4.2. Minimal inhibitory concentration of each drug against antibiotic resistant

E. coli K12 pUC18 and wild-type E. coli K12 bacteria at standard and high

inoculum doses.

E. coli K12 pUC18 E. coli K12

Standard In-

oculum Dose

High Inocu-

lum Dose

Standard In-

oculum Dose

High Inocu-

lum Dose

DMSO 12.5% 25% 12.5% 25%

Melittin 6.25 µM 50 µM 3.125 µM 50 µM

Ampicillin 12.5 mg/mL 200 mg/mL 3.05 µg/mL 6.1 µg/mL

Potassium

Clavulanate

31.25 µM 250 µM 125 µM 250 µM

pVEC - - 12.5 µM 62.5 µM

del5 pVEC - - > 500 µM > 500 µM

P2r - > 400 µM - > 400 µM

P3A - > 400 µM - -

P3 > 500 µM > 2500 µM > 500 µM > 2500 µM

P4 80 µM 250 µM 100 µM 250 µM

The MIC values were determined as 3.05 µg/mL and 12.5 mg/mL at standard

inoculation density of wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18

cells, respectively, suggesting that the E. coli K12 pUC18 strain is resistant to ampi-

cillin over 4000-folds when compared to the E. coli K12 strain (Table 4.2). Similarly,

at high inoculation cell density, the MIC values were determined as 6.1 µg/mL and

200 mg/mL for wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells,

respectively, suggesting that the E. coli K12 pUC18 strain is resistant to ampicillin

over 32,000-folds when compared to the E. coli K12 strain (Table 4.2).
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The MIC values for the beta-lactamase inhibitor potassium clavulanate (PC)

were determined as 125 µM and 31.25 µM at standard inoculation density of wild-type

E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells, respectively (Table 4.2).

At high inoculation density of E. coli K12 and E. coli K12 pUC18 cells, the values

were determined as 250 µM, suggesting that the antimicrobial action of PC is similar

for both strains (Table 4.2). The results suggest that the antimicrobial action of PC

may not be limited to the inhibition of the beta-lactamase enzyme, but may be related

to some other mechanism as well.

The MIC values for the cell-penetrating peptide pVEC was determined as 12.5

µM and 62.5 µM for the standard and high inoculum doses of wild-type bacteria,

respectively. Even though the tested del5 pVEC concentrations had inhibitory effect

on the growth curve of the cells, the MIC value of del5 pVEC could not be detected

at the highest concentration (500 µM) tested. The results show that pVEC loses its

antimicrobial effect to a great extent upon deletion of the LLIIL residues (Table 4.2).

For the beta-lactamase inhibitory peptide P2r, no MIC value could be deter-

mined at high inoculation cell density of wild-type and antibiotic resistant cells, with

the highest tested peptide concentration of 400 µM (Table 4.2). The weaker antimi-

crobial activity of P2r peptide on wild-type bacteria (compared to that on antibiotic

resistant bacteria) suggests that the antimicrobial action of this peptide is not directly

or only related to the beta-lactamase inhibition. It is possible that the peptide or the

LLIIL/LLIILRRR region alone has membrane disruptive activity.

For the beta-lactamase inhibitory peptide P3A, no MIC value could be deter-

mined at high inoculation cell density of antibiotic resistant bacteria, with the highest

tested peptide concentration of 400 µM (Table 4.2). Since the focus of the study was

on P3 and P4, experiments were not repeated with this peptide for wild-type cells or

at different inoculum doses.

For the beta-lactamase inhibitory peptide P3, no MIC value could be determined

at standard or high inoculation cell density, with the highest tested peptide concentra-
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tions of 500 µM and 2500 µM, respectively (Table 4.2). Considering that the growth

curves and the number of CFUs of the P3 treated cultures and the control samples

were very similar, it can be suggested that P3 peptide does not have any antimicrobial

effect on wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells.

The MIC values for the modified beta-lactamase inhibitory peptide P4 were de-

termined as 100 µM and 80 µM at standard inoculation density of wild-type E. coli

K12 and antibiotic resistant E. coli K12 pUC18 cells, respectively (Table 4.2). At

high inoculation density of E. coli K12 and E. coli K12 pUC18 cells, the values were

determined as 250 µM, suggesting that the antimicrobial action of P4 is similar for

both strains (Table 4.2). Similar to our observations for potassium clavulanate (PC),

the results suggest that the antimicrobial action of the P4 peptide may be related to

some mechanism other than inhibition of the beta-lactamase enzyme.

4.3.12. Drug Synergy Tests

The main goal of our study is to design a beta-lactamase inhibitory peptide that is

able to penetrate into bacteria to reach and inhibit its target protein. If beta-lactamase

is inhibited, cells will act like beta-lactamase-free or wild-type cells that can be killed

by the addition of antibiotics. This proposed mechanism necessitates the investigation

of effects of drug combinations, in our case, the combination of drugs with the beta-

lactam antibiotic ampicillin. If a drug synergy occurs between any drug pair, then,

the antimicrobial action of the combination should be different, stronger or weaker,

compared to the antimicrobial effect of each drug alone.

In order to investigate if drug synergy occurs, we tested the effect of melittin

& ampicillin, potassium clavulanate & ampicillin, P3 peptide & ampicillin, and P4

peptide & ampicillin combinations on antibiotic resistant E. coli K12 pUC18 cells.

Cultures were incubated for 20 hours with decreasing concentrations of combinations,

starting from the combination at each drugs sub-MIC (MIC/2) value. The MIC values

of each drug at standard and high inoculation cell density were previously given in

Table 4.2.
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At standard inoculation cell density, visible growth was not observed in the cul-

tures treated with 3.125 µM melittin & 12.5 mg/mL ampicillin or higher concentrations

(Figure 4.89), suggesting that the MIC of ampicillin (12.5 mg/mL) is still required even

when it is combined with melittin. At high inoculation cell density, visible growth was

observed in all treated cultures with the highest concentration of the combination as

25 µM melittin & 100 mg/mL ampicillin, which is the addition of sub-MIC of both

drugs (Figure 4.89). It was observed that the combination of sub-MIC values of the

two drugs is not enough to abolish cell growth. These results suggest that melittin and

ampicillin are not synergetic since the combined effect is similar to that of each drug

alone.

For the potassium clavulanate (PC) & ampicillin combination, at standard in-

oculation cell density, visible growth was not observed in any of the cultures treated

with this combination, with the lowest tested concentration as 7.81 µM potassium

clavulanate & 0.78 mg/mL ampicillin (Figure 4.89), which is 4-fold lower than the

MIC of potassium clavulanate alone and 16-fold lower than the MIC of ampicillin

alone. At high inoculation cell density, visible growth was not observed in the cultures

treated with 15.63 µM potassium clavulanate & 1.56 mg/mL ampicillin or higher con-

centrations (Figure 4.89), which is around 16-fold lower than the MIC of potassium

clavulanate and over 120-folds lower than the MIC of ampicillin alone. The results

suggest that the inhibitory effect of potassium clavulanate with ampicillin addition

was enhanced and cell growth was inhibited effectively for all tested concentrations

between 3.91 µM potassium clavulanate & 0.39 mg/mL ampicillin and 250 µM potas-

sium clavulanate & 25 mg/mL ampicillin concentration. The antimicrobial action of

potassium clavulanate against antibiotic resistant bacteria was stronger in the presence

of ampicillin indicating that their antimicrobial mechanism is correlated.

For the P3 peptide & ampicillin combination, at standard inoculation cell density,

visible growth was not observed in the cultures treated with 62.5 µM P3 & 25 mg/mL

ampicillin or higher concentrations (Figure 4.89), suggesting that the MIC value of

ampicillin is still 12.5 mg/mL even when it is combined with P3. At high inoculation

cell density, visible growth was observed in all treated cultures with the highest con-
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Figure 4.89. Growth curves of E. coli K12 pUC18 cultures for 20 hours of incubation.

Bacteria at standard inoculation cell density (left) and high inoculation cell density

(right) were treated with different concentrations of drug combinations.

centration of the combination as 250 µM P3 & 100 mg/mL ampicillin, which is the

addition of sub-MIC of ampicillin and half of the test case concentration (500 µM) of

P3 peptide (Figure 4.89). It was observed that the tested concentrations of the com-
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bination were not enough to abolish cell growth. These results suggest that P3 and

ampicillin are not synergetic since the combination effect is similar to that of each drug

alone.

For the P4 peptide & ampicillin combination, at standard inoculation cell density,

visible growth was not observed in the cultures treated with 31.25 µM P4 & 25 mg/mL

ampicillin or higher concentrations (Figure 4.89), suggesting that the MIC value of

ampicillin (12.5 mg/mL) is still required even when it is combined with P4. At high

inoculation cell density, visible growth was observed in all treated cultures with the

highest concentration of the combination as 125 µM P4 & 100 mg/mL ampicillin,

which is the addition of sub-MIC of both drugs (Figure 4.89). It was observed that the

combination of sub-MIC values of two drugs is not enough to abolish the cell growth

completely. These results suggest that P4 and ampicillin are not synergetic since the

combination effect is similar to that of each drug alone.

4.4. Visualization of Drug Effects on Bacteria

4.4.1. Visualization of Membrane Permeability and Bacterial Viability

4.4.1.1. Visualization of P1 Effects on Cells Using Time-Lapse Microscopy. Effect of

P1 peptide on cell growth was observed using time-lapse microscopy. The first ex-

periment was carried out under confocal microscopy with untreated cells pipetted on

agarose pads and even after 5-6 hours no cell growth was observed. Later, inverted

microscope was set up for time-lapse imaging and a chamber of microscopy glasses

stuck together with Vaseline at the edges was prepared. Using this setup, movies were

recorded using untreated cells, cells incubated with antibiotic or P1. In all movies,

cell growth was observed similarly in terms of number of division cycles and duration

of each cell division cycle. 40X magnification was found appropriate for stable focus

and single cell observation. Figure 4.90 shows snapshots taken at different time points

of the time-lapse video of cells incubated with P1. The time-lapse images of live cells

incubated with P1 showed that the peptide does not effect growth of cells, as it was

already determined by the growth curves and the change in number of CFUs.
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Figure 4.90. Time-lapse imaging of cells incubated with P1. Within a recording time

of approximately 3.5 hours, 4-5 cell cycles were observed.

4.4.1.2. Bacterial Viability Tests with wild-type and Antibiotic Resistant Cells. In or-

der to test the bacterial viability kit, antibiotic resistant E. coli K12 pUC18 and

wild-type E. coli K12 cultures were prepared. Precultures from bacterial stocks were

incubated overnight at 37 ◦C and 180 rpm. The next morning, fresh LB medium (sup-

plemented with 0.1 mg/mL ampicillin for the resistant cell culture) were inoculated

with preculture and left to grow at 37 ◦C and 180 rpm. After 3 hours, ampicillin

was also added to the culture of wild-type cells (at the same concentration of ampi-

cillin in the resistant cell culture, 0.1 mg/mL) to determine the effect of antibiotics

on growth of wild-type cells. After 1 hour of incubation with ampicillin, samples were

withdrawn from both resistant and wild-type cultures and were incubated with the

bacterial viability kit dyes after centrifugation and washing steps.

The snapshots taken for each sample are shown in Figure 4.91 and Figure 4.92.

It was observed that both samples contained live and dead cells indicated by green

and red fluorescence respectively. The quantitative analysis was carried out using Fiji

(ImageJ) software to count the cells with green or red fluorescence. The ratio of the

number of dead to live cells can provide information about the effect of ampicillin

addition.

For the sample from the antibiotic resistant culture, 1210 cells were live while 194

cells had membrane damage (Figure 4.91). The ratio of dead/live cells and dead/all
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Figure 4.91. Snapshots of antibiotic resistant cells, green and red fluorescence

overlaid (top), green fluorescence (middle-left), red fluorescence (middle-right), and

their counts (bottom).

cells were calculated to be 16% and 14% respectively. The sample of wild-type cells

incubated with ampicillin for 1 hour (Figure 4.92) showed that 459 cells were live while

122 cells had damaged membranes. The ratio of dead/live cells and dead/all cells
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Figure 4.92. Snapshots of wild-type bacteria incubated with ampicillin for 1 hour.

Green and red fluorescence overlaid (top), green fluorescence (middle-left), red

fluorescence (middle-right), and their counts (bottom).

were calculated to be 27% and 21% respectively. Furthermore, although the initial

cell concentrations and the amount of samples used for visualization were the same

for resistant and wild-type cells, it was observed that the total number of cells was



165

much higher for resistant cells indicating that antibiotic addition inhibited the growth

of wild-type cells. This was also proved by the OD600 values at the time of sample

withdrawal, which were measured as 0.46 and 0.35 for resistant and wild-type cells

respectively.

The morphology of the cells was different. The wild-type cells had a better-

defined rod-shape, whereas the resistant cells were shorter and observed as dots under

low magnification.

4.4.1.3. Effect of Melittin on Bacterial Viability. In order to visualize the effect of

melittin on E. coli K12 and E. coli K12 pUC18 cells, samples either incubated with

water only (control), with 25 µM Melittin (sub-MIC), or with 50 µM of Melittin (MIC)

for 2 hours were used for bacterial viability experiments. The second stock solution

of melittin was used in these experiments and determined MIC values were reported

previously.

Cells treated with water (control) were intact and almost all of them were live

(green) (Figure 4.93). Upon incubation of E. coli K12 and E. coli K12 pUC18 cells

with 25 µM Melittin (sub-MIC), the live/dead (green/red) cell ratio decreased, most of

the cells were dead and the cell density in the images was low (Figure 4.93). Moreover,

minor increase in cell size and abnormal shapes were observed. Upon increasing the

concentration to 50 µM (MIC), the number of cells decreased considerably in each

image and live cells were hardly observed (Figure 4.93).

Although the fluorescence microscopy images do not provide quantitative results,

images suggest that the antimicrobial action of melittin causes membrane damage for

both wild-type E. coli K12 and antibiotic resistant E. coli K12 pUC18 cells.

4.4.1.4. Effect of Ampicillin on Bacterial Viability. In order to visualize the effect of

ampicillin on E. coli K12 and E. coli K12 pUC18 cells, samples either incubated with

water only (control), with sub-MIC of ampicillin (0.00305 mg/mL for E. coli K12 and
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Figure 4.93. Fluorescence microscopy images of E. coli K12 (left) and E. coli K12

pUC18 (right) cells treated with sub-MIC and MIC of melittin, compared with the

control samples (top).

100 mg/mL for E. coli K12 pUC18 cells), or with MIC of ampicillin (0.0061 mg/mL

for E. coli K12 and 200 mg/mL for E. coli K12 pUC18 cells) for 2 hours were used for

bacterial viability experiments.

The fluorescence microscopy images of E. coli K12 cells treated with water (top),

and ampicillin followed by double staining with SYTO9 and PI nucleic acid dyes are

given in Figure 4.94. Cells treated with water (control) were intact and most of them

were live (green) (Figure 4.94). Upon incubation of E. coli K12 cells with 0.00305

mg/mL ampicillin (sub-MIC), the live/dead (green/red) cell ratio and the cell density
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Figure 4.94. Fluorescence microscopy images of E. coli K12 (left) and E. coli K12

pUC18 (right) cells treated with sub-MIC and MIC of ampicillin, compared with the

control samples (top).

in the images decreased. Changes in the shape of the cells resembling filaments were

observed, suggesting that cell division may be hindered. Upon increasing the ampicillin

concentration to 0.0061 mg/mL (MIC), the number of cells decreased considerably in

each image and live cells were hardly observed (Figure 4.94).

Although the MIC and sub-MIC values of ampicillin that was determined against

antibiotic resistant E. coli K12 pUC18 cells were much higher when compared to those

of wild-type E. coli K12 cells, the effect of ampicillin on bacterial viability was similar.

Upon incubation of E. coli K12 pUC18 cells with 100 mg/mL ampicillin (sub-MIC),

the live/dead (green/red) cell ratio decreased considerably and almost all of the cells
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were dead. The cell shape changed to resemble filaments, suggesting that cell division

may be hindered. Upon increasing the ampicillin concentration to 200 mg/mL (MIC),

the number of cells decreased and all of the cells observed were dead (Figure 4.94).

4.4.1.5. Effect of Potassium Clavulanate on Bacterial Viability. In order to visualize

the effect of potassium clavulanate on E. coli K12 and E. coli K12 pUC18 cells, samples

either incubated with water only (control), with 125 µM potassium clavulanate (sub-

MIC), or with 250 µM of potassium clavulanate (MIC) for 2 hours were used for

bacterial viability experiments.

Figure 4.95. Fluorescence microscopy images of E. coli K12 (left) and E. coli K12

pUC18 (right) cells treated with sub-MIC and MIC of potassium clavulanate,

compared with the control samples (top).
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Cells treated with water (control) were intact and most of them were live (green)

(Figure 4.95). Upon incubation of E. coli K12 and E. coli K12 pUC18 cells with 125

µM potassium clavulanate (sub-MIC), the live/dead (green/red) cell ratio decreased,

and the cell morphology changed (Figure 4.95). A major increase in the cell size and

’bubbly’ structures accumulated in the midsection of the cells were observed (Figure

4.95). When the potassium clavulanate concentration was increased to 250 µM (MIC),

the bubbles were observed in almost all the cells. Cells were not long and intact any-

more; instead their shapes resembled a ’boomerang’ with a ’bubble’ in the midsection

(Figure 4.95).

4.4.1.6. Effect of Potassium Clavulanate & Ampicillin on Bacterial Viability. In order

to visualize the effect of potassium clavulanate (PC) & ampicillin combination on an-

tibiotic resistant E. coli K12 pUC18 cells, samples either incubated with water only

(control), with 3.91 µM PC & 0.39 mg/mL ampicillin (sub-MIC/2), or with 7.81 µM

PC & 0.78 mg/mL ampicillin (sub-MIC) for 2 hours were used for bacterial viability

experiments.

Upon incubation with 3.91 µM PC & 0.39 mg/mL ampicillin, the number of

dead cells increased (when compared to the control sample) and the cells were like

’filaments’, suggesting that cell division may also be hindered (Figure 4.96). Upon

increasing the concentration to 7.81 µM PC & 0.78 mg/mL ampicillin, almost all the

cells were ’dead’ and the cell density in the images were low, since PC & ampicillin

already inhibited the cell growth (Figure 4.96).

The florescence microscopy studies also suggested that, morphology of cells in-

cubated with the PC-ampicillin combination was different from the cells treated with

PC alone. Upon treatment with PC, both wild-type and antibiotic resistant bacteria

resembled ’boomerang’ with a ’bulge’ in the midsection (Figure 4.96). On the other

hand, the PC-ampicillin combination treatment of antibiotic resistant bacteria resulted

in cell morphology (Figure 4.96) very similar to the ones observed upon treatment of

wild-type bacteria with ampicillin (Figure 4.94). Instead of the ’boomerang’ shapes
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Figure 4.96. Fluorescence microscopy images of E. coli K12 pUC18 cells treated with

sub-MIC/2 and sub-MIC of potassium clavulanate (PC) & ampicillin combination,

compared with the control sample (top).

with a ’bulge’ in the midsection, cells were like ’filaments, suggesting that cell division

may be hindered (Figure 4.96).

4.4.1.7. Effect of pVEC and del5 pVEC peptides on Bacterial Bacterial Viability. In

order to visualize the effect of pVEC and del5 pVEC on E. coli K12 cells, samples

incubated with 31.25 µM pVEC (sub-MIC), with 62.5 µM of pVEC (MIC), or with
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500 µM of del5 pVEC for 2 hours were used and compared with control samples.

Figure 4.97. Fluorescence microscopy images of control samples and E. coli K12 cells

treated with pVEC or del5 pVEC peptides. Cells were incubated with SYTO9 and

PI nucleic acid dyes before imaging.

Cells treated with DMSO-water mixture (control) were intact and almost all of

them were live (green) (Figure 4.97). Upon incubation of E. coli K12 cells with 31.25

µM pVEC (sub-MIC), the number of cells in the images was low and the live/dead

(green/red) cell ratio decreased (Figure 4.97). Moreover, minor increase in cell size

was observed. Upon increasing the concentration to 62.5 µM (MIC), the number of

cells decreased considerably in each image and live cells were hardly observed (Figure
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4.97). Upon incubation of E. coli K12 cells with 500 µM del5 pVEC, the live/dead

(green/red) cell ratio decreased (Figure 4.97), even though this ratio was higher than

that in the sub-MIC pVEC treated samples.

Fluorescence microscopy images suggest that the antimicrobial action of pVEC

causes membrane damage and permeability at sub-MIC and MIC concentrations. Al-

though the MIC of del5 pVEC could not be determined, at 500 µM, we have observed

membrane damage and permeability on E. coli K12 cells. At this concentration, the

number of live cells was higher than that in the sub-MIC pVEC treated samples, sug-

gesting that the growth inhibitory action of del5 pVEC is weaker than pVEC.

4.4.1.8. Effect of P2 Peptide on Bacterial Viability. In order to visualize the viability

of the cultures upon incubation with different P2 concentrations (50 and 100 µM),

samples (75-100 µM) were withdrawn from the selected wells of the microplate and

stained with the bacterial viability kit.

The viability experiments with P2 peptide were carried out by visualizing the 2.5

µL sample cultures (incubated with bacterial viability kit) both by pipetting directly

in between the microscopy glasses and onto the agar gel support (Figure 4.98). The

average live/dead cell ratio decreased upon incubation of the cells by 100 µM P2 pep-

tide. When the culture samples were visualized with the agar gel support (Figure 4.98)

the image quality was better due to the decreased mobility of the bacteria. Moreover,

the number of cells visualized was found to be higher, which enables a more accurate

analysis of bacterial viability.

4.4.1.9. Effect of P2r Peptide on Bacterial Viability. In order to visualize the viability

of the cultures upon incubation with different P2r concentrations (100 and 200 µM),

samples (75-100 µL) were withdrawn from the selected wells of the microplate and

stained with the bacterial viability kit. The imaging of bacteria was carried out on the

agar gel supports that improve image quality and increase the number of cells in each

image.
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Figure 4.98. Microscopy images of E. coli K12 pUC18 cells that were either

incubated with buffer solution (left) or 100 µM P2 peptide (right) for four hours.

Images captured using green and red microscopy filters were overlaid.

The microscopy images were analyzed using ImageJ software and the number of

live or dead cells in each snapshot was counted. The average live/dead cell ratio is lower

at increasing peptide concentrations. Moreover, the live/dead cell ratio is lower for the

samples treated with peptide compared to that of the control samples. Interestingly,

the dead cell clusters observed in snapshots of 200 µM P2r peptide treated cell samples

(Figure 4.99) consisted mostly of the bacteria ’filaments’ that seem to be growing in

length without encountering cell division. On the other hand, the 100 µM P2r peptide

treated cells (Figure 4.99) were observed to be consisting of not only the ’filament’ like

bacteria, but also bacteria that are shorter as well. Overall, the peptide is observed to

have destructive effect on the viability and the morphology of the bacteria.
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Figure 4.99. Microscopy images of antibiotic resistant E. coli K12 pUC18 cultures

that were either incubated with buffer solution (top) or with 100 µM P2r peptide

(center) or with 200 µM P2r peptide (bottom) for four hours.

In order to compare the effect of P2r peptide on the viability of antibiotic resistant

(E. coli K12 pUC18) and wild-type (E. coli K12) bacteria, the viability experiment

was repeated with wild-type bacteria. Figure 4.100 shows the comparison of effect of

different concentrations of P2r on viability of the cells. It was observed that the peptide

has antibacterial effect on both types of bacteria, but relatively a stronger effect on

antibiotic resistant cells.
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Figure 4.100. Microscopy images of antibiotic resistant (left) and wild-type (right)

cultures that were either incubated with buffer solution (top) or with 100 µM P2r

peptide (center) or with 200 µM P2r peptide (bottom) for four hours.

4.4.1.10. Effect of P3A Peptide on Bacterial Viability. In order to visualize the via-

bility of the antibiotic resistant E. coli K12 pUC18 cultures upon incubation with 100

µM P3A peptide for two or four hours, samples (75-100 µL) were withdrawn from

the selected wells of the microplate and stained with the viability kit. The imaging

of bacteria was carried out on the agar gel supports. At the end of 2 and 4 hours

of incubation, it was observed that the average live/dead cell ratio is similar for the

peptide treated and control samples (Figure 4.101). Similar to our results reported on

the effect of P3A peptide on bacterial growth, the viability tests show that the P3A
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peptide does not have any damaging effect on the membrane integrity of the antibiotic

resistant E. coli K12 pUC18 cells.

Figure 4.101. Microscopy images of antibiotic resistant E. coli K12 pUC18 cultures

that were either incubated with buffer solution (top) or with 100 µM P3A peptide

(bottom) for two (left) or four (right) hours.

4.4.1.11. Effect of P3 Peptide on Bacterial Viability. In order to visualize the effect

of P3 peptide on E. coli K12 and E. coli K12 pUC18 cells, samples either incubated

with water only (control), with 500 µM (test case concentration) P3 for 2 hours were

used for bacterial viability experiments.

Cells treated with water (control) were intact and almost all of them were live

(green) (Figure 4.102). Upon incubation of E. coli K12 and E. coli K12 pUC18 cells

with 500 µM P3, the live/dead (green/red) cell ratio did not change and almost all of

the cells were live (Figure 4.102), suggesting that P3 does not damage the membrane.
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Moreover, the number of cells was also similar in the control and P3 treated samples

(Figure 4.102). Similar to our MIC and CFU measurement results, the fluorescence

microscopy studies also suggested that P3 peptide does not have any antimicrobial

or membrane permeabilizer activity on antibiotic resistant E. coli K12 pUC18 and

wild-type E. coli K12 cells.

Figure 4.102. Fluorescence microscopy images of E. coli K12 (left) and E. coli K12

pUC18 (right) cells treated with 500 µM of P3 peptide, compared with the control

samples (top).

4.4.1.12. Effect of P4 Peptide on Bacterial Viability. In order to visualize the effect

of P4 peptide on E. coli K12 pUC18 viability, initial experiments with the first stock

solution of P4 was used to incubate the cells for 4 hours at final concentrations of 20,

40 and 80 µM.

The first round of viability experiments with P4 peptide was carried out by

visualizing the 2.5 µL sample cultures (incubated with bacterial viability kit) that



178

were pipetted directly in between the microscopy glasses. The microscopy images were

analyzed using ImageJ software and the number of live or dead cells in each image was

counted (Figure 4.103). It was observed that the average live/dead cell ratio decreases

with increasing peptide concentration.

Figure 4.103. Microscopy images of antibiotic resistant E. coli K12 pUC18 cultures

that were either incubated with buffer solution (D3) or with 20 µM (C1), 40 µM

(C2), 80 µM (C3) P4 peptide for four hours.
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In the second round of viability experiments with P4 peptide, agar gel supports

were used. It was observed that, when the culture samples were visualized with the

agar gel support (Figure 4.104) the image quality was better due to the decreased

mobility of the bacteria.

Figure 4.104. Microscopy images of E. coli K12 pUC18 cells, either incubated with

buffer solution (left) or with 80 µM P4 peptide (right) for two hours, either without

agar supports (top), or with agar gel supports (bottom).

The results of the viability experiments repeated with P4 concentrations of 80

and 160 µM are given in Figure 4.105. It was observed that the live/dead cell ratio

decreases with increasing peptide concentration and incubation with 160 µM of P4 for

two or four hours resulted in membrane damage for almost all of the bacteria.

Since the MIC experiments were repeated with the second stock solution of P4

peptide and the determined MIC values changed, the viability experiments were re-

peated accordingly. In order to visualize the effect of P4 peptide on E. coli K12 and
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Figure 4.105. Microscopy images of antibiotic resistant cells that were either

incubated with buffer solution (top) or with 80 µM P4 peptide (center) or with 160

µM P4 peptide (bottom) for two (left) or four (right) hours.

E. coli K12 pUC18 cells, samples either incubated with water only (control), with 125

µM P4 (sub-MIC), or with 250 µM of P4 (MIC) for 2 hours were used for bacterial

viability experiments.

Cells treated with water (control) were intact and almost all of them were live

(Figure 4.106). Upon incubation of E. coli K12 and E. coli K12 pUC18 cells with 125
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Figure 4.106. Fluorescence microscopy images of E. coli K12 (left) and E. coli K12

pUC18 (right) cells treated with sub-MIC and MIC of P4 peptide, compared with the

control samples (top).

µM P4 (sub-MIC), the live/dead (green/red) ratio decreased, and the cell morphology

changed (Figure 4.106). Dead cells were larger and longer when compared to the live

cells. Moreover, the live/dead cell ratio was smaller in the E. coli K12 pUC18 samples,

suggesting that the antimicrobial action of P4 is either stronger or faster for these cells,

when compared to E. coli K12 cells. Upon increasing the P4 concentration to 250 µM

(MIC), all of the E. coli K12 and E. coli K12 pUC18 cells observed were dead (Figure
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4.106). Dead cells were larger and longer when compared to the cells in the control

samples (Figure 4.106). These results suggest that P4 effect on morphology is similar

for E. coli K12 and E. coli K12 pUC18 cells. At sub-MIC concentrations of P4, the

antimicrobial action may either be faster or stronger against antibiotic resistant E. coli

K12 pUC18 cells.

4.4.2. Visualization of Drug Effects on Bacteria Using Scanning Electron

Microscopy

Membrane perturbation and permeabilization is the first step action of many

antimicrobial drugs [22–24]. For this aim, the observation of changes in membrane

integrity by electron microscopy (EM) may help to clarify the detailed mechanisms

of antimicrobial activity. Scanning electron microscopy (SEM) may be preferred due

to its ability to provide high-resolution images to visualize ’protuberances’ or ’blebs’

related to local disruptions on the bacterial cell envelope by antibacterials [47,101–103].

4.4.2.1. Visualization of Bacteria Using Scanning Electron Microscopy. Before inves-

tigation of the drug effects on the cell morphology and membrane structure, as a trial

run and a control set, E. coli K12 pUC18 cells were visualized under SEM without any

peptide incubation.

Figure 4.107 shows some SEM images captured under different magnifications and

of different areas on the filter. It was observed that the shape and size of the bacteria

were well proportioned (with an average length of 2 µm) and membrane surface of the

bacteria were smooth.

The image quality and the possibility of observing the membrane surface were

found to be satisfactory; therefore the applied experimental procedure was considered

appropriate for SEM imaging.
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Figure 4.107. SEM images of E. coli K12 pUC18 cells. (A) Cells captured at 2000X,

and (B) 8000X magnification. (C) At 10000X magnification cell surface can be

observed, (D) a less crowded area captured at 10000X magnification.

4.4.2.2. Visualization of DMSO Effects on Cell Surface. E. coli K12 pUC18 and E.

coli K12 samples incubated either with water (control), or 3.125% DMSO (sub-MIC),

or 6.25% DMSO (sub-MIC) for 2 hours were used to visualize the effect of DMSO.

E. coli K12 pUC18 and E. coli K12 cells alone in water (control) were observed

to maintain their integrity with a smooth cell surface (Figure 4.108). When the cells

were incubated with 3.125% DMSO for 2 hours, no significant change was observed in

the cell surface roughness or the cell size for neither E. coli K12 pUC18 nor E. coli

K12 cells (Figure 4.108). After increasing the DMSO concentration to 6.25%, E. coli

K12 pUC18 cells were observed to have ’dimples’ and ’holes’ on the surface (Figure

4.108). The damage caused on E. coli K12 pUC18 cells was not observed when E.

coli K12 cells were treated with 6.25% DMSO (Figure 4.108). Cells were smooth and

their average length remained unaltered in general, suggesting that E. coli K12 cells

can tolerate higher concentrations of DMSO.
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Figure 4.108. SEM images of control samples treated with water (A, B), and DMSO

treated E. coli K12 pUC18 (C, E) and E. coli K12 (D, F) cells.

4.4.2.3. Visualization of Melittin Effects on Cell Surface. The effects of melittin on

cell surface was investigated using the first stock solution of melittin with which the

MIC was previously determined as 25 µM for both wild-type and antibiotic resistant

cells at their high inoculation density.

As the control set, E. coli K12 pUC18 cells alone in DMSO-PBS buffer mixture

(0.375% DMSO) were observed to maintain their integrity with a smooth cell surface

(Figure 4.109).
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Figure 4.109. SEM images of E. coli K12 pUC18 (C and E) or E. coli K12 (D, F, and

G) cells treated with different concentrations of melittin in comparison with the

control samples (A and B). Images are captured with 8000X magnification.

E. coli K12 pUC18 cells treated with 12.5 µM (sub-MIC) of melittin were observed

to have corrugated surfaces and new abnormal textures like ’membrane blebs’ over the

cell surface were observed (Figure 4.109). Incubation of the cells with 25 µM (MIC) of

melittin resulted in significant increase in the size and number of ’blebs’ forming over
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the cell surface, indicating that almost all the cells have damaged membrane (Figure

4.109).

E. coli K12 cells alone in DMSO-PBS buffer mixture (0.375% DMSO) were ob-

served to long and intact with an almost smooth cell surface (Figure 4.109). Upon

treatment of the E. coli K12 cells with 12.5 µM (sub-MIC) of melittin, some of the

cells were observed have corrugated surfaces and ’membrane blebs’ over the cell surface

(Figure 4.109). After increasing the melittin concentration to 25 µM (MIC), most of

the cells were observed to have corrugated surfaces and ’membrane blebs’ all over the

cell surface (Figure 4.109). Incubation of the cells with 50 µM (supra-MIC) of melittin

resulted in abrupt increase in the size of circular ’blebs’ agglomerating over the cell

surface and the cells were observed to have abnormal shape, unlike the untreated long

and rod-shaped E. coli (Figure 4.109).

4.4.2.4. Visualization of Ampicillin Effects on Cell Surface. In order to visualize the

effect of ampicillin (Amp) on bacteria, cells incubated with water (control), E. coli K12

pUC18 cells incubated with 100 mg/mL (sub-MIC) or 200 mg/mL (MIC) ampicillin,

E. coli K12 cells incubated with 3.05 µg/mL (sub-MIC) or 6.1 µg/mL (MIC) ampicillin

for 2 hours were used.

E. coli K12 pUC18 and E. coli K12 cells in water (control) maintained their

integrity with a smooth cell surface (Figure 4.110). When E. coli K12 pUC18 cells were

incubated with 100 mg/mL ampicillin (sub-MIC) for 2 hours, cell were mostly elongated

(Figure 4.110), suggesting that ampicillin treatment may have an inhibitory effect on

bacterial cell division. Moreover, corrugated surface structure, and dimples on the cell

surface was observed (Figure 4.110). Upon increasing the ampicillin concentration to

200 mg/mL (MIC), cell elongation was observed and corrugation on the cell surface

increased (Figure 4.110).

When E. coli K12 cells were incubated with 3.05 µg/mL ampicillin (sub-MIC)

for 2 hours, the cell elongation observed in the ampicillin treated E. coli K12 pUC18
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Figure 4.110. SEM images of control samples (top row) and ampicillin treated E. coli

K12 pUC18 (left column) and E. coli K12 (right column) cells.

sample was observed for E. coli K12 cells as well (Figure 4.110). Moreover, some of the

cells had corrugated surface, indicating the initiation of the antimicrobial action. After

increasing the ampicillin concentration to 6.1 µg/mL (MIC), most of the cells have lost

their integrity, large membrane ruptures on the cell surface and cell residuals could be

observed (Figure 4.110). Similar to the 3.05 µg/mL ampicillin treated samples; cell

elongation was observed for all the cells.

Although the MIC and sub-MIC values of ampicillin determined against antibi-

otic resistant E. coli cells were much higher when compared to those of wild type E.
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coli cells, the effect of ampicillin on cell morphology and surface structure was similar.

The common effect of ampicillin treatment in all tested concentrations with antibi-

otic resistant E. coli K12 pUC18 and wild-type E. coli K12 cells was cell elongation,

suggesting that ampicillin has an inhibitory effect on bacterial cell division.

4.4.2.5. Visualization of Potassium Clavulanate Effects on Cell Surface. E. coli K12

pUC18 and E. coli K12 samples incubated either with water (control), or 125 µM

(sub-MIC), or 250 µM (MIC) potassium clavulanate (PC) for 2 hours were used to

visualize the effect of potassium clavulanate.

E. coli K12 pUC18 and E. coli K12 cells in water (control) maintained their

integrity with a smooth cell surface (Figure 4.111). When E. coli K12 pUC18 and

E. coli K12 cells were incubated with 125 µM PC (sub-MIC) for 2 hours, the cells

had corrugated surfaces (Figure 4.111). Moreover, the cell shape became ’curved’ like

a ’boomerang’ instead of the conventional rod-shape of the control samples, which

suggests either the disruption of the cell integrity or accumulation of the cell content

around the division plane (Z ring) of a mother cell. The cells were much larger when

compared to the cells in the control samples.

When the PC concentration was increased to 250 µM (MIC), the cells had corru-

gated surfaces and cell shape was distorted (Figure 4.111). More cell material accumu-

lated in the middle of the cells when compared with the cells that were treated with 125

µM PC. The increase in the size of each cell was larger, forming a ’croissant-like’ cell

shape, suggesting that cell material keeps increasing in each cell, without undergoing

a cell division. The cells will likely keep getting ’fatter’ and the cell surface will keep

stretching until the cells burst.

The common effect of PC treatment in all tested concentrations was the increase

in the size of the cells and accumulation of the cell material in the middle of the

cells. The effect of PC was similar for both E. coli K12 pUC18 and E. coli K12 cells,

suggesting that the drug does not have any cell specificity.
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Figure 4.111. SEM images of control samples (A, B) and potassium clavulanate

treated E. coli K12 pUC18 (C, E) and E. coli K12 (D, F) cells.

4.4.2.6. Visualization of Potassium Clavulanate & Ampicillin Effects on Cell Surface.

In order to visualize the effect of the combination of potassium clavulanate (PC) and

ampicillin (Amp), E. coli K12 pUC18 cells incubated with 3.9 µM PC & 0.39 mg/mL

Amp (sub-MIC/2) or 7.81 µM PC & 0.78 mg/mL Amp (sub-MIC) were visualized and

compared to the control samples (Figure 4.112).

E. coli K12 pUC18 cells treated with 3.9 µM PC & 0.39 mg/mL Amp had ’dim-

ples’ on the surface (Figure 4.112). After increasing the concentration to 7.81 µM

PC & 0.78 mg/mL Amp, the cells had deeper ’dimples’ and ’holes’ on the surface.
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Figure 4.112. SEM images of control sample (A) and E. coli K12 pUC18 cells treated

with different concentrations of the potassium clavulanate (PC) and ampicillin

(Amp) combination (B, C).

Moreover, cell elongation observed in the ampicillin treated samples was observed once

again (Figure 4.112).

Although ampicillin alone (0.78 mg/mL or lower concentrations) or PC alone

(7.81 µM or lower concentrations) does not have any inhibitory effect on growth of E.
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coli K12 pUC18 cells (Figure 4.112), their combination results in growth inhibition and

deformation on the cell surface. The defects observed upon treatment of the cells with

the PC and ampicillin combination resemble the defects observed after the ampicillin

treatment of the wild-type E. coli K12 cells. These observations may suggest that PC

and ampicillin take action in an interrelated mechanism. If PC alone could inhibit the

intracellular beta-lactamase, then the cells would behave like beta-lactamase-free cells

and they could be inhibited by the addition of ampicillin.

4.4.2.7. Visualization of pVEC and del5 pVEC Peptide Effects on Cell Surface. In or-

der to visualize the effect of pVEC and del5 pVEC peptides on bacteria, E. coli K12

samples incubated with DMSO-water mixture (control), with 31.25 µM (sub-MIC) of

pVEC, with 62.5 µM (MIC) of pVEC, with 250 µM of del5 pVEC, or with 500 µM of

del5 pVEC for 2 hours were used.

E. coli K12 cells alone in DMSO-water mixture (control) were observed to main-

tain their integrity with a smooth cell surface (Figure 4.113). Upon incubation of the

E. coli K12 cells with 31.25 µM pVEC (sub-MIC) for 2 hours, the cells had corrugated

surfaces (Figure 4.113). The size of the cells was larger when compared to the cells in

the control samples. Dimples and holes over the cell surface were observed for all the

cells. After increasing the pVEC concentration to 62.5 µM (MIC), the corrugation on

the surface of cells increased (Figure 4.113). The increase in the size of the cells was

larger, and membrane ruptures over the surface were observed.

Upon incubation of the cells with 250 µM del5 pVEC for 2 hours, no major change

in the shape of the cells was observed when compared to that in the control samples

(Figure 4.113). A minor increase in the cell size, and little membrane blebs over the

surface of some cells were observed in the del5 pVEC treated samples (Figure 4.113).

After increasing the del5 pVEC concentration to 500 µM (MIC), corrugation on the

surface of cells was observed (Figure 4.113). Some of the cells were ’curved’, and the

size and number of membrane blebs increased.
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Figure 4.113. SEM images of control samples (top row) and E. coli K12 cells treated

with pVEC (left column) or del5 pVEC (right column) peptides.

Microscopy experiments showed that while both peptides cause membrane per-

meability, the action of pVEC and del5 pVEC are different in terms of effect on the

cell surface. While pVEC causes increase in the cell size, surface corrugation and

membrane ruptures, treatment with del5 pVEC results in the formation of membrane

blebs. The results suggest that even though the deletion of the first 5 residues (LLIIL)

diminishes the antimicrobial action of the pVEC peptide, del5 pVEC may also possess

minor antimicrobial effects on E. coli K12 cells.
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4.4.2.8. Visualization of P2r Peptide Effects on Cell Surface. In order to visualize the

effect of P2r peptide on bacteria, E. coli K12 or E. coli K12 pUC18 cells were incubated

either with DMSO-water mixture (control) or with 100 µM of P2r for 2 hours.

The damage caused by incubation with 100 µM P2r on E. coli K12 pUC18 cells

(Figure 4.114) is similar to the one observed upon treatment with P4 peptide. Most

of the cells have ’cracks’ and ’holes’ on the surface, some of which are large enough to

cause membrane rupture. Moreover, most of the cells treated with P2r were observed

to be shorter in size when compared to the control sample (Figure 4.114) and they were

often found in clumps, suggesting that the peptide may have an effect on the growth

and division of the cells.

Figure 4.114. SEM images of E. coli K12 pUC18 (C) or E. coli K12 (D) cells treated

with 100 µM P2r peptide in comparison with the untreated cells (A and B). Images

are captured with 8000X magnification.

E. coli K12 cells incubated with 100 µM P2r (Figure 4.114) were observed to

be slightly damaged on the surface and the cells were mostly observed to be long and
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intact when compared to the control sample (Figure 4.114). Only some of the cells

were observed to have small ’cracks’ on the surface, suggesting that the membrane

disruptive effect of P2r is selective to antibiotic resistant E. coli.

It is also important to note that, nanoparticles of peptide precipitates were ob-

served in the samples treated with P2r (Figure 4.114), suggesting the low peptide

solubility and low amount of effective peptide in the medium. P2r precipitates were

well distributed, although they were observed to fill the pores of the membrane filter.

4.4.2.9. Visualization of P4 Peptide Effects on Cell Surface. In order to visualize the

effect of P4 peptide on bacteria, E. coli K12 or E. coli K12 pUC18 cells were incubated

either with DMSO-water mixture (control) or with 80 µM of P4 peptide (first stock

solution) for 2 hours.

Figure 4.115. SEM images of E. coli K12 pUC18 (C) or E. coli K12 (D) cells treated

with 80 µM P4 peptide in comparison with the untreated cells (A and B). Images are

captured with 8000X magnification.
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E. coli K12 pUC18 cells incubated with 80 µM P4 (Figure 4.115) had damaged

cell surface. Although the surface of the cells was smooth and average cell length

remained unaltered when compared to the control sample (Figure 4.115), most of the

cells had ’dimples’ on the surface, most of the time deep enough to resemble ’holes’ in

the middle of the cells.

E. coli K12 cells treated with 80 µM P4 (Figure 4.115) had smooth cell surface

and the average cell length remained unaltered when compared to the control sample

(Figure 4.115). Similar to our previous observations on the effect of this peptide on E.

coli K12 pUC18 cells, some of the cells had ’dimples’ on the surface, but the damage

seemed scarcer for the wild-type E. coli.

Similar to our previous observations with the P2r peptide, peptide precipitates

were observed in the samples treated with P4 (Figure 4.115) as well. While the P2r

precipitates were well distributed in the SEM images, the P4 precipitates were observed

to be mostly ’stuck’ on the cell surface suggesting once again that the low peptide

solubility and the low effective amount of peptide in the medium.

The SEM experiments with P4 were repeated since two different stock solutions

were used in the MIC determination experiments. For the second round of SEM exper-

iments with the second stock solution of P4 peptide, antibiotic resistant E. coli K12

pUC18 and wild-type E. coli K12 cells incubated with DMSO-water mixture (control),

with 125 µM (sub-MIC) or 250 µM (MIC) of P4 peptide for 2 hours were used.

E. coli K12 cells in water (control) maintained their integrity with a smooth cell

surface (Figure 4.116). Upon incubation of resistant and wild type E. coli cells with

125 µM (sub-MIC) P4 for 2 hours, an increase in the cell size was observed (Figure

4.116). Moreover, the conventional rod shape was distorted and some of the cells had

’dimples’ on the surface. After increasing the P4 concentration to 250 µM (MIC), the

’dimples’ and ’holes’ on the surface were deeper and larger (Figure 4.116). It should be

noted that, nanoparticles of peptide precipitates were observed during SEM imaging

for the samples treated with P4 indicating the low solubility of this peptide, which
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Figure 4.116. SEM images of control samples (top row) and P4 peptide treated E.

coli K12 pUC18 (left column) and E. coli K12 (right column) cells.

could have resulted in a decreased concentration of the active peptide in medium. The

results suggest that the effect of P4 peptide on cell surface and membrane damage is

similar for antibiotic resistant and wild-type bacteria.

4.4.3. Visualization of Peptide Uptake

The main goal of the study was to design chimeric peptides that can penetrate into

bacteria to reach and inhibit the periplasmic beta-lactamase enzyme. With this aim,

beta-lactamase inhibitory peptides were modified to enhance their bacterial uptake. All
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peptides were tested on wild-type and antibiotic resistant E. coli strains to investigate

if they have antimicrobial properties. Here, the peptides were tested to see if they can

penetrate into bacteria. By attaching fluorophore molecules to peptides P1, P2, pVEC,

and P4 fluorescent peptides were obtained. These fluorescent peptides were used to

incubate bacteria and culture samples were visualized under fluorescence microscopy

to investigate the bacterial uptake of the peptides.

4.4.3.1. Visualization of P1 and P2 Uptake Using Confocal Microscopy. In order to

visualize the bacterial uptake of P1 and P2 peptides, E. coli K12 pUC18 cells were in-

cubated with fluorescein labeled P1 and fluorescein labeled P2 at a final concentration

of 100 µM and samples were withdrawn after 4 hours of incubation.

Figure 4.117. Captures of cells 4 hours after incubation with (a, b) P1 or (c, d) P2.

(a) and (c) are the phase microscopy, (b) and (d) are the fluorescence microscopy

images.
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Figure 4.117 shows the confocal microscopy captures of cells 4 hours after incu-

bation with P1 or P2. It was observed that P1 treated cells showed almost no intensity

under fluorescence microscopy (Figure 4.117b), suggesting that the cells did not take

up the peptide. On the contrary, the P2 treated cells showed high intensity (Fig-

ure 4.117d) either due to the uptake of the peptide or the accumulation of peptide

precipitates that were not dissolved in the solution centrifuged with the cell pellet.

4.4.3.2. Visualization of pVEC Uptake. The cell-penetrating peptide pVEC is known

to be able to internalize in mammalian cells and carry cargo into the cells [57,72]. Most

of the experiments with pVEC were carried out in mammalian cell culture, but later

it was reported that pVEC has antimicrobial properties and it is able to internalize in

bacteria as well [71]. Here, fluorescein labeled pVEC was used to incubate bacteria to

serve as a positive control set of the peptide uptake experiments.

In order to visualize the bacterial uptake of pVEC peptide, E. coli K12 cells

were incubated with fluorescein labeled pVEC; pVEC (H-LLIILRRRIRKQAHAHSKK

(HF488) - NH2) at a final concentration of 250 µM, and samples were withdrawn after

30 minutes, 90 minutes, and 180 minutes of incubation.

Even after 30 minutes of incubation, fluorescence intensity in the cells was ob-

served (Figure 4.118) indicating that pVEC was internalized by the bacteria. Images

captured from the cultures that were incubated with pVEC for longer (Figure 4.118,

90 min and 180 min) showed that fluorescence intensity in the cells increased.

In all captured images background fluorescence was observed (Figure 4.118). The

peptide precipitates observed in brightfield images were the reason of the background

fluorescence. Since culture samples were prepared using serial centrifugation and wash-

ing, the peptide precipitates that were not dissolved in the solution were recovered with

the cells.
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Figure 4.118. Visualization of pVEC uptake after 30 minutes (top row), 90 minutes

(middle row), and 180 minutes (bottom row) of incubation time, under brightfield

(left) and UV with FITC filter (right).

4.4.3.3. Visualization of P4 Uptake. In order to visualize the bacterial uptake of P4

peptide, E. coli K12 cells were incubated with fluorescein labeled P4; P4 (H-LLIILRRG

HYYK (HF488) - NH2) at a final concentration of 250 µM, and samples were withdrawn

after 30 minutes, 90 minutes, and 180 minutes of incubation.

Even after 30 minutes of incubation, fluorescence intensity in the cells was ob-

served (Figure 4.119) indicating that the bacteria internalized P4 peptide. Images

captured from the cultures that were incubated with P4 for longer (Figure 4.119, 90
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Figure 4.119. Visualization of P4 uptake after 30 minutes (top row), 90 minutes

(middle row), and 180 minutes (bottom row) of incubation time, under brightfield

(left) and under UV with FITC filter (right).

min and 180 min) showed that fluorescence intensity in the cells increased. The highest

fluorescence intensity in cells was observed in the culture that was incubated with P4

peptide for 180 minutes (Figure 4.119). In all captured images background fluorescence

was observed (Figure 4.119). Similar to the observations with the pVEC peptide, the

P4 peptide precipitates that were observable even in the brightfield images were the

reason of the background fluorescence. Since culture samples were prepared using se-

rial centrifugation and washing, the peptide precipitates that were not dissolved in the

solution were recovered with the cells.
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4.4.4. Live Cell Imaging with Microfluidic Systems

The aim in using microfluidic chips was to conduct a live cell imaging study

on the uptake of cell-penetrating and antimicrobial peptides into bacteria. For this

purpose, Zeonor reaction chamber chips of 10 µL volume and 500 µm depth were

used in all experiments. In order to test the microfluidic system, bead test, bacterial

growth, fluorescein amine and bacterial viability dye uptake experiments were carried

out before moving on to the peptide uptake experiments.

4.4.4.1. Reaction Chip Test Using Beads. In order to develop an experimental proce-

dure for live imaging of bacteria in the microfluidic chips, loading and imaging of beads

was tried in order to test the suitability of the chips for our purpose, and to adjust

the fluid connectors and flow rates for the system to avoid sweeping and bubbling in

the chamber. Beads with a diameter of 2 µm to closely match the size of the E. coli

bacteria, was selected for this experiment.

After perfusion of the beads into the chamber, the chamber was washed and

continuously monitored for 5 hours (Figure 4.120). In the first hour of washing, some

beads escaped (Figure 4.120), but after 1 hour of washing, most of the beads were

retained in the chamber (Figure 4.120), suggesting that the size of the chip and selected

flow rates were suitable for experiments with bacteria.

4.4.4.2. Bacterial Growth in the Reaction Chip. After testing the chips with beads,

the chips were tested for bacterial growth. The chamber was perfused with LB medium

and then bacterial culture was fed to the channel. After bacteria settled down in the

chamber, the flow of plain LB medium was turned on and the chamber was monitored

continuously to capture images from the same spot every 15 minutes starting from the

time point when the cells were loaded in the chamber (Figure 4.121).

The experiment was carried out for 2.5 hours, and a really fast bacterial growth

indicated by the number of cells in the chamber was observed, especially after 1 hour of
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Figure 4.120. Microscopy images of the chip test with beads. After bead loading (i),

distilled water was pumped. Images were captured from the same spot after (ii) 1

hour, (iii) 2 hours, (iv) 3 hours, (v) 4 hours, and (vi) after 5 hours.

reintroducing LB medium (Figure 4.121). Even though the reaction chips were found

suitable for bacterial growth, most of the bacteria was mobile during the experiments,

which may hinder the visualization of peptide effects on single-cells.

At the end of the experiment, the chamber was filled with bacteria (Figure 4.122).

Moreover, some of the perfused bacteria were found in the outlet well, which were

clearly swept away during the reintroduction of LB medium (Figure 4.122). The cell

density was found to be high for such a short duration experiment, and the perfusion

of a lower inoculation cell density was suggested for the following experiments.
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Figure 4.121. Microscopy images of bacterial growth captured at 60X zoom. After

cell loading (i), only LB medium was pumped. Images were captured from the same

spot every 15 minutes (ii-xi) in total experiment duration of 2.5 hours.

4.4.4.3. Bacterial Uptake of Fluorescein Amine. After testing the chips with beads

and bacteria, the chips were tested for their suitability for visualization of fluorescent

dyes in bacterial culture.

After the cells were loaded into the chamber and washed with LB medium, fluo-

rescein amine pump was turned on (Figure 4.123i), and it was pumped for 1 hour at

a rate of 0.1 µL/min to the channel. After 1.5 hours (Figure 4.123vii), the fluorescein

amine syringe pump was turned off and then only LB medium was pumped at a rate of

0.1 µL/min to the channel. Images were captured from the same spot every 15 minutes

(vi-xii) in total experiment duration of 3 hours.
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Figure 4.122. Microscopy images of the chip at the end of the experiment. At the end

of 2.5 hours (left) the chamber was filled with bacteria, and (right) the outlet well

had a much lower concentration of bacteria swept away by the flow.

The experiment was carried out for 3 hours, and bacterial growth was observed in

the chamber, especially after 1 hour of perfusion with fluorescein amine (Figure 4.123v)

indicated by the increase in the number of cells in the chamber. Bacterial growth was

fast and the chamber was filled with bacteria at the end of 3 hours, similar to the

observations in the previous bacterial growth experiment. Even though inhibitory

effect of fluorescein amine on cell growth was not observed, its uptake into bacteria

was not observed either. This result was expected since fluorescein amine is not able

to penetrate into bacteria spontaneously, but it can be carried through the membrane

as a cargo. On the other hand, increasing fluorescence intensity in the background

was observed, especially in the last 1 hour of the experiment, indicating the delayed

accumulation of fluorescein amine in the chamber.

4.4.4.4. Bacterial Uptake of the Bacterial Viability Kit. In the previous experiments,

the chips were tested with beads and wild-type E. coli K12 strain, and live cell imaging

of fluorescein amine uptake were performed. Since fluorescein amine is known to not

penetrate into bacterial cells spontaneously, the bacterial viability kit was used to

monitor the uptake of two different dyes into bacterial cells.

The chamber was first perfused with water without bacteria, and then with cul-

tured bacteria (at OD600 of around 0.1). The culture pump was later switched off and
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Figure 4.123. Microscopy images of bacterial uptake of fluorescein amine. After cell

loading, fluorescein amine was perfused (i) for 1 hour. Images were captured from the

same spot every 15 min (ii-iv). After 1.5 hours (vii), only LB medium was pumped.

the dye solution pump was switched on. The experiment was carried out for 3 hours,

and even though sterile water was as perfusion liquid, bacterial growth in the chamber

was observed, especially after 2 hours of perfusion with viability dye solution (Figure

4.124v and Figure 4.124vi). Bacterial growth was fast, and at the end of 3 hours the

chamber was filled with bacteria (Figure 4.124vi), similar to the observations in the

previous experiments of bacterial growth and bacterial uptake of fluorescein amine.
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Figure 4.124. Microscopy images of bacterial viability dye uptake. After cell loading,

viability dye was perfused. After 30 minutes of incubation time (i), images were

captured from the same spot every 30 minutes.
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After 30 minutes of feeding the viability dye solution (Figure 4.124i), some fluo-

rescence intensity in the cells was observed, but background fluorescence was compar-

atively higher. This observation was valid for about 2 hours (Figure 4.124i - Figure

4.124iv) and the images corresponding to these time points were processed using the

ImageJ software’s ’subtract background’ command. After 2 hours of feeding the vi-

ability dye solution, a decrease in the background fluorescence was observed and the

images corresponding to these time points (Figure 4.124v and Figure 4.124vi) did not

need to be processed to subtract the background fluorescence. A gradual increase in the

fluorescence in the cells was observed, suggesting a threshold concentration is needed

for imaging of the dye uptake into the cells. Furthermore, in the last 1 hour of the

experiment, the room was dimmed, which may have also contributed to decreasing the

background fluorescence. At the end of the 3rd hour, a great amount of fluorescence in

the cells was observed with almost no background fluorescence (Figure 4.124vi). Even

though water was used as the perfusion liquid, almost all of the cells were viable after

3 hours of growth in the chip (Figure 4.124vi). Possibly due to the lack of growth

medium in the chip, it was easier to focus on the cells at each time point because their

mobility was lower compared to the previous experiments. Moreover, the flagella of

bacteria may have been damaged during the centrifugation and washing steps of the

cells, which may have resulted in restricted movement capability of bacteria.

4.4.4.5. Bacterial Uptake of pVEC Peptide. In the previous experiments, the chips

were tested with beads, tested for growth of wild-type E. coli K12 strain, and bacterial

uptake of fluorescein amine and bacterial viability kit were monitored. For live cell

imaging of bacterial uptake of pVEC peptide, the chamber was first perfused with

water without bacteria, and then with cultured bacteria (at OD600 of around 0.1). The

culture pump was later switched off and the pVEC solution (250 µM in DMSO-water

mixture) pump was switched on. After 30 minutes of incubation images were captured

from the same spot in the chamber every 30 minutes (Figure 4.125).

The imaging was carried out for 2 hours and after the initial incubation time

with the peptide (Figure 4.125, 0 min) bacterial uptake of pVEC was observed indi-
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Figure 4.125. Microscopy images of pVEC uptake. After cell loading, pVEC was

perfused. After 30 minutes of incubation time, images were captured from the same

spot every 30 minutes.

cated by the fluorescence intensity in the cells. Upon continuous feeding of pVEC, the

background fluorescence decreased and intensity in the cells increased (Figure 4.125,

30 min and 60 min). The washing of the channel with sterile water was carried out

with the aim to decrease the background fluorescence by sweeping the access peptide
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in solution, which is not taken up by the cells. On the contrary, the images captured

after the washing was started showed that the background fluorescence did not decrease

(Figure 4.125, 90 min and 120 min). Especially at the end of the 2nd hour, the cells

were hardly observable because of the high background fluorescence (Figure 4.125, 120

min). Similar to the observations in the previous experiments with the pVEC peptide,

peptide precipitations accumulated in the bottom of channel may be the reason for the

increasing background fluorescence. Therefore, the washing step is impractical since it

is not possible to wash off the precipitates from the channel at such small flow rates.

pVEC uptake was observed in almost all the cells starting from the end of the

(30 minutes) incubation time. Moreover, the antibacterial effect of this cell-penetrating

peptide was observed since the cell growth was hindered and the number of cells stayed

almost the same throughout the experiment.

4.4.4.6. Bacterial Uptake of P4 Peptide. In the previous experiments, the chips were

tested with beads, tested for growth of wild-type E. coli K12 strain, and bacterial

uptake of fluorescein amine, bacterial viability kit, and pVEC peptide were monitored.

For live cell imaging of bacterial uptake of P4 peptide, the chamber was first perfused

with water without bacteria, and then with cultured bacteria (at OD600 of around 0.1).

The culture pump was later switched off and the P4 solution (250 µM in DMSO-water

mixture) pump was switched on. While feeding the P4 peptide solution, images were

captured from the same spot in the chamber every 30 minutes (Figure 4.126).

The imaging was carried out for 1.5 hours and the first images were captured as

the P4 pump was switched on (Figure 4.126, 0 min). At this time point, almost no

fluorescence intensity was observed in the cells or in the background. Upon continuous

feeding of P4, the fluorescence intensity in the cells increased (Figure 4.126, 30 min and

60 min). The images captured at the last 30 minutes of the experiment showed that the

background fluorescence increased as well (Figure 4.126, 90 min). The cells were hardly

observable because of the high background fluorescence. Similar to the experiment

carried out with pVEC, P4 peptide precipitations accumulated in the bottom of channel
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Figure 4.126. Microscopy images of P4 uptake. After cell loading, P4 solution pump

was switched on, and images were captured from the same spot every 30 minutes

under brightfield (left column) and UV with FITC filter (right column).

may be the reason for the increasing background fluorescence.

P4 uptake was observed in almost all the cells starting from the end of the 30th

minute of incubation. Moreover, the antibacterial effect of this beta-lactamase in-

hibitory peptide was observed since the cell growth was hindered and the number of

cells stayed almost the same throughout the experiment.
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4.5. Drugs Effects in Mammalian Cell Culture

In this part of the study, the effect of ampicillin, P1 peptide, melittin, potassium

clavulanate, pVEC peptide, and P4 peptide on mammalian cells were tested. The

minimal inhibitory concentration (MIC) values for each drug (except P1 peptide) was

previously determined at standard inoculum doses (1x105 CFU/mL) of E. coli K12

pUC18 cells incubated with drugs for 20 hours. MIC or multiple MIC values were used

in cytotoxicity experiments to determine if these drugs are toxic to mammalian cells.

4.5.1. Effect of P1 on HeLa Cells

In order to determine the effect of antibiotic ampicillin and P1 peptide on mam-

malian HeLa cells, cells were incubated with PBS only (as a control set), with ampicillin

and P1 peptide for 6 days. Microscopy images were taken of the same spot on each

plate on the first, third and sixth days and can be seen in Figure 4.127, Figure 4.128

and Figure 4.129.

Figure 4.127. Snapshots of cells in PBS added medium on days 1 (left), 3 (middle)

and 6 (right).

The initial count was calculated as 2.6x104 cells in each treated culture. On

the sixth day, the number of cells was calculated as 6.8x105 for PBS added medium,

7.6x105 for amp & PBS added medium and 5.3x105 for the P1 & amp added medium

respectively. It was concluded that neither ampicillin nor P1 addition caused a decrease

in the viability of HeLa cells when compared to the control set that included PBS

addition only.
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Figure 4.128. Snapshots of cells in amp and PBS added medium on days 1 (left), 3

(middle) and 6 (right).

Figure 4.129. Snapshots of cells in P1 and amp added medium on days 1 (left), 3

(middle) and 6 (right).

4.5.2. Measurement of Drug Cytotoxicity Using XTT Assay

In order to test the cytotoxicity of melittin, potassium clavulanate and ampicillin,

MIC, 2.5XMIC and 5XMIC of melittin (1 mM stock in water) or potassium clavulanate

(5 mM stock in water), and MIC and 2XMIC of ampicillin (450 mg/mL stock in water)

were used to incubate HK-2 cells. The minimal inhibitory concentration (MIC) values

for each drug was previously determined at standard inoculum doses (1x105 CFU/mL)

of E. coli K12 pUC18 cells incubated with drugs for 20 hours.

All of the samples were prepared as triplicates (Figure 4.130). Control samples

have the same amount of water/buffer corresponding to their drug treated sample.

After the cells were treated with these drugs for 20-22 hours, the XTT assay was

added to all wells. After 3 hours of incubation with the XTT reagents (Figure 4.130),
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absorbance for each well at 490 and 650 nm wavelengths were measured.

Figure 4.130. Plate layout used in the cytotoxicity experiment (top). Plate

photograph after 3 hours of incubation with the cell proliferation assay (bottom).

Viability measurements of drug treated and control cultures are given in Figure

1.107 as the average of triplicate samples with the standard error of the mean. The

results suggest that melittin; even at the lowest tested concentration (at MIC) is highly

toxic to HK-2 cultures (Figure 4.131). Control 1 and Control 2 samples were 99% and

95% viable, respectively (Figure 4.131). These results are expected since melittin

(from honey bee venom) is an antimicrobial peptide that is also toxic to mammalian

cells [35,39–41]. Since the control samples have additional amount of water in medium,

the medium is diluted and the viability could decrease upon dilution of nutrients. OD

measurements of melittin treated cultures were calculated to be negative (after OD490
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- OD650 and subtraction of the blank samples) and therefore assumed to be not viable.

Figure 4.131. Percent viability of HK-2 cultures treated with (top) melittin or

potassium clavulanate, and (bottom) treated with ampicillin with respect to the

nontreated cultures. Nontreated cultures are assumed to be 100% viable.

The viability of cells treated with potassium clavulanate and ampicillin was higher

when compared to the nontreated cultures (Figure 4.131). This could either be because

of the increase in the number of cells, or the increase in the metabolic activity of the

cells. When the samples were observed under microscopy, the number of cells was found

to be higher in the potassium clavulanate and ampicillin treated cultures. Under these

conditions, potassium clavulanate and ampicillin were found to be nontoxic to HK-2.
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In order to test the cytotoxicity of pVEC and P4 peptides, MIC, 2.5XMIC and

5XMIC of pVEC (1 mM stock in water) or P4 (5 mM stock in water), were used to

incubate HK-2 cells. In order to be able to compare the results with the previous

experiment, MIC and 2.5XMIC of ampicillin (450 mg/mL stock in water) were used

to incubate HK-2 cells as well. The minimal inhibitory concentration (MIC) values for

each drug was previously determined at standard inoculum doses (1x105 CFU/mL) of

E. coli K12 pUC18 cells incubated with drugs for 20 hours.

All of the samples were prepared as triplicates. Control samples have the same

amount of water/buffer (or DMSO-water mixture) corresponding to their drug treated

sample. Since pVEC and P4 peptide stock solutions were prepared in DMSO-water

mixture, 3 different control sets were prepared for 3 different drug concentrations tested.

After the cells were treated with these drugs for 20-22 hours, the XTT assay was added

to all wells. After 3 hours of incubation with the XTT reagents, absorbance for each

well at 490 and 650 nm wavelengths were measured.

Figure 4.132. Percent viability of HK-2 cultures treated with different concentrations

of ampicillin, pVEC peptide or P4 peptide with respect to the nontreated cultures.

Nontreated cultures are assumed to be 100% viable.
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Viability measurements of drug treated and control cultures are given in Figure

4.132 as the average of triplicate samples with the standard error of the mean. The

results suggest that the viability of control samples of the ampicillin treatment was

around 96%. Since the control samples have additional amount of water in medium,

the medium is diluted and the viability could decrease upon dilution of nutrients. The

viability of the cultures treated with MIC and 2.5XMIC of ampicillin were 120% and

145%, respectively (Figure 4.132). These results were similar to the results obtained

in the first set of cytotoxicity experiments with XTT assay.

The viability of cells treated with MIC of pVEC was around 80% and the corre-

sponding control set was 97% viable (Figure 4.132). Upon increasing the concentration

of pVEC to 2.5XMIC and 5XMIC, the viability decreased to 64% and 23%, respec-

tively. Since the viability of the control samples of pVEC were similar, the increasing

amount of DMSO in the peptide solution may not be the reason of the decreasing via-

bility with increasing peptide concentration. Even though pVEC is a cell-penetrating

peptide and supposedly harmless to mammalian cells, it was found to be toxic at high

concentrations (at 2.5XMIC = 31.25 µM and higher).

The viability of cells treated with MIC of P4 was around 80% and the correspond-

ing control set was 150% viable (Figure 4.132). Upon increasing the concentration of

P4 to 2.5XMIC and 5XMIC, the viability decreased to 38% and 2%, respectively (Fig-

ure 4.132). Similarly, the viability of the control samples of P4 decreased to 32% and

36%, respectively, with increasing amount of DMSO (Figure 4.132). The results sug-

gest that the amount of DMSO in P4 solution is already toxic to HK-2 cells, so the

cytotoxicity of P4 is debatable. At its MIC value, the cytotoxicity of P4 peptide is

similar to that of pVEC at its MIC value.

4.5.3. Measurement of Drug Cytotoxicity Using Cell Counter and Trypan

Blue

The cytotoxicity induced by three antibacterial drugs; melittin, potassium clavu-

lanate and ampicillin were tested previously using XTT proliferation assay. The results
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suggested that melittin, even at the lowest tested concentration (at MIC value deter-

mined for E. coli K12 pUC18 cells) is highly toxic to HK-2 cultures, where as ampicillin

and potassium clavulanate were found to be nontoxic to HK-2 cells. Since XTT assay

measures metabolic activity of the treated culture, the results could indicate either the

change in the number of cells or the change in the metabolic activity of the cells. Con-

sidering this, the number of viable cells upon treatment with drugs was also measured

by using a cell counter and trypan blue dye.

In order to test the cytotoxicity of melittin, ampicillin, potassium clavulanate,

pVEC, and P4 peptide, MIC of each drug was used to incubate HK-2 cells. The

minimal inhibitory concentration (MIC) values for each drug was previously determined

at standard inoculum doses (1x105 CFU/mL) of E. coli K12 pUC18 cells (E. coli

K12 cells for pVEC peptide only) incubated with drugs for 20 hours. The MIC was

determined as 6.25 µM for melittin, 12.5 mg/mL for ampicillin, 31.25 µM for potassium

clavulanate, 12.5 µM for pVEC peptide, and 80 µM for P4 peptide, respectively.

The microscopy images of cells treated with drugs for 24 hours are shown in Figure

4.133. The cells in the nontreated sample are well spread and adherent to the well

surface. On the other hand, cells treated with drugs are ’fixated’ upon drug treatment

and the cells are not spread out on the well surface. Treated cells are ’shriveled’ and the

cell volume is smaller compared to the cells in the nontreated sample (Figure 4.133).

The number of viable cells in each sample was determined using the trypan blue

viability dye and the cell counter. The cells in the nontreated sample were almost 100%

viable (Figure 4.134). Upon treatment with MIC of melittin, the viability decreased to

3% (Figure 4.134), suggesting melittin is highly toxic to HK-2 cells at this concentra-

tion. The cells in the blank sample of melittin (cells incubated with the same amount

of water in the melittin treated sample) were around 87% viable (Figure 4.134). These

results were expected since Melittin is known to be an antimicrobial peptide, which

is toxic to mammalian cells. Since the control (blank) sample has additional amount

of water in the medium, the medium is diluted and the viability could decrease upon

dilution of nutrients.
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Figure 4.133. Microscopy images of HK-2 cells upon 24 hour treatment with melittin,

potassium clavulanate, ampicillin, pVEC, and P4 peptide in comparison with the

nontreated cells.

Upon treatment with MIC of ampicillin, there were almost no viable cells left in

the culture (Figure 4.134), suggesting ampicillin is highly toxic to HK-2 cells at this

concentration. Moreover, the cells in the blank sample of ampicillin (cells incubated

with the same amount of water in the ampicillin treated sample) were around 37%

viable. These results are inconsistent with our previous XTT assay results, in which

the treatment with ampicillin led to a major increase in the number of viable cells.

Upon treatment with MIC of potassium clavulanate, the viability decreased to

80% (Figure 4.134), suggesting potassium clavulanate may be toxic to HK-2 cells at

this concentration. Moreover, the cells in the blank sample of potassium clavulanate

(cells incubated with the same amount of water in the potassium clavulanate treated

sample) were around 87% viable. These results are inconsistent with our previous

XTT assay results, in which the treatment with potassium clavulanate led to a major

increase in the number of viable cells.



219

Figure 4.134. Percent viability of HK-2 cultures treated with MIC of melittin,

ampicillin, potassium clavulanate, pVEC, and P4 peptide with respect to the

nontreated cultures.

Upon treatment with MIC of pVEC peptide, the viability decreased to 30% (Fig-

ure 4.134), suggesting pVEC is highly toxic to HK-2 cells at this concentration. The

cells in the blank sample of pVEC (cells incubated with the same amount of DMSO-

water mixture in the pVEC treated sample) were around 54% viable (Figure 4.134).

These results were not expected since pVEC is known to be a cell-penetrating peptide,

which is not toxic to mammalian cells. On the other hand, since the control (blank)

sample has additional amount of DMSO-water mixture in media, the media is diluted

and the viability could decrease upon dilution of nutrients.

Upon treatment with MIC of P4 peptide, the viability decreased to 7% (Figure

4.134), suggesting P4 peptide is highly toxic to HK-2 cells at this concentration. The

cells in the blank sample of P4 (cells incubated with the same amount of DMSO-water

mixture in the P4 treated sample) were around 96% viable (Figure 4.134). Since the

control (blank) sample has additional amount of DMSO-water mixture in media, the

media is diluted and the viability could decrease upon dilution of nutrients. On the
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other hand, out results suggest that the novel antimicrobial peptide P4 may be toxic

to mammalian cells.
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5. CONCLUSIONS AND RECOMMENDATIONS

In the first part of the study, molecular dynamics simulations of the cell-penetrating

peptide pVEC and its variants, and two beta-lactamase inhibitory peptides were car-

ried out in order to gain insights about their membrane translocation mechanisms.

Steered molecular dynamics simulations of two beta-lactamase inhibitory peptide P1

and P2 shoed that the initial penetration into the upper P-heads is an important en-

ergy barrier in the uptake of these peptides. Moreover, P2 created slightly higher

disorder especially near the lipid head groups suggesting that the higher hydrophobic-

ity of P2 results in increased interactions with the membrane lipids. Steered molecular

dynamics simulations of pVEC and mutants with either improved (pVEC-1, pVEC-9,

pVEC-11) of decreased (pVEC-2) activity showed that the interaction energy and force

profiles of pVEC-2 peptide resembled a shallow dip, which may suggest a decreased

uptake of this peptide. Moreover, the results suggested that formation of a larger

water pore and strong electrostatic interactions may be related to an increase in the

uptake potential of these peptides. In order to investigate the contribution of the hy-

drophobic N-terminus of pVEC to its uptake mechanism, SMD simulations followed by

replica exchange umbrella sampling simulations were carried out for pVEC and del5

pVEC peptides. The potential of mean force calculated for each peptide suggested

that del5 pVEC reaches to the membrane core at a lower energetic cost, when com-

pared to pVEC. The results suggested that equilibrium PMF profiles are difficult to

achieve and single peptide dynamics may be different than community action. When

different molecular dynamics trajectories were analyzed using dimensionality reduction

algorithms PCA and ISOMAP, it was observed that the variation of SMD data using

ISOMAP was higher in the first dimension when compared to PCA. The first dimen-

sion of the ISOMAP projection gave information about the main motion of the system,

which was translocation in the z-direction.

In the second part of the study, the aim was to discover novel peptide antimicro-

bials that are not only periplasmic beta- lactamase inhibitors, but can also penetrate

into bacteria. Melittin, a well-established antimicrobial peptide was found to be the
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strongest antibacterial drug among the ones tested in this study. While the antibi-

otic resistant strain could tolerate around 4000-folds of ampicillin concentration when

compared to the wild-type strain, the effect of potassium clavulanate was similar for

both strains. Ampicillin treated bacteria were elongated, while potassium clavulanate

cause an increase in the cell size with a disruption in the rod shape. The deletion of

LLIIL residues from the pVEC sequence abolished this peptide’s antimicrobial activ-

ity, as expected. The beta-lactamase inhibitory peptides P3 and P3A showed no signs

of antibacterial effect, but P3 gained antimicrobial properties upon combination with

LLIIL. P4 peptide showed similar antimicrobial activity for wild-type and antibiotic

resistant strains, and upon treatment of bacteria with P4 membrane damage and per-

meabilization was observed. Moreover, P4 caused an increase in the cell size, ’dimples’

and ’holes’ on the surface of bacteria upon treatment with this peptide. The drug

synergy tests showed that 1:4 MIC concentration of potassium clavulanate was enough

to reduce the MIC of ampicillin over 16-folds. On the other hand, melittin, P3, and

P4 did not exhibit any synergetic effect with ampicillin.

Live-cell imaging studies showed that, while the microfluidic chips are suitable for

bacterial growth and visualization of peptide uptake, many control experiments should

be carried out. We have successfully observed the internalization of the cell-penetrating

peptide pVEC, and the novel chimeric peptide P4 using reaction chamber chips.

For future studies, the free energy calculations of pVEC and del5 pVEC peptide

should be carried out either using a different enhanced sampling approach, or by ex-

tending the REUS simulations until a converged PMF profile is achieved. It would

also be interesting to investigate multiple peptide systems, since many membrane ac-

tive peptides take advantage of higher concentrations for internalization, and multiple

peptide systems may actually have a lower free energy profile than single peptides.

Live-cell imaging studies have a great potential since the cells are in their natural en-

vironment and are not subjected to any fixation during the imaging. For the peptide

uptake studies, a trypsin washing step should be introduced to the live imaging proto-

col to remove any access amount of labeled peptide in solution or bound on the outer

surface of the cells. This step may be vital since bacteria are really small organisms,
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and it is really challenging to visually detect if the peptides are internalized by the

cells or they are spread on the cell surface. In the context of the design of chimeric

peptides, it is still not clear if the modified beta-lactamase inhibitory peptides reach

their target protein. Since this is a challenging concept to prove, this approach may be

tested for another target protein involved in a simpler biological mechanism. Another

test case could be the design of a chimeric peptide by the addition of LLIIL residues

to a non-drug peptide. By treating the cells with this chimera, we could have an idea

about whether the LLIIL stretch is the source of the antimicrobial action rather than

the cargo carrier of this sequence.
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70. Eriksson, O. S., M. Geörg, H. Sjölinder, R. Sillard, S. Lindberg, U. Langel and

A.-B. Jonsson, “Identification of cell-penetrating peptides that are bactericidal

to Neisseria meningitidis and prevent inflammatory responses upon infection.”,

Antimicrobial agents and chemotherapy , Vol. 57, No. 8, pp. 3704–3712, 2013.

71. Palm, C., S. Netzereab and M. Hällbrink, “Quantitatively determined uptake of

cell-penetrating peptides in non-mammalian cells with an evaluation of degrada-

tion and antimicrobial effects.”, Peptides , Vol. 27, No. 7, pp. 1710–1716, 2006.

72. Elmquist, A., M. Hansen and U. Langel, “Structure-activity relationship

study of the cell-penetrating peptide pVEC.”, Biochimica Et Biophysica Acta-

Biomembranes , Vol. 1758, No. 6, pp. 721–729, 2006.



233

73. Dejana, E., G. Bazzoni and M. G. Lampugnani, “Vascular endothelial (VE)-

cadherin: only an intercellular glue?”, Experimental cell research, Vol. 252, No. 1,

pp. 13–19, 1999.

74. Alaybeyoglu, B., B. Sariyar Akbulut and E. Ozkirimli, “Insights into membrane

translocation of the cell-penetrating peptide pVEC from molecular dynamics cal-

culations”, Journal of Biomolecular Structure and Dynamics , Vol. 34, No. 11, pp.

2387–2398, 2016.

75. Nan, Y. H., I.-S. Park, K.-S. Hahm and S. Y. Shin, “Antimicrobial activity, bac-

tericidal mechanism and LPS-neutralizing activity of the cell-penetrating peptide

pVEC and its analogs.”, Journal of peptide science : an official publication of the

European Peptide Society , Vol. 17, No. 12, pp. 812–817, 2011.

76. Dunkin, C. M., A. Pokorny, P. F. Almeida and H.-S. Lee, “Molecular dynamics

studies of transportan 10 (Tp10) interacting with a POPC lipid bilayer”, The

Journal of Physical Chemistry B , Vol. 115, No. 5, pp. 1188–1198, 2010.

77. Herce, H. D., A. E. Garcia and M. C. Cardoso, “Fundamental molecular mecha-

nism for the cellular uptake of guanidinium-rich molecules.”, Journal of the Amer-

ican Chemical Society , Vol. 136, No. 50, pp. 17459–17467, 2014.

78. Deshayes, S., M. C. Morris, G. Divita and F. Heitz, “Cell-penetrating peptides:

tools for intracellular delivery of therapeutics.”, Cellular and molecular life sci-

ences : CMLS , Vol. 62, No. 16, pp. 1839–1849, 2005.

79. Beck, D. A. C., G. W. N. White and V. Daggett, “Exploring the energy landscape

of protein folding using replica-exchange and conventional molecular dynamics

simulations”, Journal of structural biology , Vol. 157, No. 3, pp. 514–523, 2007.

80. Nguyen, T. H. T., N. Z. Rao, W. M. Schroeder and P. B. Moore, “Coarse-grained

molecular dynamics of tetrameric transmembrane peptide bundles within a lipid

bilayer.”, Chemistry and physics of lipids , Vol. 163, No. 6, pp. 530–537, 2010.



234

81. Nymeyer, H., T. B. Woolf and A. E. Garcia, “Folding is not required for bilayer

insertion: replica exchange simulations of an alpha-helical peptide with an explicit

lipid bilayer.”, Proteins , Vol. 59, No. 4, pp. 783–790, 2005.

82. Polyansky, A. A., P. E. Volynsky, A. S. Arseniev and R. G. Efremov, “Adapta-

tion of a Membrane-active Peptide to Heterogeneous Environment. I. Structural

Plasticity of the Peptide”, The journal of physical chemistry B , Vol. 113, No. 4,

pp. 1107–1119, 2009.

83. Akdag, I. O. and E. Ozkirimli, “The Uptake Mechanism of the Cell-Penetrating

pVEC Peptide”, Journal of Chemistry , 2013.

84. Alaybeyoglu, B., B. Sariyar Akbulut and E. Ozkirimli, “A novel chimeric peptide

with antimicrobial activity”, Journal of peptide science : an official publication

of the European Peptide Society , Vol. 21, No. 4, pp. 294–301, 2015.

85. MacCallum, J. L., W. F. D. Bennett and D. P. Tieleman, “Distribution of amino

acids in a lipid bilayer from computer simulations.”, Biophysical journal , Vol. 94,

No. 9, pp. 3393–3404, May 2008.

86. Tsai, C. W., N. Y. Hsu, C. H. Wang, C. Y. Lu, Y. Chang, H. H. G. Tsai and

R. C. Ruaan, “Coupling Molecular Dynamics Simulations with Experiments for

the Rational Design of Indolicidin-Analogous Antimicrobial Peptides”, Journal of

molecular biology , Vol. 392, No. 3, pp. 837–854, 2009.

87. Epand, R. M. and H. J. Vogel, “Diversity of antimicrobial peptides and their

mechanisms of action.”, Biochimica Et Biophysica Acta-Biomembranes , Vol. 1462,

No. 1-2, pp. 11–28, 1999.

88. Duchardt, F., M. Fotin-Mleczek, H. Schwarz, R. Fischer and R. Brock, “A com-

prehensive model for the cellular uptake of cationic cell-penetrating peptides”,

Traffic, Vol. 8, No. 7, pp. 848–866, 2007.



235

89. Ciobanasu, C., J. P. Siebrasse and U. Kubitscheck, “Cell-penetrating HIV1 TAT

peptides can generate pores in model membranes”, Biophysical journal , Vol. 99,

No. 1, pp. 153–162, 2010.

90. MacCallum, J. L., W. D. Bennett and D. P. Tieleman, “Transfer of arginine into

lipid bilayers is nonadditive”, Biophysical journal , Vol. 101, No. 1, pp. 110–117,

2011.

91. Mitchell, D. J., D. T. Kim, L. Steinman, C. G. Fathman and J. B. Rothbard, “Pol-

yarginine enters cells more efficiently than other polycationic homopolymers.”,

The journal of peptide research : official journal of the American Peptide Soci-

ety , Vol. 56, No. 5, pp. 318–325, 2000.

92. Rothbard, J. B., E. Kreider, C. L. VanDeusen, L. Wright, B. L. Wylie and P. A.

Wender, “Arginine-rich molecular transporters for drug delivery: role of backbone

spacing in cellular uptake”, Journal of medicinal chemistry , Vol. 45, No. 17, pp.

3612–3618, 2002.

93. MacCallum, J. L., W. F. D. Bennett and D. P. Tieleman, “Partitioning of Amino

Acid Side Chains into Lipid Bilayers: Results from Computer Simulations and

Comparison to Experiment”, The Journal of general physiology , Vol. 129, No. 5,

pp. 371–377, May 2007.

94. Isralewitz, B., J. Baudry, J. Gullingsrud, D. Kosztin and K. Schulten, “Steered

molecular dynamics investigations of protein function”, Journal of Molecular

Graphics and Modelling , Vol. 19, No. 1, pp. 13–25, 2001.

95. Lorenzo, A. C. and P. M. Bisch, “Analyzing different parameters of steered molec-

ular dynamics for small membrane interacting molecules”, Journal of Molecular

Graphics and Modelling , Vol. 24, No. 1, pp. 59–71, 2005.

96. Das, P., M. Moll, H. Stamati, L. E. Kavraki and C. Clementi, “Low-dimensional,

free-energy landscapes of protein-folding reactions by nonlinear dimensionality



236

reduction”, Proceedings of the National Academy of Sciences , Vol. 103, No. 26,

pp. 9885–9890, 2006.

97. Tenenbaum, J. B., V. de Silva and J. C. Langford, “A global geometric framework

for nonlinear dimensionality reduction.”, Science, Vol. 290, No. 5500, pp. 2319–

2323, 2000.

98. Plaku, E., H. Stamati, C. Clementi and L. E. Kavraki, “Fast and reliable analy-

sis of molecular motion using proximity relations and dimensionality reduction”,

Proteins , Vol. 67, No. 4, pp. 897–907, 2007.

99. Ferguson, A. L., A. Z. Panagiotopoulos, I. G. Kevrekidis and P. G. Debenedetti,

“Nonlinear dimensionality reduction in molecular simulation: The diffusion map

approach”, Chemical Physics Letters , Vol. 509, No. 1-3, pp. 1–11, 2011.

100. Hartmann, M., M. Berditsch, J. Hawecker, M. F. Ardakani, D. Gerthsen and A. S.

Ulrich, “Damage of the bacterial cell envelope by antimicrobial peptides grami-

cidin S and PGLa as revealed by transmission and scanning electron microscopy”,

Antimicrobial agents and chemotherapy , Vol. 54, No. 8, pp. 3132–3142, 2010.

101. Park, Y., D. G. Lee, S.-H. Jang, E.-R. Woo, H. G. Jeong, C.-H. Choi and

K.-S. Hahm, “A Leu-Lys-rich antimicrobial peptide: activity and mechanism.”,

Biochimica Et Biophysica Acta-Biomembranes , Vol. 1645, No. 2, pp. 172–182,

2003.

102. Stenger, S., D. A. Hanson, R. Teitelbaum, P. Dewan, K. R. Niazi, C. J. Froelich,

T. Ganz, S. Thoma-Uszynski, A. Melián, C. Bogdan, S. A. Porcelli, B. R. Bloom,

A. M. Krensky and R. L. Modlin, “An antimicrobial activity of cytolytic T cells

mediated by granulysin.”, Science, Vol. 282, No. 5386, pp. 121–125, 1998.

103. Torrent, M., A. Sánchez-Chardi, M. Nogués and E. Boix, “Assessment of antimi-

crobial compounds by microscopy techniques”, Microscopy: Science, Technology,

Applications and Education,(3), Series , Vol. 3, No. 4, pp. 1115–1126, 2010.



237

104. Jensen, K. F., J. El-Ali and P. K. Sorger, Cells on chips , Nature, 2006.

105. Dittrich, P. S. and A. Manz, “Lab-on-a-chip: microfluidics in drug discovery”,

Nature Reviews Drug Discovery , Vol. 5, No. 3, pp. 210–218, 2006.

106. Boehm, D. A., P. A. Gottlieb and S. Z. Hua, “On-chip microfluidic biosensor for

bacterial detection and identification”, Sensors and Actuators B: Chemical , Vol.

126, No. 2, pp. 508–514, 2007.
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