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ABSTRACT 

Peptides hold great promise for clinical applications such as cancer and 

antimicrobial therapies.  In cancer, conjugation of cancer treatments to tumor 

specific peptides improves their therapeutic efficiency.  On the other side, 

antimicrobial peptides offer a great alternative for the conventional antibiotics 

against bacterial resistance and display selective anticancer activities with low 

toxicity.  However, to obtain therapeutically applicable peptides, the chemical 

structures of lead sequences need to be further manipulated. The two main aims of 

this thesis were (i) to engineer cancer targeting peptides based on lead sequences 

NGR and p160 for enhanced proteolytic stability and binding affinity for cancer 

cells, (ii) engineer synthetic analogues of microcin J25 antimicrobial peptide, and 

improve its anticancer activity by augmenting its cellular uptake.  First, a NGR 

peptide library was screened using peptide array-whole cell binding assay. This 

led to the identification several new peptides that targeted aminopeptidase N 

(CD13) receptor in the CD13
+
 cells.  Specifically peptide 5 (YNGRT) displayed 

significant increase in CD13
+
 cells uptake compared to the lead peptide and 

displayed better APN enzyme inhibition. Second, p160 peptide analogues were 

engineered by replacement of two or three amino acids with D-residues or β3-

amino acids for improved proteolytic stability while maintaining high specificity 

for breast cancer cells. Three analogues (18-4, 18-9, and 18-10) that exhibited 

resistance to proteolytic degradation in human serum and in liver homogenate and 

impart no cell cytotoxicity were identified.  Further, two peptide-drug 

(Doxorubucin) conjugates were examined for their cancer drug targeting 



efficiency.  Our results demonstrated that the ester conjugate was equally potent 

to free Dox, with improved specificity to breast cancer cell including Dox 

resistant cell lines. To accomplish the second goal, six MccJ25 peptide analogues 

were engineered. Peptides 1 and 6 displayed good activity against Salmonella 

newport. Peptide 1 displayed activity against five other Salmonella strains by 

inhibition of target cell respiration.  Circular dichroism and proteases experiments 

showed that the active peptides adopt a folded structure but not the true lasso 

structure. Finally, a conjugate of MccJ25 peptide with 18-4 significantly enhanced 

the anticancer apoptotic activity in breast cancer cells by greater cellular uptake. 

Peptides identified herein are useful entities that can be translated to 

pharmacologically valuable structures of clinical value.  
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1.1. Peptides Therapeutics  

Peptide based therapeutic market is undergoing a very exciting revival in the 

last two decades.  The pharmaceutical industry becomes highly interested in 

peptides as potential drug candidates.  This interest is at least partially a result of 

the widespread acceptance of protein therapeutics by patients and physicians, and 

development of solutions to peptide problems such as short half-life and synthesis 

on large scale.
1
  In addition, therapeutic peptides offered an effective and 

innovative solution for a wide variety of therapeutic areas with unmet medical 

needs, in particular, cancer therapy, metabolic disorders (diabetes, obesity, and 

osteoporosis), treatments for allergy, immunological disorders, and cardiovascular 

diseases.  To date, there are almost 60 marketed peptide drugs worldwide, 

approximately 270 peptides in clinical-phase trials, and approximately 400 in 

advanced preclinical phases.
1,2

  A list of some of the approved peptide therapies 

for various applications are depicted in Table 1.1
3
   

 

Table ‎1.1. List of some of the FDA approved peptide based therapeutics in the 

market. 

Brand name Generic name Indication Approval  year 

Sandostatin LAR Depot® Octreotide acetate Acromegaly 1988 

Lupron Depot® Leuprolide acetate Prostate Cancer 1993 

Miacalcin® Calcitonin Osteoprosis 1995 

Fuzeon® Enfuvirtide Anti-HIV 2003 

Symlin® Pramlintide Diabetes 2005 

Byetta® Exenatide Diabetes 2005 
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The growth rate in the peptide market is significantly higher than small organic 

molecules that make up most traditional medications.  This is because therapeutic 

peptides offer several advantages over small entities.  First, peptides offer greater 

efficacy, selectivity and specificity.
4
  Second, the degradation products of peptides 

are amino acids, thus there is low risk of systemic toxicity.
5
  Third, peptides have 

short half-life, so do not accumulate in the tissues, thus there is low risk of 

complications caused by their metabolites.
5
 

In this thesis, we explored the usefulness of peptide therapeutics in two areas 

which gained high attention from various research groups in the last two decades.  

The first area is the potential use of tumor-specific peptides for selective delivery 

of chemotherapeutics in cancer therapy.  The second area is the use of 

antimicrobial peptides either for combating pathogenic strains as an alternative to 

conventional antibiotics, or their use as anticancer therapy.
6,7

   

1.2. Tumor Targeting Peptides 

 1.2.1. Limitation of Conventional Cancer Therapy 

Despite the significant improvement in our understanding of cancer and the 

different methods used in its treatment, still it remains a leading cause of mortality 

around the world.  An estimated 186,400 new cases of cancer, and 75,700 deaths 

from cancer will occur in Canada in 2012.  Of the newly diagnosed cases, more 

than one-half will be lung, colorectal, prostate and breast cancers.
8
  Difficulty in 

treating cancer originates from the fact that the standard first line treatments such 

as surgery, radiation, and chemotherapeutics all have significant limitations.  
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Surgery and radiation can just destroy primary tumors, and they are unable to 

eradicate metastatic tumors. In contrast, systemically administered 

chemotherapeutics can target both primary and metastatic tumors.  But they 

inhibit cell division non-specifically, thereby causing severe toxicities in normal 

replicating tissues such as hair follicles, bone marrow and digestive system.  Side 

effects that occur as a result of toxicities lead to administration of anticancer 

chemotherapeutics at suboptimal doses, resulting in the eventual failure of 

therapy, this is often accompanied by the development of drug resistance and 

metastatic disease.
9
  

A wide array of strategies has been developed to enhance the selective delivery 

of chemotherapeutic drugs to the tumor site with reduced toxicity, and overcome 

emergence of multidrug resistance in tumors.
10,11

  One avenue to accomplish this 

feat is targeted delivery of therapeutic molecules to the tumor cells, or tumor 

microenvironments by means of ligands that are specific for tumor-associated 

markers or receptors.  Researchers have discovered by studying the distinct nature 

of the tumor tissue and its microenvironment, that tumor cells carry molecular 

markers that are not expressed or are expressed at much lower levels in normal 

cells.
12,13

  These markers are mostly proteinous in nature, and identification and 

characterization of ligands with high affinity to these markers can lead to specific 

accumulation of cytotoxic molecules at the tumor site (Figure 1.1).
14

  In this 

regard, different ligands have been identified and studied for tumor selective drug 

targeting, such as antibodies, peptides, aptamers, affibodies, hormones and some 

low molecular weight compounds, such as folate and some vitamins.  These 
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ligands allow specific delivery of drugs to the cancer cells either by direct 

conjugation, or it can be conjugated to the surface of different drug carrier 

delivery systems, such as liposomes and micelles.  

 

 

 

Figure ‎1.1. Selective tumor targeting using a specific ligand for a receptor that is 

overexpressed on tumor cells. 

 

1.2.2. Different Tumor Targeting Ligands 

In this section the different ligands of proteinous nature (antibodies, 

affibodies, and peptides) used in tumor targeting are discussed, and pros and cons 

of each are presented. 

1.2.2.1. Monoclonal Antibodies  

The identification of tumor specific markers overexpressed by cancer cells has 

enabled researchers to develop antibodies that can specifically target these 
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markers.  Antibodies are by far the most studied ligands used for tumor targeting.  

A monoclonal antibody (mAb) or immunoglobulin (Ig) is a Y-shaped protein, and 

it has five subclasses (IgG, IgA, IgM, IgE, IgD).  IgG antibody is the main 

antibody and almost the exclusively used in therapeutic applications.  Structurally, 

the antigen-binding sites are located on the two Fab tips and immunity functions 

are mediated by the stem Fc domain (Fig. 1.2).  Initially, the antibodies used for 

therapeutic purposes were created by murine hybridoma technology.  

Consequently, antibodies originated from murine origins elicit an immune 

response against the antibodies themselves, which in turns reduces the therapeutic 

efficacy.  With the recent development in antibody engineering, small 

recombinant antibody fragments lacking the Fc site which elicit immune response 

were developed, including Fab, scFv, and engineered variants (diabodies, 

triabodies, minibodies and single-domain antibodies).  The drawback of using 

shorter fragments was the reduced antibody binding avidity.
15

  Various structures 

of antibodies and antibody variants are presented in Figure 1.2. 
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Figure ‎1.2. Schematic representation of different antibody formats, showing 

intact classic IgG molecules. A variety of antibody variants, including Fab, scFv, 

and multimeric formats, such as minibodies, diabodies, and Fab' multimers.
16

  

(Adapted from reference 16, free access)  

 

Targeting antibodies towards markers on the surface of tumor cells has 

given rise to four strategies (Figure 1.3).  First, an antibody can be used as a 

single entity that is therapeutically effective by itself, where it binds to and 

inhibits tumor growth by inhibiting ancillary functions of these receptors.  This 

approach has been validated through the development of trastuzumab 

(Herceptin™) and bevacizumab (Avastin™).  Second, a drug can be directly 

attached to a tumor-specific antibody to guide it to tumor cells,
17

 an example is 

gemtuzumab ozogamicin (Mylotarg™).  A third antibody strategy involves the 

use of antibodies to guide an attached radioactive element or drug delivery system 

to the tumor site.
18

  This approach was exemplified by pemtumomab 

(Theragyn™), an antibody labeled with yttrium-90.  A fourth strategy involves 

Fab 

Fc 
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the use of antibodies to guide a prodrug/drug-releasing enzyme to tumor cells, it is 

called antibody-directed enzyme prodrug therapy (ADEPT).  This technique can 

be simplified as follows; the monoclonal antibody is given first (with the enzyme 

attached).  A few hours later, a pro-drug is given; the pro-drug is an inactive anti-

cancer drug. When the pro-drug comes into contact with the enzyme, a reaction 

takes place which activates the anti-cancer drug.
19

  

 

 

 

Figure ‎1.3. Antibody-based immunoconjugates are specifically targeted 

monoclonal antibodies that deliver a cytotoxic payload to their target. The 

cytotoxic agents can be highly potent drugs, radionuclides or toxins. Such 

molecules, referred to as antibody-drug conjugates, radioimmunoconjugates and 

immunotoxins, respectively.
20

 (Adapted with permission from reference 20) 

 
 

Numerous pre-clinical and clinical efficacy studies have shown that antibody 

drug conjugates enhance the antitumor activity of naked antibodies, plus they 

reduce the systemic toxicity of the cytotoxic drugs conjugated to the antibody.
17
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To date, there are many FDA approved monoclonal antibodies for cancer 

treatment (some are listed above) with dozens more in clinical trials.
21

   

Although monoclonal antibodies offer many attractive features for tumor 

targeting, they are also linked with different disadvantages that hamper their 

clinical application.  Antibodies are known to be unstable both in terms of 

proteolysis and shelf-life.  In addition, antibodies are large in size having a 

molecular weight of approximately 160 kDa, which hinders them from entering 

the tumor site and increase the manufacturing cost.  To overcome this, researchers 

developed single chain antibodies that are smaller in size, Mw 25 KDa.  

Furthermore, despite the recent use of humanized antibodies, still their application 

in vivo is limited by their high immunogenicity.
22

  Another major problem with 

mAb therapy is the nonspecific uptake of the antibody molecules into the 

reticuloendothelial system such as the liver, spleen, and bone marrow causing 

major toxicities to these organs.
23

 

 

1.2.2.2. Affibodies  

Affibodies are another group of tumor targeting ligands that have been 

studied.  An affibody molecule (Affibody AB) is a small (7 kDa) engineered 

affinity protein, typically 50-70 amino acids long.  It is based on the combinatorial 

protein engineering of the small and robust α-helical structure of the domains of 

protein A.
24

  Different studies have shown the excellent targeting capabilities of 

affibody ligands to the extracellular domain of human epidermal growth factor 
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receptor 2 (HER2), a marker that is overexpressed in ~ 20-30% of breast cancers.  

In one study, different affibodies were isolated by in vitro phage display from a 

combinatorial protein library, based on the 58 amino acid residue staphylococcal 

protein A-derived Z domain.
25

  Selected affibody ligands bind to HER2 with 

nanomolar affinity (KD ~50 nM).  In another study, a bivalent affibody ligand 

was constructed by head-to-tail dimerization and shown to have an improved 

affinity to HER2 (KD~ 3 nM) compared to the monovalent affibody.
26

  Moreover, 

radiolabeled affibody ligands showed specific binding in vitro to native HER2 

molecules expressed in human cancer cells. Biodistribution studies in mice 

carrying SKOV-3 xenografted tumors revealed that significant amounts of 

radioactivity were specifically targeted to the tumors in vivo, and the tumors could 

easily be visualized with a gamma camera. Furthermore, affibodies showed 

promising results in targeting HER-2-positive cancer cells by conjugating 

affibody to nanoparticle encapsulating paclitaxel.
27

 These results collectively 

suggest that affibody ligands would be interesting candidates for specific tumor 

targeting in clinical applications, such as in vivo imaging and radiotherapy. 

Despite the smaller size of affibodies with respect to antibodies, still they 

have some disadvantages which hamper their clinical application.  Affibodies are 

proteins in nature, so any physical or chemical alteration in its secondary structure 

during preparation or storage can have a significant impact on their biological 

activity in vivo.  
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1.2.2.3. Peptides  

In recent years, investigators have turned their attention to the use of peptides 

and peptidomimetics in cancer targeting as an alternative to previously mentioned 

targeting moieties. Peptide-based therapeutics offered multiple advantages in 

cancer targeting compared to large proteins such as antibodies, and affibodies 

Peptides have the potential to penetrate deep into tissues owing to their smaller 

size, they are generally less immunogenic than recombinant proteins and 

antibodies.  Peptide synthesis is very well developed using automated solid phase 

methodology, allowing rapid synthesis in good yields and cost effective (synthetic 

versus recombinant).  Peptide conjugation to different cargos is much easier and 

reproducible than conjugation to big proteins. Moreover, peptides have higher 

stability (length of storage at room temperature).
28

  In addition aforementioned 

advantages, studies have shown that peptide can mimic carbohydrates to target 

carbohydrate overexpressed receptors expressed on tumor.
29

  It is already known 

that carbohydrates production by recombinant technology is a tedious process. 

Peptide mimics solved this dilemma, Fukuda and her colleagues have employed 

peptide-displaying phage technology and identified peptides that function as 

carbohydrate ligands,
30

  they focused on selectin which normally binds 

carbohydrates during tumor cell metastasis.  Screening a phage display library of 

small peptides with a selectin probe identified a peptide that binds selectin.  When 

the researchers injected labeled versions of this peptide into mice with tumors, the 

peptides homed specifically to the tumors and inhibited metastasis.
31
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With the advent of the in vivo peptide phage display technology, a variety of 

peptides were expressed on the surface of phage, and then analyzed for their 

binding affinity to different tumor markers in different tissue types.
32-34

  Using 

this technique, several peptides that target proteinous antigens preferentially 

expressed on tumors or tumors microenvironment have been identified, and new 

ones continue to be discovered.
35

  Currently, the peptide tumor-targeted therapies 

follow two main strategies: i) targeting of tumor cells, via tumor associated 

antigens, specifically expressed or over expressed by tumor cells and, ii) targeting 

of tumor vasculature via vascular overexpressed  antigens, examples of each 

groups are presented in section 1.2.3.  The goal of the first strategy is the selective 

targeted delivery of cytotoxic moieties to cancer cells, with the consequent death 

of tumor cells and low or no damage to healthy tissues.  In the second strategy, 

the goal is to target tumor vessels and specifically impair them through inhibition 

of pro-angiogenic growth factors, which produces tumor starvation and reduced 

tumor cell access to the blood stream with consequent reduced metastasis.  The 

use of peptide-based ligands for selective delivery of a wide variety of 

therapeutics such as radionuclides, cytotoxic entities, and other agents to 

malignant tumors is a highly effective targeting approach, and it holds a great 

promise for clinical applications in cancer diagnosis and therapy.
31

  A full 

database of tumor homing peptides was recently published.
36

 The term “cancer 

targeting peptides” are generally applied for peptides evaluated in vitro or in vivo, 

but tumor targeting peptides are for peptides which were assessed in vivo. 
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1.2.3. Classification of Tumor Targeting Peptides 

Tumor targeting peptides are classified into two general classifications: 

peptides targeting tumor cell-surface receptors or peptides targeting tumor 

vasculature.  While it is not feasible to discuss all potential cancer targeting 

peptides discovered so far within the framework of this thesis, one could consider 

some of the potential peptide sequences which had their in vivo targeting capacity 

evaluated.  A list of the in vivo evaluated targeting peptides is presented in Table 

1.2.   

1.2.3.1. Tumor Cell Surface Targeting Peptides 

Tumor targeting peptides are often selected for their binding to cell surface 

proteins involved in biological functions such as cell surface receptors, growth 

factor receptors and cell adhesion molecules.  Different peptide sequences 

targeting various types of cancers have been exploited.  

Breast cancer  In 2001, Zhang et al. reported that an in vitro phage-

displayed peptide library screening against WAC 2 neuroblastoma cell line 

yielded a linear 12-mer peptide VPWMEPAYQRFL (p160) that also targets the 

breast cancer cell line MDA-MB-435.
37

  Askoxylakis et al. in another study 

showed that p160 is internalized into MDA-MB-435 cells, and clustered at the 

cellular membrane.  Intravenously injected 
131

I-labeled p160 was demonstrated to 

specifically accumulate in xenografts of the breast tumor as compared with heart, 

spleen, liver and brain and the perfusion of the mice decreased radioactivity in 

nonspecific tissue.
38

  In a way to screen for better analogues of p160, we 
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developed a high throughoutput peptide array library screening method in our lab, 

and we synthesized a library of 70 peptide sequences derived from p160 peptide 

on a cellulose membrane, and screened it against MDA-MB-435 and MCF-7 

human breast cancer cells.  Five newly identified peptide analogues of p160 with 

higher affinity for breast cancer cell lines were discovered, among them, (p11) 

RGDPAYQGRFL, and (p18) WXEAAYQRFL have displayed 2-3 fold increase 

in specific affinity for breast cancer cells compared to lead p160.
39

  

Prostate carcinoma  Zitzmann et al. used a 12-mer phage-displayed 

peptide library to screen for ligands of the DU-145 prostate carcinoma cell line.
40

  

After six rounds of biopanning, all sequenced phage clones were determined to 

display the same peptide FRPNRAQDYNTN (DUP-1).  Synthetic DUP-1 peptide 

bound and internalized in prostate carcinoma cells DU-145 and PC-3 cells, but not 

to normal HUVECs or the benign prostate cell line PNT-2.  DUP-1 peptide 

accumulated specifically in DU-145 and PC-3 xenografts in vivo, and perfusion 

decreased non-specific accumulation in the kidney and blood.  DUP-1 in vivo 

biodistribution was also evaluated using the AT-1 rat prostate adenocarcinoma 

model.  In rats, DUP-1 accumulated in cancerous prostate tissue threefold 

compared to normal prostate tissue and muscle.  The authors reported that DUP-1 

was degraded in human, mouse and rat serum within ∼ 10 min and suggested in 

vivo stabilization experiments with this lead structure.  Optimization of DUP-1 

was carried out to increase stability in vivo.
41

 

Hepatocellular carcinoma  Li et al. screened a phage-displayed peptide 

library against recombinant human epidermal growth factor receptor (hEGFR) in 
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vitro, and isolated the phage displaying YHWYGYTPQNVI peptide (GE11).
42

 

Synthetic free GE11 peptide and epidermal growth factor (EGF) inhibited phage 

binding to human EGF receptor (hEGFR), as well as the EGFR-positive human 

hepatocarcinoma cell line SMMC-7721.  These results demonstrated the binding 

specificity of GE11 peptide for EGFR and the overlap of EGF and GE11 binding 

sites.  In vivo biodistribution studies showed that 
125

I-labelled GE11 specifically 

accumulated in SMMC-7721 tumor in mouse xenografts at 4 h post intravenous 

injection.  Li et al. further demonstrated that GE11-coated PEI/DNA polyplexes 

could target SMMC-7721 xenografts in vivo, and cause an 18-fold increase in 

luciferase expression in the tumor as compared with non-coated PEI/DNA 

polyplexes.
42

  

Du et al. screened a pool of disulfide-constrained 7-mer, and linear 12-mer 

phage displayed peptide libraries in vitro against the human hepatocellular 

carcinoma cell line BEL-7402.
43

  Phage, bearing (WP05) TACHQHVRMVRP 

peptide bound specifically to BEL-7402 cells. Peptide specificity for 

hepatocellular carcinoma was further demonstrated by showing FAM-labeled 

WP05 peptide bound to BEL-7402, BEL-7404, SMMC-7721 and HepG2 cells, 

but not to HL-7702 normal liver cells using fluorescence microscopy and flow 

cytometry.  WP05 phage injected intravenously into mice bearing BEL-7402 

tumors accumulated in the tumor as opposed to normal mouse liver tissue. 

Gastric cancer  Akita et al. reported the three amino acid motif lysine-leucine-

proline (KLP) that targeted peritoneal metastases of gastric cancer derived from 

the AZ-P7a cell line in BALB /nu mouse xenografts.
44

  In vivo biopanning with a 
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phage-displayed peptide library was exploited by peritoneal injection of the 

library and harvesting metastatic nodules for the binding phages.  In vitro and in 

vivo competition experiments showed that synthetic SWKLPPS peptide 

significantly inhibited SWKLPPS-displaying phage from binding to metastases, 

indicating that targeting was attributed to the peptide moiety. SWKLPPS-coated 

liposomes accumulated in the peritoneal metastases more efficiently than non-

coated liposomes.  Furthermore, treatment with SWKLPPS-coated liposomes 

containing doxorubucin enhanced antiproliferative affects compared with non-

targeted control liposomes. 

Pancreatic cancer  Tanaka et al. reported that expression of growth factor 

receptor-bound protein 7 (Grb7) was upregulated in 61% of pancreatic cancer 

specimens, and this upregulation was correlated with lymph node metastasis.
45

  

The authors then demonstrated that Grb7 siRNA abrogated Grb7 expression and 

resulted in reduced pancreatic cancer cell migration into fibronectin.  A non-

phosphorylated peptide inhibitor of Grb7 SH2 domain G7-18NATE, which was 

previously identified using filamentous phage display technology was conjugated 

to a penetratin sequence to facilitate targeting and internalization into human 

pancreatic cancer cells (Panc-1) for evaluation of metastasis inhibition. 
46

 

Treatment of cells with the peptide conjugate did not alter proliferation, but did 

reduce migration into fibronectin. To evaluate the peptide inhibitor in vivo, 

BALB/c mice were injected intraperitoneally with Panc-1 cells, followed by 

peptide inhibitor treatment over 2 weeks. Treatment with the Grb7 inhibitor 
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peptide successfully targeted Panc-1 cells, and resulted in drastically limited 

pancreatic tumor cell migration and metastases.  

Huang et al. screened a 12-mer phage-displayed peptide library in vitro against 

irradiated Capan-2 human pancreatic adenocarcinoma cells, thereafter the isolated 

binding phage were subjected to subtractive screening on non-irradiated Capan-2 

cells.
47

  A synthetic peptide SHGFSRHSMTLI (PA1) was shown to target and 

internalize into irradiated Capan-2 cells, but not to non-irradiated cells using flow 

cytometry.  Furthermore, they showed that intraperitoneally injected PA1 could 

target subcutaneous xenografts of irradiated Capan-2 tumors in mice, but not non-

irradiated xenografts.   

 

1.2.3.2. Vascular Targeting Peptides 

a. Peptides Homing to Tumor Blood Vessels 

Molecular, structural, and functional studies have revealed extensive 

differences between the normal vasculature, and tumor blood vessels which can 

be used in selective tumor targeting.  Tumor blood vessels were shown to be leaky 

and tortuous.
48

  In addition, angiogenic tumor blood vessels  express molecular 

markers that are expressed at low levels or entirely absent in resting quiescent 

blood vessels, and the ease of accessibility of these surface proteins by the blood 

stream makes them ideal targets.
49

  Furthermore, malignant tumor cells are prone 

to mutations, in contrast, the tumor vasculature cells are considered to be 

genetically stable and thus less prone to drug resistance, a common feature of 
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neoplastic cells due to prolonged treatment with anticancer drugs.
50

  Collectively, 

such favourable characteristics highlighted the significance of vascular targeting 

approach in cancer therapy.   

 

Table ‎1.2. Targeting peptides either isolated by in vivo biopanning or evaluated in 

vivo 

    

Numerous peptides homing specifically to tumor blood vessels have been 

identified. (Table1.2)  Many of the specific molecular markers in tumor vessels 

are associated with angiogenesis such as integrins.  Angiogenesis, is the formation 

of new capillaries from pre-existing vessels for tumor nourishment and 

progression.  Anti-angiogenic therapy acts by eliminating new vasculature has 

Cancer Type Peptide Sequence 

(Name) 

Selection Method Receptor 

Tumor Specific 

   

Breast  VPWMEPAYQRFL 

(p160) 

Phage display mouse xenograft ND 

Prostate  FRPNRAQDYNTN 

(DUP-1) 

Phage display mouse xenograft ND 

Hepatocarcinoma 

YHWYGYTPQNVI 

(GE11) 

Phage display mouse xenograft hEGFR 

 

TACHQHVRMVRP 

(WP05) 

Phage display mouse xenograft ND 

Pancreatic  Penetratin sequence 

conjugated G7-

18NATE 

Phage display mouse xenograft growth factor 

receptor-bound 

protein 7 (Grb7) 

SHGFSRHSMTLI 

(PA1) 

Phage display mouse xenograft ND 

Gastric  SWKLPPS Phage display mouse xenograft ND 

 

Tumor Vasculature 

 

   

Tumor angiogenic 

vessels 

 

CDCRGDCFC 

(RGD-4C) 

Phage display mouse xenograft Integrins 

( αvβ3 and αvβ5) 

CNGRCVSGCAGRC 

(NGR) 

Phage display mouse xenograft Aminopeptidase N 

Tumor lymphatic 

vessels  

CGNKRTRGC 

(LyP-1) 

ex vivo/in vivo screen on mouse 

xenograft 

p32/gC1qR 
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proven to be a promising concept in tumor targeting based on the destruction of 

tumor microvasculature.
51

  RGD (Arg-Gly-Asp)
52

, and NGR (Asn-Gly-Arg)
53

 

peptide motifs discovered through the in vivo phage display represent the first-

generation of vascular homing peptides, and they will be discussed in details. 

The RGD motif was originally discovered in vitro in peptides that bind to 

different integrins which are overexpressed in vasculature of tumors.
54,55

  

Thereafter, the RGD peptide was shown to home in vivo to malignant melanoma, 

and breast carcinoma xenografts after intravenous injection into tumor-bearing 

mice.
52

  The RGD peptides have high affinity towards the integrins expressed in 

the angiogenic vasculature, in particular, αvβ3 and αvβ5.
54

  Along with integrins 

binding, RGD peptides are also capable of internalizing into the cells, causing cell 

death, and interrupting angiogenesis process.  

A considerable number of synthetic peptides containing RGD have been 

developed, including ACDCRGDCFCG (RGD-4C), CRGDC (RGD-2C) which 

have different beneficial abilities.
56

  By using knockout mice to show the effects 

of the RGD-4C peptide, it was shown that RGD-4C has anti-angiogenic effects. 

Using multiple angiogenesis assays in these knockout strains, RGD-4C repeatedly 

demonstrated anti-angiogenic capabilities.
57

  The use of tumor targeting peptides 

in general and RGD peptide in particular was validated with Cilengitide (EMD 

121974, Merck).  It is an anti-angiogenic agent derived from RGD peptide used in 

the treatment of glioblastoma (Figure 1.4). It is the inner salt of a cyclized RGD 

pentapeptide (cyclo-[Arg-Gly-Asp-DPhe-(NMeVal)]), and it is a selective αvβ3 

and αvβ5 integrin antagonist.  A number of phase I and II clinical trials for 
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assessing its anti-angiogenic activity, either as monotherapy or in combinations 

were conducted, and results showed great targeting efficacy.
58,59

  Currently it is 

undergoing phase III clinical trial.  RGD peptides have been widely used for 

targeting, imaging, and treating tumors in preclinical models.
60,61
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Figure ‎1.4. Chemical structure of Cilengitide cyclo(-RGDfV-) peptide. 

 

The NGR peptide motif was identified in an in vivo screen on human breast 

carcinoma xenografts.
53

  Likewise this motif was originally identified as a cell 

adhesion motif,
55

 and it homes selectively to tumor blood vessels and other types 

of angiogenic vessels. The receptor for the NGR peptide is a peptidase, 

aminopeptidase N (APN), which is upregulated in the tumor angiogenic blood 

vessels.
62

  APN is not only a biomarker for angiogenic blood vessels, but it plays 

a functional role in these vessels, antibodies against APN inhibit tumor 

angiogenesis.
62

  Curnis et al. reported NGR-conjugated IFN-γ stimulated 
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antitumor activity in lymphoma and fibrosarcoma mouse models as compared 

with IFN-γ alone.  Results showed that NGR-TNF treatment decreased tumor 

growth with smaller doses than free protein.
63

  The antitumor activity of NGR-

TNF-γ was also studied in combination with various chemotherapeutic drugs: 

doxorubicin, melphalan,
64

 cisplatin, paclitaxel, gemcitabine,
65

 and compared to 

the efficacy of the chemotherapeutic drugs alone in various murine tumor models.  

The results showed that targeted delivery of low doses of NGR-TNF- γ to tumor 

vasculature increased the efficacy of various drugs acting via different 

mechanisms.  Moreover, in transgenic mice, pre-treatment with NGR-TNF-γ 

increased the therapeutic index of doxorubicin and delayed tumor growth 

significantly without increasing drug-related toxicity.
66

  CNGRC-TNF conjugate 

(NGR-TNF) is being tested in phase I and II clinical studies.
67,68

  Studies 

demonstrated that peptides containing NGR motif can undergo spontaneous 

deamidation and generate Asp and isoAsp degradation products. The transition of 

NGR to isoDGR/DGR is associated with loss of CD13 binding and gain of αvβ3-

integrin binding.
69

  

b. Peptides Homing to Tumor Lymphatics  

Peptides targeting tumor lymphatic vessels have also been identified using 

phage display (Table1.2).
70,71

  The first identified lymphatic homing peptide was 

the LyP-1 CGNKRTRGC.
72

  This peptide was identified using a combination of 

an ex vivo/in vivo screen on MDA-MB-435 xenografts in nude mice.  LyP-1 

homed to the tumor-associated lymphatic vessels as well as to tumor cells in the 

hypoxic areas of tumor, but it did not home to the tumor blood vessels.  The LyP-
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1 receptor is a cell surface form of a mitochondrial protein p32.
73

  p32 shows 

unusual cell surface expression in tumor lymphatics, tumor cells, and a subset of 

myeloid cells, which adds to the specificity of LyP-1 homing to tumors.
73

  

Recently, a peptide named RMS-II (CMGNKRSAKRPC) was identified to bind 

to rhabdomyosarcoma  cell lines, and it showed some sequence similarity to LyP-

1.
74

  However, RMS-II homed better to the RMS xenografts in vivo than LyP-1.  

Furthermore, RMS-II recognized tumor blood vessels, and not tumor lymphatic 

vessels indicating different specificities of these two peptides.
74

 

Another study showed that using two lymphatics homing peptides with 

homologous sequences LyP-1 (CGNKRTRGC) and LyP-2 (CNRRTKAGC), 

home to lymphatics of different tumor types.
75

  LyP-1 recognizes the lymphatics 

and tumor cells in MDA-MD-435 melanoma, MMTV-PyMT breast carcinoma, 

and KRIB osteosarcoma xenografts as well as their metastatic lesions but not in 

the C8161 melanomas, while the LyP-2 peptide homes to the lymphatics of the 

C8161 melanomas and K14-HPV16 skin and cervical carcinomas but not to the 

MDA-MB-435 tumors.
75

  The specificity of these peptides was further 

demonstrated by conjugation of the two peptides with different fluorophores 

followed by simultaneous injection into the same animals.
75

  LyP-1 homed only to 

the lymphatics of MDA-MB-435 tumors and LyP-2 to the lymphatics of K14-

HPV16 cervical carcinomas.
75

  These studies indicate that tumor lymphatics are 

similar to tumor blood vessels in that they express tumor type-specific markers 

that are distinct from the blood vessel markers of the same tumor.  
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1.2.4. Methods Used in the Discovery and Optimization of Cancer Targeting 

Peptides  

The discovery of cancer targeting peptides can be accomplished by either 

a rational design approach or by random combinatorial methods. The rational 

design approach is initiated by selecting an endogenous peptide sequence known 

to interact with specific receptor, then using standard synthesis methods to 

determine region of peptide critical for receptor binding affinity, by carrying out 

N and C truncation, alanine scan, and D-amino acid scan.  Once the minimal 

sequence is identified and optimized, it can be used in different peptide receptor 

targeting strategies. Good examples, are octreotide against somatostatin 

receptor,
76

 bombesin against bombesin receptor,
77

 and bradykinin analogues 

against bradykinin receptor.
78

   

In contrast, combinatorial peptide libraries enable the random discovery of 

high affinity peptide ligands to vast number of receptors including ones that have 

unknown endogenous ligands.
79

  The general combinatorial peptide library 

methods are as follows: phage display combinatorial peptide library, one-bead one 

compound combinatorial bead library (OBOC), a solution phage display with the 

affinity chromatography method,
80

  and spatially addressable library screening 

methods, such as the multipin technology, spot synthesis, and light directed 

synthesis method.
80

  The phage display and the OBOC are the most common 

techniques used for tumor targeting peptides identification.  
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Phage display peptide library is a biological method first reported by 

George Smith in 1985.
81

  It used a phage mostly filamentous M13 that infect 

bacterial cells to present peptide or protein sequence on its surface after inserting 

an expression vector.  A phage display library is created by preparing a random 

mixture of phage clones with each displaying a single peptide on the surface.  The 

library is then exposed to intact cell or a protein target of interest present on solid 

support (in vitro), or directly in mouse (in vivo), then cells were removed, washed 

to elute all non-bound phages, and then amplification of the hit peptide allows for 

adequate quantity of phage material to be produced, and the encoding region of 

the phage is then sequenced (Figure1.5).  The screening of phage-display peptide 

libraries has been reported in cancer patients as well.
82,83

  One limitation of the 

phage display is the use of only natural amino acids, as it is not possible to 

generate peptides with D- or unnatural amino acids using phage display, but is 

possible to have cysteine cyclized libraries with constrained conformation.
84

  

Different reports have created an entirely D-isomer peptide through a mirror 

image method using phage display.
85,86

  In this context, the phage library 

expressing the random L isomer peptide will generate L isomer peptide that binds 

to the D isomer protein target.  Thus the natural D isomer peptide will interact with 

the natural L isomer protein target.  In general, phage display method has shown 

great success in generating multiple lead peptides for the development of tumor 

targeting therapeutics.
32,53
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Figure ‎1.5. Selection of tumor targeting peptides using in vivo phage display. 

Peptides are displayed on the surface of the phage. Phage recovered from the 

tumor was amplified and reinjected in mice for another rounds.
87

 (Adapted from 

reference 87, free access). 

 

One bead one compound library (OBOC) was first discovered by Kit Lam 

group in 1991.
88

  It is a chemical method as previously mentioned.  In brief, it 

involves the creation of an entirely random library on a polymer support using 

split mix synthesis (Figure 1.6).  Tentagel polymer is preferred as it supports the 

screening of a library against the protein of interest or intact cells in aqueous 

medium. This method start by dividing the resin beads into a number of equal 

portions, with each portion having single amino acid coupled to it, after reaction 

completion, all of the resin is combined, thoroughly mixed and once again divided 

equally following by coupling of the second amino acid.  This method has an 

advantage of the inclusion of non-natural amino acids in sequence.  This method 

has been utilized in the discovery of many cancer targeting peptides.
79,89
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Figure ‎1.6. Scheme of the split-mix peptide synthesis method.  

 

Lead peptides sequences identified using the aforementioned methods 

need to be further modified and optimized, so that more clinically applicable 

analogues are obtained.  The use of peptide arrays has emerged as a useful tool for 

optimization of peptide sequences.  Peptide array is based on screening peptide 

library synthesized on cellulose membrane in array format, to identify and 

generate a variety of peptide based display specific binding affinity to the cells.
90

  

In this regard, we recently developed a modified peptide array library screening 

method, where we screen the whole membrane with a panel of cell lines without 

punching out each peptide spot.  Using this method, we screened a library of p160 

(70 peptide sequences) against a panel of positive breast cancer cells and negative 



27 

 

cell lines, and at least five derived sequences that showed 2-3 fold increase in 

binding affinity to breast cancer cell lines were identified.
39

 

 

1.2.5. Improving the In Vivo Behavior of Peptides 

Previously mentioned peptide identification tools have generated a large 

number of cell-binding peptides with potential therapeutic activities.  However, 

the use of peptides in tumor targeting has its own limitations which restrict its 

clinical application in cancer therapy.  Peptides have low oral bioavailability, 

short half-life, they can be quickly eliminated from the circulation by the liver and 

kidneys, they have a low binding affinity to the receptor, and their high 

conformational flexibility results sometimes in a lack of selectivity leading to side 

effects.  In this respect, I will briefly review in the next section some common 

approaches that have been undertaken for improving the characteristics of 

peptides selected from phage-display libraries to allow for their clinical 

application. 

 

1.2.5.1. In Vivo Proteolytic Stability 

Peptide metabolic instability in vivo is common for natural L-amino acid 

peptides as they degrade within minutes. This would in turn affect targeting 

ability of peptides as reported in different studies.
38,91

  Fortunately, this can be 

overcame by using a variety of peptide backbone structural modifications known 
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to prevent proteolytic degradation (Figure 1.7).
92

  For instance, the action of 

exopeptidases (enzymes hydrolyze from the N- or C-termini) can be avoided by 

structural modification of the termini, such as amidation of the C-terminus and 

acetylation of the N-terminus. Moreover, the action of endopeptidases (enzymes 

hydrolyze within the peptide) may be prevented by modification of the amino 

acids at the labile sites with various unnatural amino acids such as D-amino acid 

or beta amino acid.  Thus, this renders the site of hydrolysis unrecognizable to the 

proteolytic enzymes. Peptide cyclization is another established method to increase 

peptide proteolytic stability, as it diminishes the exposure of the linear peptide 

sequence to the enzymatic active site.  
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Figure ‎1.7. A schematic representation of some commonly used peptide 

modifications reported to increase proteolytic stability. X and Y represent any 

chemical group or atom. R1, R2 and R3 correspond to the side chain of any of the 

20 natural amino acids   

 

There are various examples from the literature for peptides modifications 

to enhance their proteolytic stability; for instance, somatostatin (SST) is a 

naturally occurring cyclic disulphide-containing peptide with either 14 or 28 

amino acids (Figure 1.8), that binds to tumors that overexpress SST receptors 

with high affinity.  Both have a short plasma half-life (3 min) which prevent their 
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in vivo use.
93

   Several synthetic SST peptide analogs that are more resistant to 

proteolytic degradation have been prepared by molecular modifications 

preserving most of the biological activity of the original SST peptide.
94

  

Introduction of the D-amino acids, and decreasing the ring size to the bioactive 

core sequence, resulted in an 8-amino acid-containing SST analog, “octreotide” 

(Figure 1.8), that preserves the 4-amino acid motif (Phe-D-Trp-Lys-Thr) of native 

SST-14 involved in receptor binding and has a significantly longer plasma half-

life of 1.5-2 h, making it suitable for clinical application as compared to 

endogenous SST.  Other developed proteolytically stable SST receptor-targeting 

analogs include lanreotide and vapreotide (RC-160).  

 

 

Figure ‎1.8. Structures of somatostatin and somatostatin analogs. 
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Furthermore, linear RGD-peptides demonstrated high susceptibility to 

proteolytic degradation.
95

  RGD peptide cyclization using disulfide bond linkage 

in CRGDC confers rigidity to the peptide and it became more stable. Another 

study showed that D-amino acid modification in RGD flanking residues have 

yielded RGD-peptide ligands with increased specificity and nanomolar affinity.
96

  

 

1.2.5.2. Peptide Affinity Optimization 

Generally, peptides directly isolated form phage display bind to their targets 

with low affinity (micromolar range).  Thus, it would be necessary to increase the 

affinity of the peptides to their putative receptors to improve their targeting 

efficiency.  As RGD tripeptide motif is well known to bind integrin ανβ3, there 

have been many structure activity relationship studies looking at different RGD 

peptides to identify features that can enhance the binding affinity and the 

specificity of these molecules. 

Cyclization of the RGD moiety besides increasing peptide stability as 

previously mentioned has produced many compounds with improved affinity, and 

selectivity for integrin αvβ3. Structure activity relationship studies showed that 

RGD peptide cyclization via linkers, such as S-S disulfide, thioether, and rigid 

aromatic rings or other heterocycles, leads to increased receptor binding affinity 

and selectivity.
97,98

  For instance, ACDCRGDCFCG (RGD-4C) was at least 20-

fold more potent than similar peptides with a single disulfide bond, and 200-fold 

more potent than commonly used linear peptides.
54

  Cyclization confers rigidity to 
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structure, orient conformation at the receptor binding motif similar to that of the 

natural receptor, which in turn increased binding affinity to integrins.  A cyclic 

RGD pentapeptide framework is found to increase the binding affinity and 

selectivity regardless of which amino acid is placed at position 5 c(RGDfK), 

c(RGDfE), and c(RGDfV) (Figure 1.9), all three analogues show similar binding 

affinity.
98

  As mentioned previously, the first phase III trial has been launched 

with cilengitide, a cyclic RGD peptide targeting integrins ανβ3 and ανβ5 in brain 

cancer glioblastoma.  

For a further step towards improving peptide binding affinity, mutivalency 

concept originated.
99

 Recently, several laboratories have used bivalent or 

multivalent cyclic RGD moieties to attain high affinity (∼10 nM) for αvβ3.
100

  

Since the natural mode of interactions between integrin αvβ3 and RGD-containing 

proteins, such as vitronectin, and fibronectin, may involve multivalent binding 

sites, the idea to improve the integrin αvβ3 binding affinity with multivalent 

cyclic RGD peptides could provide more effective antagonists with better 

targeting capability, and higher cellular uptake.  Multivalent interactions are used 

in such a way that weak ligand-receptor interactions may become biologically 

relevant.
101

  

As targeting biomolecules for imaging purposes, the first cyclic RGD dimer 

E[c(RGDfK)]2 was developed for imaging purposes, and other researchers 

recently have reported E[c(RGDyK)]2.
102

  These molecules have about 20 bond 

distances between the two cyclic RGD motifs and this is not long enough for each 
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motif to bind to adjacent integrin ανβ3.
99

  However, enhanced binding rate is 

achieved with dimers as binding of one RGD motif would significantly increase 

the local concentration of the second RGD motif.
99

(Figure 1.9 C)  

Besides RGD dimerization, researchers have applied multivalent concept and 

prepared RGD peptide tetramers and they showed better integrin binding affinity 

than monomeric and dimeric analogues.   Different linkers are used to conjugate 

monomeric peptides to one another, such as small flexible molecules (e.g., a few 

ethylene glycol units) or larger carriers (e.g., a leucine zipper variant or the IgG 

Fc-region).
103

  Furthermore, multivalency not only greatly improves the affinity 

but also facilitates internalization.
104

  

Oligo-branched peptides are novel tumor targeting agents that combine the 

advantages of antibodies and small molecules.  They allow multimeric binding 

with enhanced binding affinity, despite a much smaller size compared to 

antibodies, it is easily synthesized and chemically modified like small 

molecules.
105

  The solid-phase synthesis of branched peptides was first described 

by Tam in 1988,
106

  and it is based on using trifunctional amino acids to construct 

branched peptide-based molecules, typically lysine is usually preferred.  One 

lysine will allow synthesis of a two-branched peptide; three lysines will give rise 

to a tetra-branched peptide and so on (Figure 1.9D).  It has been suggested that 

oligo-branched peptides is switching from the strategy of magic bullets to that of 

magic forks. 
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Figure ‎1.9. Chemical structures of various RGD peptides (A) linear RGD, (B) 

Cyclized RGD, (C) dimers, and (D) tetra-branched peptides. 

(D) 
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A proof of concept for the use of oligo-branched peptides as an efficient 

tool in tumor targeting has been explored with the use of neurotensin peptide (NT) 

in its tetrameric form (NT4), whose receptor is overexpressed in several human 

malignancies.  NT4 binds to cell membrane receptors more efficiently than the 

monomeric homologous sequence, and can be coupled to different effector units 

for either cancer imaging or therapy.
107

  Furthermore, conjugation of cytotoxic 

drugs to NT4 provides an in vitro and in vivo peptide receptor-mediated cytotoxic 

effect, increasing drug selectivity toward receptor-positive cells.
107

  Another 

advantage of the use of oligo-branched peptides besides having high binding 

affinity is the long half-life, as they were found to degrade extremely slow by 

blood peptidases.
107

  

Coming to NGR peptide motif, structure activity relationship studies of 

CNGRC and GNGRG peptides showed that the presence of Cys residues and 

disulphide constraint has increased tumor targeting efficiency.
108

  Disulphide 

bond has been shown to constraint bend geometry of CNGRC involving Gly-Arg 

sequence by stabilizing it.
108

  However, molecular dynamic simulation 

experiments showed that unconstrained GNGRG peptide also tends to form a loop 

regardless of the fact that it does not have disulphide bridge by populating a β-

turn conformation which is stabilized by hydrogen bond between the terminal Gly 

and Asn. (Figure 1.10) 
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Figure ‎1.10. (A) Chemical structures of linear NGR. (B) Chemical structure of 

cyclic CNGRC peptide (top) and (C) PDB structure (PDB ID: 1FBR) of the 

human fibronectin type I, 4
th

 and 5
th

 repeats with GNGRG structure in stick form 

(bottom).  

 

1.2.5.3. Improving Tumor Penetration 

The success of targeted cancer therapy depends on the ability of the targeted 

drug molecules to reach primary and/ or metastatic sites, and to penetrate deeply 

into the tumor.
109

  Peptide sequence CRGDKGPDC named the internalizing RGD 

(iRGD), has been identified by screening cyclic CX7C peptide library against 

tumor vasculature of human prostate cancer.
110

  Unlike the conventional RGD 

peptides discussed above, the iRGD motif has ability to penetrate and become 

(C) 

(B) (A) 

Linear NGR Cyclic CNGRC  
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dispersed throughout the tumor tissue.
110

  This motif can also bind to other types 

of cancer including xenografts of pancreatic ductal, and breast cancer.  The 

mechanism underlying the iRGD tissue penetration occurs through a three-step 

process: the RGD motif binds to αvβ integrins on the cell surface, a proteolytic 

cleavage then exposes a binding motif for neuropilin-1 (CRGDK fragment), and 

this mediates the penetration into tissue and cells (Figure 1.11).  The binding 

motif is following a specific consensus R/KXXR/K named (C-end rule),
109

 that is 

known to bind neuropilin-1 a known mediator of vascular permeability induced 

by vascular endothelial growth factor (VEGF).
111

 Accordingly, the CendR 

peptides increased vascular leakage and tissue penetration.  

In fact, it has been shown that the iRGD peptide can enhance the delivery of 

chemotherapeutics to solid tumors, added to that it can do so without requiring 

any chemical conjugation processes with drug molecules.  When drugs such as 

doxorubicin and trastuzumab were co-injected with the iRGD peptide, the drug 

potency and accumulation in the target site have improved.
110

  Also, iRGD 

conjugated to the surface of loaded nanoparticles used to treat glioblastoma in 

mice caused eradication of most tumors in one model and delayed tumor 

development in another model.
112
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Figure ‎1.11. Multistep binding and penetration mechanism of iRGD. The iRGD 

peptide binds to αv integrin-expressing cells in tumors. Then peptide is cleaved by 

a cell surface protease to expose the cryptic CendR element, RXXK/R (red dotted 

line). The CendR element then mediates binding to neuropilin-1, with resulting 

penetration of cells and tissues.
113

 (Adapted with permission from reference113) 

 

1.2.6. Cancer Targeting Peptides in Drug Delivery 

Cancer targeting peptides have shown a great promise in both drug 

delivery to tumors or tumor molecular imaging techniques.  Peptide drug 

targeted delivery to cancer is achieved mainly by either conjugating cancer 

specific peptides to chemotherapeutic drugs, or use these peptides to decorate 

the surface of different drug carriers (nanoparticle, micelles, dendrimers, and 

liposomes ) that encapsulate anticancer drugs and deliver them preferentially to 

targeted tumor sites.
114,113,115

  Each method has its own advantages, peptide drug 

conjugats have high specificity and they can penetrate the tumor better than a 

large nanocarrier.
116

  Whereas, drug carriers such as liposomes, and polymers 

can carry more drug molecules per targeting event and have longer circulation 
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times.  Generally speaking, tumor specific delivery of chemotherapeutics by 

either way increases the therapeutic efficiency of anticancer drugs, and limit 

toxicity to normal tissue.  Accordingly, the phenomena of incomplete tumor 

response, or the development of drug resistance stemming from suboptimal 

doses is reduced.
117

  Overall, this will maintain the quality of the cancer patient’s 

life while efficiently attacking the cancer.  

In drug delivery, peptides offer multiple advantages compared to other 

methods of delivery such as phages, adenoviruses or antibodies.  First, there is a 

total absence of infectious material.  Second, the sequence of the peptide can be 

reduced just to the binding domain only, thus excluding risks of undesired effects 

due to side sequences.  Peptides can be easily modified with unnatural amino 

acids or cyclized to improve stability and/or binding affinity. Peptides can be 

modified with various chemical reactive groups to attach different types of 

chemical groups from drugs or from drug delivery systems (liposomes, 

nanoparticles).  Peptides can be stored freeze-dried, thus limiting the problems of 

long term storage, transport and distribution.  Overall, peptides are considered as 

excellent targeting moieties for the selective delivery of chemotherapeutics and 

diagnostics to tumor sites.  

 

Peptide Drug Conjugates 

Initially, research was focusing on generating antibody drug conjugates 

(ADCs) for tumor selective drug delivery. This approach combined the best 

features of both small-molecule drugs and antibodies to create a single therapy 
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that is highly specific and cytotoxic.  Apart from ADCs in clinical trials, such as 

Inotuzumab ozogamicin (CMC-544) for B-cell lymphomas (II), rentuximab 

vedotin for Lymphomas (phase III), a number of research studies are currently 

ongoing on many other ADCs.
118

  Despite the progress in this field, there are still 

limitations in using ADC in drug delivery which hamper their widespread 

application.  The main limitation is the synthetic assembly of the antibody drug 

conjugates.  Conjugation of the antibody to the drug mostly occurs at cysteines or 

lysines on the antibody, the products of such conjugations are heterogeneous, with 

variations in the number of molecules of drug per antibody and in the sites of 

attachment.
119

  The number of the drug molecules loaded per antibody is also an 

important variable that has to be controlled. Changing this ratio can affect the 

properties of the ADC. Increasing the number of drug molecules can potentially 

lead to higher concentrations of the drug at the target sites.  However, greatly 

modifying the antibody molecule can lead to loss of affinity for the target, 

aggregation and precipitation of the antibody due to lowered solubility, and faster 

clearance of the ADC.
120

   Peptides drug conjugates offer solutions for most of the 

mentioned problems, as it is possible to control peptide drug ratio, and the 

chemistry of conjugation is much easier, owing to the small size of peptide, it can 

better escape from the vasculature and diffuse through the interstitial space of 

tumor. Along with that there is a low chance of eliciting an immune response 

when compared to antibodies.
116

  Another advantage is that some peptide drug 

conjugates were found to escape p-glycoprotein efflux that causes drug resistance, 
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on the contrary, the activity of many ADCs was poor in cells that express these 

efflux pumps.
121

 
122

  

Several reported studies have shown a promising future for the use of 

tumor targeting peptides in drug delivery. Tumor targeting peptides have been 

extensively studied in the delivery of a wide variety of cargos such as antisense 

oligonucleotides, toxins, chemotherapeutic drugs and proapoptotic peptides.
123

  

Remarkable success in targeting the antitumor agent cytokine TNF into tumors 

has been reported with RGD and NGR peptides, the targeted cytokine was 

effective in doses as much as 1,000-fold lower than the usual dose and effectively 

decreasing side effects as a result of the high toxicity of this cytokine.
124

  A 

randomized double-blind phase III study of NGR-TNF (in combination with 

chemotherapy or supportive care) started in 2010 in patients with malignant 

pleural mesothelioma (http://www.clinicaltrialsfeeds.org/clinical-

trials/show/NCT01098266). 

Dox (Doxorubucin) and 2-pyrrolino-Dox have also been conjugated to 

LHRH agonist and antagonist peptides for selectively targeting cancer cells. The 

ability of LHRH-Dox conjugate to inhibit cancer cell growth (i.e., breast, prostate, 

mammary, and ovarian cancer cells) was comparable to that of the corresponding 

individual drugs.
125

  In vivo studies indicated that the drug-agonist conjugates are 

less toxic and more potent than the corresponding individual drugs (i.e., Dox and 

2-pyrrolino-Dox) this was due to the selectivity of the conjugate to target cancer 

cells.  In another study, a doxorubicin-RGD4C conjugate (doxo-RGD4C) was 

synthesized for drug targeting to the vasculature of breast tumor model which 
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express αvβ3 in the angiogenic blood vessels and by the tumor cells themselves. 

Conjugate proved to be equally effective as free doxorubicin in vitro and, more 

importantly, demonstrated improved inhibition of tumor growth and spreading of 

metastases in mice.
126

  In addition to an improved efficacy, doxo-RGD4C also 

displayed reduced toxicity to liver and heart.  

Peptide drug conjugates found its way to clinical trials. GRN1005 is a 

novel peptide-drug conjugate composed of three molecules of paclitaxel 

covalently linked to a 19-amino acid peptide  angiopep-2, that targets the low-

density lipoprotein receptor-related protein 1(LRP-1), one of the most highly 

expressed receptors on the surface of the blood brain barrier BBB and it is in 

phase II clinical trial.  GRN1005 was well tolerated and showed activity in 

heavily pretreated patients with advanced solid tumors, including those who had 

brain metastases and/or failed prior taxane therapy.
127

  GRN1005 is a prodrug, 

which becomes activated in cells only after it is cleaved by esterases to release 

active paclitaxel from the peptide.  In addition, 
128

  Emons et al. prepared a 

conjugate of Dox linked to [D-Lys6] LHRH and encouraging results with the 

conjugate in women with LHRH receptor-positive tumors were obtained, and 

phase II clinical studies of this conjugate (AN-152, AEZS-108 (Æterna Zentaris 

Inc)) have started in 2008.
129

 

 

Peptide Nancocarrier Conjugates 

The use of peptide decorated drug loaded nanocarriers such as liposomes, 

micelles, and polymers for tumor targeted delivery has been extensively 
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studied.
130,131

  Reported studies showed that peptide targeted nanocarriers are 

more effective in reducing tumor growth and in enhancing survival in mice when 

compared to nontargeted ones.  Examples of reported studies are listed below.  

Peptide RGD is the first tumor targeting peptide that has been used to 

decorate nanocarriers to improve the therapeutic efficacy of the loaded 

chemotherapeutic drug.  RGD4C-decorated polymeric micelles effectively 

improved the therapeutic efficacy of Dox in SCID mice bearing wild or resistant 

MDA-MB-435 tumor.
132

  In another study, NGR liposomal doxorubicin was 

administered to mice in three cycles of 3 mg/kg/week dosing, it showed rapid 

tumor regression and metastasis inhibition while mice treated with mismatched 

peptide targeted liposomal doxorubicin formed large neovasculature.
133

  In a third 

study, peptide p160 decorated micelles showed better binding and internalizing in 

MDA-MB-435 cells than c(RGDfK)-micelles. It enhanced the selective 

cytotoxicity of encapsulated paclitaxel (PTX) against MDA-MB-435 cells over 

normal HUVEC and MCF-10A cells. The extent of this increase in cancer cell 

encapsulated PTX was more for p160-decorated micelles than c(RGDfK)-

decorated ones.
134

 

 

1.2.7. Cancer Targeting Peptides for Diagnostic Application 

In recent years, there has been a great interest in the use of cancer 

targeting peptides for in vivo diagnostic applications due to its high tumor 

selectivity.
135,136

  Peptides are considered as an ideal receptor‐guided vectors in 

tumor imaging, this is derived from their favorable pharmacokinetic 
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characteristics. Peptides can tolerate harsh conditions (pH, temperature, etc.) 

during chemical modifications and diverse radiolabeling techniques. Because of 

their compact size, peptides have tumor uptake with concomitant rapid clearance 

from blood and non‐target tissues.  Peptides have been attached to a variety of 

dyes and fluorescently nanoparticles, such as quantum dots, for in vivo optical 

fluorescence imaging. 
137

 

Different peptide sequences have shown promising results in tumor 

imaging, the best example is somatostatin analogs that target somatostatin 

receptor overexpressed in neuroendocrine tumors.  
111

In-DTPA-octreotide (
111

In-

Octreosan) is the first US Food and Drug administration approved diagnostic 

radiopeptide for the imaging of patients with neuroendocrine tumors..
138

  Other 

naturally occurring peptides sequences such as, bombesin/gastrin releasing 

peptides have shown a great promise in the visualization of BN/GPR 

overexpressing tumors including prostate, breast, and lung cancer.
139

  A number 

of other specific peptides, such as vasoactive intestinal peptide, neurotensin, and 

cholecystokinin/gastrin are currently under preclinical or clinical investigation to 

determine their true potential in the diagnosis or treatment of human cancer.
140

   

The RGD peptide has been used for targeted delivery of various imaging 

agents.  RGD-conjugated radiolabeled iron oxide nanoparticles were used to 

image subcutaneous human glioma xenograft tumors using positron emission 

tomography/magnetic resonance imaging (PET/MRI) dual-modality imaging 

system.
141

  Moreover, the RGD-targeted MRI-detectable, fluorescent liposomes 

and the RAD-peptide targeted control liposomes accumulated in the tumor by 
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different mechanisms. The RGD-liposomes were specifically associated with the 

activated tumor endothelium, while the RAD-liposomes were located in the 

extravascular compartment.
142

  Cyclic NGR peptide (cNGR) was successfully 

used for targeted imaging of angiogenic vessels in the ischemic heart.
143

  These 

studies show the potential use of peptide-targeted delivery of imaging agents for 

tumor imaging and visualization. 

 

1.3. Peptides as Antimicrobial Agents 

With the widespread of bacterial resistance to current antibiotic drugs, 

researchers have been interested in the development of antimicrobial peptides 

(AMPs) as a novel therapeutic approach to treat bacterial infections.  In the last 

three decades, efforts geared towards understanding the structure and function of 

antimicrobial peptides to gradually replace or reinforce the roles of antibiotics in 

therapeutic applications.  

AMPs are molecules found among all classes of life including animals, 

plants, bacteria, amphibians, and insects.  They are an integral component of the 

natural defenses of most living organisms against bacteria, viruses, fungi, 

parasites, and tumor cells.  In addition, antimicrobial peptides have also been 

reported to modulate various processes in the body such as inflammation, 

chemotaxis, and the release of cytokines.
144

  The likelihood of the emergence of 

resistance for AMPs is thought to be considerably low compared with that of 

many current antibiotics.  This could be due to their non-specific mode of action, 
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as they disrupt the bacterial cell membrane, and in many cases they may have 

multiple targets within cells which prevent microorganisms from developing 

common resistance strategies.
145

  To date, several antimicrobial peptides were 

investigated, and some molecules have reached phase III clinical studies.  Among 

them is a derivative (MSI-78) of magainin, isolated from the skin of the African 

frog, denoted Pexiganan, for the treatment of impetigo and diabetic foot ulcer.
146

  

A derivate (IB-367) of pig protegrin, denoted Iseganan, is used for the treatment 

of oral mucositis.
147

  Neuprex (a derivate of the human bactericidal permeability 

protein, rBPI23) is used for the treatment of sepsis, and Omiganan against 

catheter associated infections (administered as a 2% gel).
148

  Antimicrobial 

peptides database is a good  resource for relevant information on AMPs.
149

  

 

1.3.1. Microcins Classification and Mode of Action 

Bacteriocins are ribosomally synthesized, antimicrobial peptides produced 

from Gram positive or Gram negative bacteria to inhibit the growth of similar or 

closely related bacterial strain(s).
150

  Generally, bacteriocins produced by Gram-

negative bacteria can be divided into two groups, namely the colicins and the 

microcins.  Colicins are large (25- to 80-kDa) bactericidal proteins.
151

   Microcins 

are smaller (<10 kDA) in size, and they are non-lethal for the producing strains.
152

 

Microcins are antimicrobial peptides produced by and active against E. coli 

and its close relatives.  They are actively secreted into the extracellular medium 

during the late log phase of growth in nutritionally minimal media, except, 
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MccE492, which is mainly produced during the early log phase.
153

  The 

antimicrobial activity spectrum of the known microcins is directed against genera 

of Enterobacteriaceae such as Escherichia, Salmonella, Shigella, Citrobacter, 

Klebsiella and Enterobacter.  Fifteen microcins have been identified so far. They 

are classified into two classes. (Table 1.3) 

Class I microcin is a post-translationally modified peptides with a mass of less 

than 5 kDa with activity against intracellular targets.  Members of this group are 

microcins B17, C7, and J25.
154

  Class II microcins are unmodified peptides with a 

molecular mass between 8 and 10 kDa.  They exert their function through 

membrane depolarization.  Microcins in this group are further divided to two 

subclasses IIa, that have disulfide bonds, and IIb that are linear with C-terminal 

modifications.  Members of this group are microcins E492, H47, 24, L and colicin 

V.
154

  

Microcins are essentially hydrophobic peptides, which most often exhibit a 

high stability to extreme temperatures and pH(s), and a low sensitivity to 

proteases, as a result of their posttranslational modifications or/and their compact 

three-dimensional structures.
155

  The microcin group comprises peptides that 

differ widely with respect to their structure and mode of action.  For example, 

microcin B17, a peptide that contains thiazole and oxazole rings, targets the DNA 

gyrase, microcin C7, which carries a C-terminal adenosine monophosphate, 

inhibits protein biosynthesis,
156

  and microcin E492 permeabilizes the cytoplasmic 

membrane in its unmodified as well as in its modified form, and Microcin J25 
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inhibit RNA polymerase.
157

  In the next section, Microcin J25 (MccJ25) 

antimicrobial peptide structure function relationship will be presented.  

  

Table ‎1.3.  Classification of Microcins 

Microcin Class 
No of 

aa 
Mechanism  of action 

MccB17 I 43 DNA gyrase inhibition 

MccC7 I 7 Aspartyl-tRNA synthetase inhibition 

MccJ25 I 21 RNA polymerase inhibition 

MccV IIa 88 Membrane potential disruption 

MccL IIa 90 nd* 

Mcc24 IIa 75 nd 

MccS IIa 103 nd 

MccE492 IIb 84 Membrane potential disruption and pore formation 

MccM IIb 77 nd 

MccH47 IIb 60 nd 

MccI47 IIb 62 nd 

 

1.3.2. Microcin J25 Biosynthesis and Structure 

Microcin J (MccJ25) is a 21 amino acid peptide.
158

  It was originally 

produced by E. coli AY25 cells having the pTUC100 plasmid.  It is active against 

Enterobacteria.
159

 The 2D-NMR structure MccJ25 reveals that it adopts a 

characteristic threaded lasso structure.
   

 MccJ25 contains aβ bond, which is 

formed by the amino group of glycine located at the N end of the mature 

microcin, and the γ-carboxyl group of glutamic acid residue occupying position 8.  

As a result, the first eight residues of MccJ25 are closed in a ring (Figure1.12).  

And the 13 C-terminal residues (Tyr9–Gly21, a tail) of MccJ25 form a β-hairpin, 

with the tail being threaded through the ring. This unusual structure is stabilized 
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by steric fixation of the C end by large side chains of Phe19 and Tyr20 on the 

opposite sides of the ring.  

 

 

 

Figure ‎1.12.  (A) Schematic representation of MccJ25 showing the amino acid 

residues sequence, the lasso structure has two small antiparallel β-sheets between 

amino acids 10,11, and 15, 16. (B) Maturation of MccJ25 from the precursor 

peptide McjA to MccJ25 catalyzed by McjB, and McjC. McJA numbering shown 

above the sequence, MccJ25 numbering shown below the sequence. 

(B) 

(A) 
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Four genes were involved in the production and exportation of MccJ25 outside 

the producing strain.  The mcjA, mcjB, and mcjC plasmid genes are essential for 

MccJ25 synthesis; the mcjD gene is responsible for immunity.
160

  The roles of the 

three producing genes are classified as follows:  mcjA gene codes for precursor 

McjA of 58 amino acid residues.  The first 37 residues form a leader peptide, 

which is removed during maturation (Figure 1.12).  McjB and McjC are 

responsible for microcin maturation, closing the ring with the lactam bond and 

cleaving the leader peptide.  McjC is similar in sequence and predicted structure 

of the C-terminal domain of asparagine synthase B (catalyzes the ATP/Mg
2+

 

dependent conversion of aspartate to asparagine), and β-lactam synthase 

(catalyzes the formation of the β-lactam ring in clavulanic acid). Thus, McjC 

forms the lactam ring in MccJ, while McjB is responsible for the proper folding of 

the precursor and/or the cleavage of the leader peptide.
161

  A recent study showed 

that MccJ25 can be reconstituted in vitro, this demonstrated that McjB and McjC 

are sufficient for converting the precursor into the mature peptide.
162,163

 

Owing to the MccJ25 lasso structure, studies showed that it is highly resistant 

to strong denaturing conditions,
158

 temperatures of more than 100 ºC, and high 

concentrations of chaotropic agents (10 M guanidine hydrochloride or 8 M urea). 

In addition, MccJ25 is resistant to most proteases.  Several other examples of 

lasso peptides have been described so far.
164

 (Figure 1.13)  Although their modes 

of action are very diverse, the majority of these peptides bind to proteins. For 

example, the group includes, MS-271, an inhibitor of the calmodulin-activated 

myosin light chain kinase, 
165

 anantin, a peptide binding to the atrial natriuretic 
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factor (ANF),
166

  and two closely related peptides, NP-06 and RP 71955, which 

are active against human immunodeficiency virus 1.
167,168

  Capstruin exhibits 

antimicrobial activity against closely related Burkholderia and Pseudomonas 

strains, and the lariatins A and B are active against Mycobacterium smegmatis.
169

  

Capstruin, lariatins, and Microcin J25 are the only lasso peptides with 

antibacterial activity.  

 

 

 

Figure ‎1.13. NMR structures of different lasso peptides.
170 

(Adapted with 

permission from reference170) 

 

1.3.3. Microcin J25 Uptake and Mechanism of Action  

For MccJ25 to exert its action, it needs to be internalized in the bacterial cell.  

MccJ25 bacterial uptake requires the outer membrane receptor FhuA, and the 

inner membrane proteins TonB, ExbD, ExbB, and SbmA.
171

 

MccJ25 appears to have two intracellular targets: (i) RNA polymerase 

(RNAP), which has been described in E. coli and Salmonella enterica 

serovars,
172,173

 and (ii) the respiratory chain, reported first in S. enterica serovars  
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but recently also demonstrated in E. coli.
174

  It was proved that the observed 

difference between the actions of microcin on the respiratory chain in E. coli and 

S. enterica is due to the relatively low microcin uptake via the chromosomally 

encoded FhuA.  Higher expression of a plasmid encoded FhuA allowed greater 

uptake of MccJ25 by E. coli strains, and the consequent inhibition of oxygen 

consumption was enhanced. The two mechanisms, inhibition of RNAP and 

oxygen consumption, are independent of each other.  

 

1.3.4. Structural Activity Relationship of Microcin J25 

The structure activity relationship studies are helpful tool for the design of 

antimicrobial peptide variants with enhanced antimicrobial activities or altered 

specificities.  Various studies were carried out to elucidate the structure function 

relationship of MccJ25.  Bellomio et al. showed that an intact β-hairpin region is 

crucial for MccJ25 import, but not for inhibition of E. coli RNA polymerase or 

oxygen consumption in Salmonella strains.
175

  Given that MccJ25-Th19 with deep 

modifications in β-hairpin region had no effect on E. coli growth, but still 

inhibited RNA polymerase in vitro and oxygen consumption in Salmonella 

strains.  Another study showed similar results for two MccJ25 derivatives that 

were obtained by chemical degradation, h16-MccJ25 and h18-MccJ25, lacking β-

hairpin region amino acids 13 to 17 and 15 to 17, respectively.  Both MccJ25 

derivatives efficiently inhibited transcription by wild-type RNAP.  These results 

therefore suggest that it is the unusual ring-tail part of the MccJ25 molecule that 
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interacts with RNA polymerase.  The lack of bactericidal activity of MccJ25-

Th19 suggests that the loop region of MccJ25 is important for the peptide 

uptake.
176

 

MccJ25 carries only two charged residues: a positively charged histidine 

(His5) localized in the lariat ring and a negatively charged glycine (Gly21) at the 

carboxyl terminus of the molecule.  The two charged groups are close in the three-

dimensional structure, and were shown to be important for MccJ25 activity.
177

  

The C-terminal glycine amidation specifically blocked the RNAP inhibition, but 

not the cell respiration inhibition and peptide uptake.
178

  On the other hand, 

carbethoxylation of the imidazole ring of MccJ25 His5 decreased the inhibitory 

effect of the antibiotic on both E. coli cell growth and in vivo RNA synthesis.
177

 

Thus, it appeared that the polar histidyl residue is required for MccJ25 transport 

into the cell, its extrusion outside the cell, or RNAP inhibition.
177

 

 

1.3.5. Potential Applications of Microcins  

Based on the knowledge of the biological activities of microcins, several 

applications may be considered.  

Food preservation. The extensive use of antibiotics medically and in modern 

meat production industry has caused antibiotic resistance to evolve in many 

strains of pathogenic bacteria.  In recent years, there has been an increased interest 

in using bacteria and bacterial products in food preservation rather than chemical 

or physical preservatives.  Inspired by the lantibiotic nisin, a bacteriocin produced 

by Lactococcus lactis approved by the FDA and it is commonly used as a food 
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preservative inhibits the growth of only Gram-positive bacteria. For Gram 

negative bacteria, the heterologous production of microcin V in lactic acid 

bacteria (LAB) was performed.
179

 These engineered LABs might be useful in 

preventing food poisoning caused by Gram-negative pathogenic bacteria in milk 

and meat products and could extend the shelf-life of these products.
180

  

The MccJ25 is active on pathogenic strains of E. coli, Salmonella and Shigella, 

including strain O157: H7 and non-O157, which are the cause of outbreaks of 

foodborne diseases.  In addition, MccJ25 is the most active microcin against 12 of 

15 diarrheagenic E. coli tested.
181

  MccJ25 was tested for food preservation 

activity in milk, egg, and meat extracts and was capable of inhibiting the growth 

of the E. coli O157:H7 strains present, suggesting that microcins might be used to 

control diarrheagenic E. coli strains in food products.
181

    

 

Antibiotic.  Microcins have been shown to be potential alternatives to the 

currently used antimicrobial agents of quinolones and coumarins, inhibitors of 

prokaryotic topoisomerase II (DNA gyrase), a central compound in DNA 

replication.  These DNA gyrase antagonists are a rapidly expanding class of 

agents with promising properties for the treatment of infectious diseases.   

Microcin B17, produced by E. coli, kills in a similar manner as the quinolones and 

the coumarins, thus defining a third class of DNA gyrase inhibitors.
182

  Microcins 

J25 and L
183

 both produced by E. coli, exhibit strong antimicrobial activity against 

Salmonella enterica serovars, typhimurium and enteritidis, which cause diarrheal 

illness in humans.     
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Antitumoral agents. Besides microcins antimicrobial activity, some microcins 

can induce apoptosis and this opens a new research area field for potential 

applications of microcins as antitumoral agents.
184

  For example, microcin E294 

was shown to induce biochemical and morphological changes typical of apoptosis 

in human malignant cell lines.
185

  Microcin E492 can form amyloid-like fibrils 

that can be exploited in its formulation as an antitumoral agent, because these 

fibrils can act as stable depots for the sustained release of a biologically active 

molecule.  Alternatively, live bacteria can be used as a continuous source of 

microcin E492 production in specific tumors.  

Interestingly, Vizan et al 
186

 demonstrated that microcin B17 produced by E. 

coli harboring the plasmid-borne.  MccB17 operon inhibits DNA gyrase using a 

trapping mechanism.  The resulting complex leads to accumulation of double- 

stranded DNA breaks in the bacterial cell.  This mode of action is similar to that 

of quinolones and drugs commonly used for their antineoplastic properties.
186

  

Microcin B17 harbors structural homology (oxazole and thiazole portions) similar 

to bleomycin, a peptide used in cancer therapy for more than 30 years and 

specifically for Hodgkin disease and germinal cancers.
187

  

Studies carried out on rat heart mitochondria with microcin J25 have shown 

that, it disrupt the mitochondrial membrane potential and diminishes the ATP 

level.
188

  MccJ25-Ga is an analogue of microcin J25 which triggers apoptosis in 

COS-7 cells.  This effect was related to the inhibition of mitochondrial RNAP.
189

  

These results open a new possible avenue of studying microcins in cancer therapy. 
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1.4. Thesis Proposal 

1.4.1. Thesis Rationale 

The pharmaceutical industry has gained much interest in peptides 

therapeutics in the last two decades as a continuous source of drugs in different 

unmet medical areas.  Several investigations highlighted above disclosed the 

potential use of peptides in tumor targeting/therapy or in antimicrobial therapy.  In 

cancer research, several tumor or tumor vasculature targeting peptides with high 

tumor specificity and binding affinity have been identified using various 

biological and chemical screening methods such as p160, and NGR peptides.  

Peptide p160 is known to specifically bind to breast cancer cells, and NGR is a 

tripeptide motif that is known to bind aminopeptidase N, an enzyme that is 

overexpressed on tumor vasculature.  A growing number of preclinical and 

clinical studies revealed that cancer targeting peptides represent an ideal choice 

for selective tumor drug targeting with respect to the commonly used antibodies, 

it increased the specificity of diverse cancer therapies for tumor cells and 

decreased its side effects.  However, the number of peptides that has been 

progressed successfully through the clinics to reach the market is very low 

compared to the accomplished research.  This is because peptides characteristics 

hamper their application for therapeutic purposes including their liability to 

proteolytic degradation, low binding affinity, and their unknown toxicology 

profile when administered systemically.   
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Along with cancer targeting peptides, the discovery of antimicrobial 

peptides offers a great alternative for the conventional antibiotics against the 

emergence of bacterial resistance. Besides, some of antimicrobial peptides 

showed selective anticancer activities so this also simulated the interest of using 

them as a new class of anticancer drugs that lack the toxicity of conventional 

chemotherapeutic agents, and are unaffected by common mechanisms of 

chemoresistance.  As mentioned in the introduction, MccJ25 is a very stable 

antimicrobial peptide with lasso structure that displayed very promising 

antibacterial activity against different Gram negative pathogenic strains. In 

addition, it can induce apoptosis by selectively disrupting the mitochondrial 

membrane of isolated mitochondria.  

Therefore, our hypothesis in the current thesis is that previously identified 

lead peptide sequences either for tumor targeting or antimicrobial/anticancer 

activity can be further improved for enhanced specific cancer cell binding, 

metabolic stability or improved anticancer activity by chemical manipulation of 

their structures.  In other words, from a model peptide of interest (lead peptide) it 

is often necessary to optimize its chemical structure to obtain valuable entities that 

could be applied therapeutically.  

1.4.2. Thesis Objective 

Our major goal in the current thesis is the optimization of previously 

discovered lead peptide sequences (peptides p160, NGR, and MccJ25) using 

rational design strategies or combinatorial screening array methods to enhance 
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their therapeutic utility in both cancer targeting/ therapy and antimicrobial therapy 

besides improving their properties as drug candidates.  For example, cancer 

targeting sequences identified in the current thesis would serve as efficient ligands 

for the selective delivery of various cancer therapeutic agents to breast tumors 

either for treatment or diagnostic purposes.  On the other side, enhancing the cell 

uptake and cytotoxity of MccJ25 by coupling it with our novel internalizing 

cancer specific peptide will open new avenues of using this proapoptotic peptide 

in fighting cancer.   

The specific objectives are as follows: 

  In Chapters 2, 3 and 4, our objective was to optimize and evaluate the 

sequences of two previously identified cancer targeting peptide sequences, 

namely, NGR, and p160 for enhanced proteolytic stability and better binding 

affinity for putative cancer cells.  In Chapters 5 and 6, the structure activity 

relationship studies of antimicrobial peptide microcin J25 was carried out for 

better understanding of its chemical analogues, moreover, studies were carried out 

to enhance the therapeutic use of microcin J25 as proapoptotic drug in cancer 

therapy by conjugating it to cancer targeting peptide to enhance its cell delivery 

and internalization.  

To accomplish these goals the following studies were performed: In 

Chapter 2, a combinatorial screening method was carried out, where, an NGR 

peptide library based on a lead sequence was synthesised on functionalized 

cellulose membrane and evaluated using whole cell binding assay that has been 

established in our lab.  The screening was done to identify new NGR targeting 
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peptides that bind with high affinity and specificity to CD13 receptor widely 

expressed on tumor vasculature.  The novel peptide sequences with enhanced 

specific affinity for CD13 expressing cells have been identified, and their 

affinities for CD13 receptor, as well as their enzymatic inhibitory activity were 

assessed in vitro. 

In Chapter 3, a rational design approach was developed for synthesizing 

analogues of cancer targeting peptide p160 to improve its proteolytic stability and 

maintain its specific affinity for breast cancer cells.  Two approaches were used to 

develop the analogues.  First, a second generation of p160 analogues was created 

by introduction of single or double substitutions in the peptide 18 sequence to 

improve specificity for breast cancer cells. Secondly, proteolytically stable 

analogues were synthesized based on replacement of a few amino acids with 

either D-amino acids or in house synthesized novel beta amino acids derived from 

L-aspartic acid.  Peptides that displayed the highest affinity for the cancer cells were 

manually synthesized and labelled with FITC. The binding ability of these peptides 

was confirmed using fluorescence imaging and flow cytometry, and the proteolytic 

stability was evaluated in human serum and liver homogenate. 

In Chapter 4, our objective was to test the potential use of our novel 

stable analogue of p160 (peptide 18-4) for the selective delivery of doxorubicin to 

cancer cells while preserving normal cells, as well as, its ability to overcome 

multidrug resistance mechanism in Dox resistant cells.  To this end, two peptide 

drug conjugates 1, and 2 with different conjugation sites and chemistries were 

synthesized and characterized.  The release of the drug from the conjugates was 
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studied in human serum. Peptide drug conjugates 1 and 2 and free Dox were 

evaluated for intracellular delivery, subcellular distribution using flow cytometry, 

along with confocal microscopy in three cancerous cells (MCF-7, MDA-MB-435, 

and MDA-MB-435-MDR) and two control cell lines (HUVEC, and MCF-10A).  

Finally, cell cytotoxicity of the conjugates was measured using MTT assay 

compared to free Dox.   

In Chapter 5, our objective was to study the structure activity relationship 

of MccJ25 antimicrobial lasso peptide, by designing and synthesizing synthetic 

analogues based on the MccJ25 sequence which can acquire conformational 

folding by a combination of intra-peptide disulfide bond formation and 

electrostatic or hydrophobic interactions, instead of post-translational 

modification by McjB and McjC proteins.  The synthesis of 6 analogues (1-6) 

derived from the sequence of MccJ25 ranging in length 18-22 residues, 

antimicrobial activity, solution conformation, stability to proteases and 

cytotoxicity of this series of synthetic MccJ25 derivatives were reported. 

In Chapter 6, our objective was to conjugate MccJ25 to a carrier cancer 

targeting peptide 18-4 to enhance its cellular uptake and improve its cytotoxicity 

where it can selectively kill breast cancer cells, including drug-resistant breast 

cancer cells. The synthesis, characterization, in vitro cytotoxicity, cellular uptake, 

and intracellular anticancer efficacy of MccJ25-18-4 peptide conjugate was 

reported.  

Finally, the implementation of the outcomes from the work presented in 

the thesis is discussed in Chapter 7. 
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2.1. Introduction 

 

Targeted drug therapy to tumor vasculature has emerged as one of the most 

promising approaches for the treatment of cancer.  In this approach, specific 

targeting moieties, such as peptides or antibodies, actively guide the drugs to 

receptors that are uniquely expressed on the tumor vascular tissue.
1,2

  Some of 

these unique molecular markers expressed within tumor associated vessels include 

ανβ3 and ανβ5 integrins,
3,4

 aminopeptidase N (APN or CD13),
5
 vascular 

endothelial growth factor receptors (VEGFRs),
6,7

 and matrix metalloproteinases 

(MMPs).
8
  The differential expression of these cancer cell biomarkers make them 

attractive targets for selective delivery of chemotherapeutic drugs and diagnostic 

moieties.
9,10

 

APN (CD13) is a Zn
2+

 dependent metalloprotease that has been implicated 

in various cell functions such as, proliferation, invasion and angiogenesis.
11,12

  

Specific APN isoforms are highly expressed in various tumors and angiogenic 

cells, and these are different from the APN forms expressed by the endothelium of 

normal blood vessels.
13

  Yet more recently, it has been shown that APN is 

selectively expressed in vascular endothelial cells, such as human umbilical vein 

endothelial cells (HUVEC), and plays multiple roles in angiogenesis.
5,7,14

  Thus 

CD13 has become an attractive molecular tumor marker and potential therapeutic 

target.
5,15

  In vivo screening of phage libraries led to the discovery of Asn-Gly-

Arg (NGR) peptide motif that binds primarily to the CD13 receptor expressed in 

the endothelium of angiogenic blood vessels.
16,17

  The selective tumor homing 
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ability of NGR motif led to the use of this peptide for targeted delivery of various 

antitumor compounds, such as chemotherapeutic drugs,
17

 cytokines,
18

 viral 

particles,
19

 and liposomes
20

 specifically to the tumor vessels.  Notably, NGR 

sequence is also present in fibronectin (FN), an extracellular matrix protein 

involved in several key cellular processes.
21

  Human FN is a large glycoprotein 

that contains primarily three types of repeating modules, type I, II, and III.  NGR 

with different flanking residues is present in each of the repeating modules of 

human FN.   

Phage display technology has been employed for selecting peptides with 

high affinity for CD13 associated with the angiogenic blood vessels.  Several 

NGR containing peptide sequences have been identified, such as disulfide bond 

cyclized CNGRC (cCNGRC) and cCVLNGRMEC, as well as, linear analogues 

GNGRG and NGRAHA.
17,22

  Peptide sequence cCNGRC has been coupled to 

different anticancer compounds, such as doxorubicin,
17,23

 cisplatin
24

, proapototic 

peptides
25

, and tumor necrosis factor- (TNF).
18

   NGR conjugated to TNF (NGR-

hTNF) is in phase II clinical trials.
26,27

  In addition to disulfide cyclized 

sequences, N- to C-terminal amide bond cyclized cKNGRE sequence has been 

studied that displayed enhanced binding affinity for tumor targeting 

applications.
28

  Pentapeptide analogues of NGR synthesized via on-resin click 

chemistry have also been developed, and show specific binding to purified CD13 

receptor, as well as, to the cell lysates from CD13
+
 SKOV-3 cancer cells.

29
  

Structure-function studies with different NGR peptide sequences suggest that the 

molecular scaffold in which NGR residues are embedded, could affect binding 
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affinity, specificity, and peptide stability.  For instance, studies with cyclic 

CNGRC and linear GNGRG peptides showed that the presence of disulfide 

constraint enhances interaction with CD13 improving ten-fold targeting ability.
30

  

Modification of cCNGRC with proline to produce cCPNGRC improved overall 

binding affinity to APN, and led to 30-fold lower IC50 for the inhibition of APN 

proteolytic activity.
31

  In addition, it has been shown that flanking residues play an 

important role in NGR to isoaspartate-glycine-arginine (isoDGR) conversion with 

concomitant exchange of receptor affinity from CD13 to ανβ3 integrin.
32

 

Above studies demonstrate that the specificity and affinity of NGR peptides 

for the CD13 receptor can be improved by altering the NGR flanking residues.  

To address this hypothesis, we have designed and screened a library of NGR 

sequences based on the lead cCVLNGRMEC peptide to identify new peptides 

with enhanced binding affinity for CD13.  A library of 45 peptides was 

synthesized in an array format on cellulose membrane and the library was 

screened against CD13
+
 and CD13

 
cell lines using a peptide array-whole cell 

binding assay.  We have previously shown that peptide array-whole cell binding 

assay is a complementary method to phage display for the identification of 

peptides with higher binding affinity and specificity for cancer cells.
33

  Here we 

show that the library screening led to the identification of five NGR peptides 

(peptides 5, 14, 21, 22, and 34) that display higher binding (up to 5-fold) to 

CD13
+
 cells with negligible binding to CD13


 cell lines when compared to the 

lead sequence.  These peptides with augmented affinity for the CD13
+
 cells also 
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show improved in vitro cellular uptake and specificity using soluble FITC-labeled 

peptides.  Markedly, the peptides identified here are similar to or resemble the 

NGR sequences present in the human FN protein. 

2.2. Materials and Methods 

 

2.2.1. Peptide Array Synthesis 

  Peptide array consisting of forty five peptide sequences (ranging from 5-

mer to 9-mer) in duplicates was synthesized on a cellulose membrane using an 

AutoSpot as described previously.
33

  Briefly, peptide array was synthesized on an 

amino-PEG500 cellulose membrane derivatized with a polyethylene (PEG) spacer 

and a free amino terminal group using a semiautomatic robot AutoSpot ASP222 

(Intavis AG, Germany).  DIGEN software (Jerini Biotools GmbH, Berlin, 

Germany) was used for formatting the array.  The synthesis was started by 

anchoring a β-alanine residue (linker) to the cellulose membrane and thereafter 

peptides were synthesized from the C-terminal end.  Fmoc amino acids (0.25 

mM/mL) activated with HOBt and DIC were spotted on the membrane in 60 nL 

aliquots per spot by a robotic syringe, yielding a peptide loading of 0.4 μmol/cm
2
.  

After coupling of the Fmoc amino acid, the membrane was removed from the 

synthesizer and was treated with acetic anhydride (2%) to cap any free remaining 

amino groups.  Piperidine (20%) in DMF was used for Fmoc deprotection. After 

washing, the membrane was air dried and carefully repositioned on the robotic 

synthesizer to repeat the coupling cycles in order to complete the peptide 

sequence.  At the end, all peptides were N-terminally acetylated.  The final 
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removal of side chain protecting groups was performed by treating the membrane 

with a cocktail of reagents, comprised of TFA (15 mL), DCM (15 mL), 

triisopropylsilane (0.9 mL), and water (0.6 mL), for about 3 h.  After extensive 

washing with DCM, DMF, and ethanol, the membrane was dried with cold air.  

Next, the cyclization of cysteine containing peptides was performed to form the 

disulfide bond.  The membrane was incubated with 20% DMSO in water for 24 h 

at 4 °C, and finally overnight at r.t.  Subsequently, the membrane was washed 

with ethanol (3 x 3 min), dried, and stored in a sealed bag at -20 ºC until use.  To 

ensure cyclization on the membrane, we have previously characterized 

representative cyclic peptides using a membrane with a cleavable linker.
33

  For 

membrane regeneration, the bound cells were removed after each cell-binding 

experiment by first washing with ethanol for 5 min, followed by treatment with 

0.1 N HCl for 20 min.  The peptide array membrane was then washed with DMF 

(4 x 20 min), ethanol (3 x 3 min), and finally dried in air.   

 

2.2.2. APN/CD13 Expression Level  

Fluorescence activated cell sorting (FACS) was performed to quantify the 

level of expression of APN/CD13 among the selected four cell lines. The human 

fibrosarcoma HT-1080 (American Type Culture Collection, Manassas, VA) and 

the human breast cancer cell line MDA-MB-231 were cultured in DMEM with 

Glutamax containing 10% FCS (Invitrogen).  Human umbilical vein endothelial 

cells (HUVEC) were kind gift from the laboratory of Sandra Davidge, University 
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of Alberta. These cells were cultivated using Endothelial Cell Growth Medium 

(EGM, LONZA) containing 20% FCS, 2 mmol/L glutamine, 100 IU/mL 

penicillin, 100 IU/mL streptomycin, and 2 ng/mL basic fibroblast growth factor 

(Roche Diagnostics, Mannheim, Germany).  The human cancer cell line MDA-

MB-435 was cultured in RPMI-1640 with Glutamax containing 10% FCS 

(Invitrogen, Karlsruhe, Germany), 100 IU/mL penicillin, and 100 IU/mL 

streptomycin. All cell lines were cultured at 37 ºC in a 5% CO2 incubator.  Cells 

(10
6
) were suspended in FACS buffer (100 μL, PBS with 2% FCS), and incubated 

with FITC labeled CD13 antihuman antibody (20 μL, WM-15) for 30 min at 4 °C.  

The cells were washed twice with FACS buffer after centrifugation, the same was 

done for cells without antibody treatment which served as a negative control, and 

the APN/CD13 expression level was measured using flow cytometry.  FACS 

experiments were performed on a Beckman Coulter QUANTA™ SC Flow 

Cytometer. The data was analyzed by CellQuest software and is presented as the 

average of mean cell fluorescence intensity (± SD) of triplicate wells. 

 

2.2.3. Peptide Array-Cell Binding Assay   

Peptide array-whole cell binding was performed following the method 

developed in our laboratory previously.
33

  Briefly, the peptide array membrane 

was incubated with the cells (20 mL, 75 x 10
3
 cells/mL) for 8 h in serum free 

media.  After washing the non-bound cells, the membrane was first frozen at -80 

ºC for 2 hr followed by thawing at r.t. and incubation with the CyQUANT dye.  
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The membrane was washed (6x with PBS) and scanned using Kodak imager (ex 

465 nm, (em 535 nm). The net fluorescence intensity of each peptide spot was 

quantified using Kodak Molecular Imaging Software Version 4.0.  An external 

standard peptide was used to calibrate the fluorescence intensity between scans 

performed on the same day and on different days.  The membrane was 

regenerated after each cell-binding experiment.  Each cell-binding experiment was 

repeated twice for the four cell lines.  The results are presented as average 

fluorescence intensity (± standard deviation) of two duplicate peptide spots, two 

scans, and two different experiments.  The relative cell adhesion ratio (Table 2.1) 

for each peptide sequence was calculated as the ratio of the average fluorescence 

of the peptide analogue divided by that of parent peptide 1. 

 

2.2.4. Synthesis of FITC-labeled Peptides  

 Seven FITC-labeled peptides, (FITC-1, FITC-5, FITC-14, FITC-21, FITC-

22, FITC-34, FITC-43), and two unlabeled peptides (1 and 22) were synthesized 

on an automatic synthesizer (Advanced ChemTech MPS 357, Louisville, KY, 

USA) following Fmoc solid phase peptide synthesis (SPPS).
34

  Peptides were 

synthesized on 2-chlorotritylchloride resin (0.1 mmol, 1 mmol/g) using 

DIC/HOBT mixture as coupling agent.  After complete peptide synthesis, β-

alanine was conjugated to the N-terminal amino group followed by fluorescein 

isothiocyanate (FITC) coupling.  FITC (0.3 mmol) was coupled to peptide using 

DIPEA (0.6 mmol) in dark for 24 h, followed by extensive washing of the resin.  
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FITC-labeled peptide was cleaved from the resin, along with the deprotection of 

the amino acid side chains by TFA/DCM (50:50) mixture.  The crude cleaved 

peptides were precipitated by cold diethyl ether, followed by centrifugation, and 

lyophilisation. The white powder obtained was solubilized in ACN/H2O mixture 

(20%:80%), then it was further purified using RP-HPLC.  Peptide oxidation was 

carried out by incubating peptide in 20% aqueous DMSO to help in oxidation (r.t., 

2 days).  Disulfide bond formation was confirmed with Ellman test and MALDI-

TOF mass spectrometry.  The peptides were purified by RP-HPLC (Varian 

Prostar HPLC, Walkersville, MD, USA) using a linear gradient of 

isopropranol/water containing 0.1% TFA and were lyophilized.  Purity of the final 

products was analyzed using analytical RP-HPLC (Figure A.2) and MALDI-TOF 

mass characterization (Table 2.2 and Figure A.1).  Stock solution for the peptides 

was prepared in sterile 10% aqueous acetonitrile and stored at -20 ºC.  Peptide 

concentrations were determined by measuring fluorescence at excitation 465 nm 

and emission 535 nm. 

 

2.2.5. Peptide Stability and Deamination 

 To evaluate peptide stability, a solution of peptide 5 in DMEM was 

incubated at 37 ºC, mimicking conditions used in the in vitro cell binding 

experiments.  At different time intervals, aliquots were removed and peptide 

stability was monitored using MALDI-TOF mass spectrometry and RP-HPLC.  

The same experiment was also repeated for peptide in water. 
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2.2.6. In vitro Cellular Uptake using FACS   

FACS analysis was used to evaluate the binding of the FITC-labeled 

peptides to CD13
+
 (HUVEC and HT-1080) and CD13


 (MDA-MB-435 and 

MDA-MB-231) cell lines.  Cells were placed into 6-well plates at a density of 10
6
 

in culture media (3 mL) at 37 ºC for 24 h to adhere to the plate surface.  The 

culture media was replaced with fresh serum-free media (1 mL) containing FITC-

labeled peptides at a concentration of 10
-6

 mol/L.  Cells were incubated with the 

peptides for 30 min at 37 ºC. The media was then removed and the cells were 

washed to remove the unbound peptides.  The cells were scrapped and transferred 

to centrifuge tubes followed by centrifugation at 1,000 rpm for 7 min.  The pellet 

was resuspended in FACS buffer (2% FCS in PBS), washed once more and then 

resuspended again in FACS buffer.  Untreated cells were subjected to similar 

steps to detect autofluorescence of the cells.  The samples were then subjected to 

the FACS instrument, Beckman Coulter QUANTA™ SC Flow Cytometer using 

the FL1 channel (10,000 events/sample).  Instrument settings were calibrated so 

that untreated cells show 1–2% of fluorescence.  The mean cell fluorescence was 

determined (ex 485 nm, em 525 nm) and the data was analyzed by Quanta SC 

software. 
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2.2.7. Cellular Uptake using Fluorescence Microscopy  

MDA-MB-435 or HUVEC cells (50,000) were cultured on the top of a 

cover slip at 37 ºC for 24 hr.  The medium was removed and replaced with fresh 

serum free medium (1 mL), containing FITC-5 (10
-6

 mol/L).  The cells were 

incubated with the peptide for 30 min at 37 ºC.  After incubation, the medium was 

removed and the cells were washed with serum free medium (3 x 2 mL).  The 

cells were fixed on ice with 2% formaldehyde for 20 min.  The formaldehyde was 

removed by washing with media (3 times).  The cover slips were put on slides 

containing one drop of DAPI-Antifade (Molecular Probes) to stain the nucleus.  

The cells were imaged under the fluorescence microscope (Zeiss, Göttingen, 

Germany) using green and blue filters with 20x magnification.  The samples 

prepared for fluorescence microscopy were also used for visualization by confocal 

microscopy.  Confocal laser scanning microscopy was performed with a Zeiss 510 

LSMNLO confocal microscope (Carl Zeiss Microscope Systems, Jena, Germany) 

with a 40x oil immersion lens.  For the competitive binding, the same experiment 

was carried out in the presence of unlabeled peptide 5 (10
-4

 mol/L) as a 

competitor. 

A co-culture experiment of HT-1080 and MDA-MB-435 cells was carried 

out as previously described.
35

  Briefly, to visualize the cells and distinguish 

between HT-1080 and MDA-MB-435 cells in the co-culture, adherent MDA-MB-

435 cells were stained using the Blue Cell Tracker fluorescent dye (25 μM) 

according to the manufacturer's protocol.  MDA-MB-435 cells were incubated 

with dye in serum free media at 37 ºC for 35 min, followed by another 30 min in 
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fresh media. Subsequently, HT-1080 and MDA-MB-435 cells were cultured 

together in a 24-well plate with cover slip at a density of 2×10
5
 cells/well for 24 h 

at 37 °C, and the seeding ratio was 1:1.  The following day, cells were incubated 

with FITC-5 (10 μM) in DMEM serum free media for 30 min at 37 °C.  After 

washing with PBS (3 times), cells were fixed using 2% formaldehyde in PBS for 

20 min on ice, and the cover slip was placed onto a glass slide over the 

fluorescence mounting medium.  The images were acquired by a fluorescence 

microscope at 20× magnification with FITC and DAPI filters. 

2.2.8. Aminopeptidase Enzymatic Inhibition.   

APN activity on the surface of intact HT-1080 cells was measured using 

Ala-4-nitroanilide (H.Ala-pNA.HCl) as a substrate, and bestatin as a specific 

inhibitor (positive control).  Experiment was carried out as previously described 

with some modifications.
36

  In a typical experiment, cells (2 x 10
5
) were seeded in 

each well of a 24-well culture plate, and after incubation for 24 hr at 37 °C, media 

was aspirated.  The cells were preincubated for 5 min with peptide or bestatin at 

0.5 mM concentration in PBS (pH 7.4).  Following which Ala-pNA substrate (6 

mM) at 37 °C was added directly, and further incubated in the dark for 30 min at 

37 ºC.  The supernatant from each well was collected, centrifuged, and enzyme 

activity was determined by measuring formation of yellow pNA at 405 nm using a 

Power Wave X340 microplate reader (Bio-Tek Instrument Inc. USA).  To 

quantify the effect of inhibitors, the remaining activity was expressed as the 
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percentage of the control activity without inhibitor.  All measurements were made 

in triplicates. 

 

2.3. Results and Discussion 

Integrin αvβ3 and CD13 (APN) are the most studied receptors for targeting 

endothelial cells involved in tumor angiogenesis.
3,5,37

  Structure of RGD peptides 

has been optimized and several RGD peptides targeting integrins are undergoing 

preclinical evaluation for tumor targeting.
38,39

  NGR sequence is equally 

promising for targeting CD13 receptor, however, has been less explored 

compared to the RGD sequence.  In order to optimize the binding affinity and 

specificity of the NGR sequence, we have designed a peptide array consisting of 

forty five peptide sequences to screen against CD13 expressing cell lines 

(CD13
+
), and cells that do not express CD13 (CD13


).   

 

2.3.1. Engineering NGR-based Peptide Library   

Forty five NGR peptide sequences, cyclic and acyclic, based on the 

sequence of the CVLNGRMEC peptide
16

 (peptide 1, Table 2.1) were designed 

and synthesized.  The key NGR motif was maintained in all the peptides, except 

the negative controls.  Peptide 1, the lead 9-mer peptide, containing the NGR 

motif was originally identified by phage display that specifically targets tumor 

blood vessels.
17

  Later it was found that the NGR motif targets the CD13 in the 
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angiogenic vasculature and in many tumor cell lines.
22

  Peptides 2-7 are 

previously reported sequences or derivatives of reported sequences.
17,21,40,41

  Met 

was replaced with Nle in peptide 2 as well as in the designed sequences to 

overcome problem associated with Met oxidation.  NGR containing peptide 3 was 

isolated by in vivo phage display to target α5β1 integrins.
40

  Peptides 4 and 5 are 

conserved NGR sequences present in the natural protein, fibronectin.
22

  Peptide 6 

is a hybrid of peptides 3 and 4.  Peptide 7 was identified by Lau and coworkers as 

a peptide ligand for adhesion and proliferation of human lung cancer cells.
41

 

The designed peptides in the peptide array were separated into three groups, 

8-12, 13-26, and 27-37.  Peptides 8-12 (group 1) consisted of Ala scan where all 

residues in peptide 2, except the NGR sequence, were substituted with Ala.  Next, 

sequences with N- or C-terminal residues deleted yielded shorter cyclic peptides 

13-22 ranging from 5-mer to 8-mer.  Peptides 23-26 were linear derivatives of 

peptide 2.  These were designed to study the effect of disulfide constraint on 

targeting efficiency.  In addition, the linear NGR motif, GNGRG (26), is present 

in the wild type fibronectin sequence.
21,22

 

Peptides 27-37 (group 3) involved conservative substitution of the residues 

in peptide 2.  Peptides 27-37 are peptide 2 analogues with N- (Val2 or Leu3) or C-

terminal (Nle7 or Glu8) residues substituted with different amino acids.  For 

instance, Val2 of 2 was substituted with either non-polar Ile or -Ala to give 

peptides 27 and 29, respectively or polar Thr to give peptide 28.  Likewise, Leu3 

was substituted with non-polar Val, -Ala or Nle in analogues 30-32, respectively.  
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Peptides 33 and 34 have a hydroxyl containing amino acid (Ser) next to Asn or 

Arg residues, respectively, of the NGR motif.  The C-terminal Glu8 was similarly 

replaced to give peptides with either negatively charged Asp in analogue 35, or 

positively charged Lys in analogue 36.  Peptide 37 has two L-cysteines replaced 

with D-cysteines.  Peptides 38-45 were designed as negative control peptides with 

scrambled sequences and varying length, and were devoid of the NGR motif. 

Peptide library consisting of 45 peptides in duplicates (Table 2.1) was 

synthesized on the cellulose membrane in an array format for rapid and facile 

screening against cancer cell lines.  Peptide array was synthesized on non-

cleavable cellulose membrane (amino-PEG500) using SPOT synthesis, where the 

C-terminus of the peptide was attached to the surface of the amino-PEG500 

cellulose membrane through β-ala spacer as described previously.
33

  Peptides 

were synthesized by covalent conjugation to the free amino functional group 

using a stepwise Fmoc-SPPS procedure.  Each peptide was synthesized at a 

concentration of ~50 nmoles which was spread on the membrane in a spot with a 

diameter of 4 mm. After complete synthesis of the array, the peptides were 

oxidized (cyclized) on the membrane.  To achieve cyclization or disulfide bond 

formation, the peptide array was incubated in 20% aqueous DMSO at 4 °C for 24 

h followed by overnight incubation at room temperature.  The stepwise 

incubations were done to decrease the possibility of degradation and transition of 

NGR to isoDGR/DGR, which is accompanied by the loss of CD13 binding.  

Recent studies have shown that compounds containing the NGR motif can rapidly 

deamidate and generate isoDGR spontaneously at elevated pH and temperature.
42
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2.3.2. Level of Aminopeptidase N (or CD13) Expression   

Four cells lines, namely, HUVEC human umbilical cord, HT-1080 

fibrosarcoma, MDA-MB-435 melanoma and MDA-MB-231 breast cancer cells 

were evaluated for APN/CD13 expression using flow cytometry.  The CD13 

expression level was quantified by the mean fluorescence of the cells after 

incubation with FITC-labeled antihuman CD13 antibody (CD13mAb or WM15). 

The results showed that HUVEC and HT-1080 cells express high level of 

CD13 with mean cell fluorescence 90 and 46.7, respectively, whereas, MDA-MB-

231 and MDA-MB-435 do not express this receptor and show mean cell 

fluorescence of 7 and 5.2, respectively (Figure 2.1).  The results match with the 

reported CD13 expression levels of different cell lines.
43

  For subsequent 

experiments, HUVEC and HT-1080 were selected as CD13
+
, while MDA-MB-

435 and MDA-MB-231 served as CD13

 or negative control cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

Table ‎2.1.  Sequence of the NGR peptide library and the relative cell adhesion of 

the peptides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide  Peptide 

Sequence 

Relative Cell Adhesion 

HUVEC HT-1080 

1 CVLNGRMEC 1.0 1.0 

2 CVLNGRXEC 1.7 1.6 

3 NGRAHA 2.6 1.6 

4 LNGRE 3.2 3.3 

5 YNGRT 5.4 5.5 

6 LNGRAHA 0.4 0.5 

7 cNGRGEQc 1.9 1.3 

8 CALNGRXEC 1.3 2.7 

9 CVANGRXEC 3.1 1.6 

10 CVLNGRAEC 1.2 2.4 

11 CVLNGRXAC 1.1 0.6 

12 CVLNGRXEA 2.4 2.1 

13 CVLNGRXC 1.2 2.7 

14 CVLNGREC 3.4 3.9 

15 CVLNGRC 1.9 2.7 

16 CLNGRXEC 0.4 0.8 

17 CVNGRXEC 1.1 2.6 

18 CNGRXEC 0.7 1.1 

19 CLNGRXC 0.5 0.9 

20 CVNGREC 0.8 2.2 

21 CNGRC 3.5 4.2 

22 KCNGRC 4.3 4.8 

23 KVLNGRXE 2.0 3.1 

24 GVLNGRMEG 1.2 0.8 

25 GVLNGRXEG 1.2 1.6 

26 GNGRG 2.7 2.8 

27 CILNGRXEC 1.2 1.3 

28 CTLNGRXEC 0.5 1.3 

29 CZLNGRXEC 0.3 1.7 

30 CVVNGRXEC 2.1 2.7 

31 CVZNGRXEC 1.5 2.1 

32 CVXNGRXEC 3.1 3.9 

33 CVSNGRXEC 2.1 3.9 

34 CVLNGRSEC 3.2 4.5 

35 CVLNGRXDC 3.1 3.7 

36 CVLNGRXKC 1.7 2.0 

37 cVLNGRXEc 1.1 3.1 

38 CKLARAXEC 0.7 0.9 

39 VLARAXE 1.0 0.6 

40 CVLQGRXEC 0.4 2.2 

41 CVLARAXEC 0.9 2.1 

42 AVLXGXEA 2.3 5.4 

43 VLGXE 0.4 0.6 

44 CVLGXEC 1.2 2.5 

45 CARAC 0.6 0.8 

aa substitution is underlined; X=norleucine; Z=β-

alanine, lower case letter=D-aa.  RCA is the average 

ratio of fluorescence of a peptide  divided by peptide 1   
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Figure ‎2.1. Expression of aminopeptidase N (APN or CD13) in the cell lines used 

in this study.  Four cell lines, CD13
+
 (HUVEC and HT-1080) and CD13


 (MDA-

MB-435 and MDA-231), were incubated with FITC-labeled monoclonal 

antihuman CD13 antibody (WM15) for 30 min at 4 °C. After washing the cells, 

the fluorescence of the bound antibody was analyzed by flow cytometry.  The 

mean fluorescence intensity of the cells is shown.  

 

2.3.3. Peptide Array-Cell Binding Assay   

We have previously shown that peptide array on cellulose membrane 

provides an excellent platform for whole cell binding and screening of peptides 

with high relative affinity for the intact cells.
33

  Here the NGR peptide array was 

incubated with the cells to screen for CD13
+
 cell binding peptides.  Peptide array 

was incubated with each of the four cell lines, HUVEC, HT-1080, MDA-MB-435, 

and MDA-MB-231, and the experiment was repeated once.  No blocking of the 

membrane was done before adding the cells, however, after each experiment the 

cellulose membrane was regenerated to be reused.  After incubation, the cells that 

bound to the cellulose membrane were labeled with CyQuant dye followed by 

detection with fluorescence. The array was visualized using Kodak imager at 
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excitation 485 nm and emission at 530 nm. The fluorescence intensity of the spots 

(shown in Figure 2.2) reflecting the amount of bound cells was measured. All the 

peptides were compared to the wild type peptide 1 and the relative cell adhesion 

ratio for each peptide binding to cells was determined.  The relative cell adhesion 

ratio for the CD13
+
 cells, HUVEC and HT-1080, is listed in Table 2.1. 

 

 

Figure ‎2.2.  Average fluorescence intensity of the peptide bound cells on the 

cellulose membrane.  Cells (75 x 10
3
/mL), CD13

+
 (HUVEC or HT-1080) or 

CD13

 (MDA-231 or MDA-MB-435), were incubated with the peptide array for 8 

hr at 37 °C, followed by labeling of the cells with the CyQUANT dye.  The 

fluorescence intensity of the bound cells was measured using Kodak imager at 

465 nm excitation and 535 nm emission.  The results are presented as mean 

fluorescence intensity ± S.D. 

 

In general, CD13
+
 cell lines (HUVEC and HT-1080) showed significant 

adhesion to the peptides compared to the CD13

 cells (MDA-MB-435 and MDA-
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231).  The binding profile of the two CD13
+
 cell lines to peptides followed a 

similar trend, suggesting that the binding was specific to CD13 receptor (Figure 

2.2).  It was noticed that the binding intensities for HT-1080 were slightly higher 

compared to that for HUVEC, also observed from the relative cell adhesion ratio 

for the two cell lines (Table 2.1).  However, based on the expression level of 

CD13 (Figure 2.2) higher binding with the HUVECs was expected.  Several 

factors could account for this.  For instance, the sensitivity of the peptide array 

could decrease after the membrane is regenerated several times.  The other reason 

could be the difference in the levels of cell-surface associated receptor and/or the 

interaction of the peptides with the surface of cancer cell lines versus primary 

endothelial cells (HUVECs).  Peptide array-cell binding assay is mainly a surface 

interaction and peptides are not internalized by the cells.  The two CD13

 cell 

lines displayed low binding to the peptide array, with MDA-MB-231 displaying 

slightly higher binding compared to MDA-MB-435 (Figure 2.2).  This is most 

likely due to the experimental conditions as mentioned above.   

The relative cell adhesion (RCA) ratio for each peptide was calculated for 

the two CD13
+
 cell lines. This allowed identification of five peptides (5, 14, 21, 

22, and 34) that displayed higher binding compared to the other peptides.  Among 

peptide 2-7, most peptides showed enhanced binding compared to peptide 1.  

Peptide 5 showed highest affinity for the cells with more than 5-fold increase in 

cell binding (RCA 5.4 and 5.5 for HUVEC and HT-1080, respectively) compared 

to peptide 1.  The peptides from group 1 (ala scan), in general, showed good 

binding to the cells.  Only peptide 11 with Glu8 substituted with Ala showed 
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relative decrease in binding (RCA 0.6) suggesting that there is a vital electrostatic 

interaction involved with the receptor.  Substitution of Val2 with Ala (peptide 8) 

maintained the binding similar to peptide 2 which coincides with the results 

reported by Honda and coworker.
44

  The authors showed that Val2 to Ala 

replacement gives high cell adhesion effect and induced cell-specific interaction. 

Peptides from group 2 with N- or C-terminal deletions showed up to five 

fold (RCA 4.8) increase in cell binding.  Three peptides 14, 21, and 22 with RCA 

of 3 or above were selected from this group.  Peptide 14 is an 8-mer with C-

terminal Met deleted, whereas, peptides 21 and 22 are short peptides (5-mer and 

6-mer, respectively) with mainly NGR and the two terminal cysteines for 

cyclization.  Peptides 14 and 21 also showed low binding to CD13

 cell lines.  

Notably peptide 21 has been reported previously and is used widely for tumor 

targeting.
17

  Similarly, peptide 22 resembles reported cKNGRE that showed 

improved binding to the CD13
+
 cells.

28
  Linear peptides 24-26 showed less 

binding compared to the cyclic analogues.  Cyclization of the peptide with the two 

terminal cysteines or the disulfide constraint is critical for the targeting efficiency.  

Colombo et al. found the activity of GNGRG-TNF to be one order of magnitude 

lower than that of CNGRC-TNF.
30

  Our results further confirm that cyclic NGR 

peptides show enhanced binding to the cells compared to the acyclic NGR 

counterparts. 

Several peptides from group 3 showed augmented binding to the cells 

compared to peptide 1.  Interestingly, it appears that substitutions of NGR 
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flanking residues with amino acids containing hydroxyl side chain, such as Ser 

(peptides 33 and 34) or Thr (peptide 5), leads to increase in cell binding.  Peptide 

34 with highest RCA (3.2 and 4.5) in group 3 peptides was selected for further 

studies.  Negative control peptides (38-45) mostly showed low binding to the cells 

(RCA  2.5) except peptide 42 that displayed RCA of 2.3 and 5.4 for the CD13
+
 

HUVEC and HT-1080 cell lines, respectively.  Peptide 42 is a 8-mer linear 

peptide devoid of NGR sequence.  It may bind to the cells by different mechanism 

or the interaction could be non-specific.  Interestingly, both the CD13

 cell lines 

also displayed relatively high binding to peptide 42 compared to other negative 

control sequences further confirming our conjecture that the binding between 

peptide 42 and cells could be by non-specific interaction.  Peptide 43 with RCA 

0.4-0.6 was selected as a negative control peptide for further investigation. 

 

2.3.4. Evaluation of In vitro Cell Binding  

Peptides 5, 14, 21, 22, 34 with enhanced binding to the CD13
+
 cells, and 

peptides 1 and 43 as positive and negative controls, respectively, were chosen for 

in vitro cell uptake studies.  Peptides were synthesized using automatic 

synthesizer on 2-chlorotritylchloride resin using Fmoc-SPSS chemistry, and the 

N-terminal was labeled with FITC via a -alanine linker (Figure 2.3).  Disulfide 

bond formation or cyclization was carried out by oxidation in 20% aqueous 

DMSO.  Buffer was not used to minimize any potential deamidation and 

formation of isoaspartate residue which would lead to loss in affinity for the 
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aminopeptiase N receptor.  All peptides were obtained in good yield (40-52%), 

and were characterized using HPLC and MALDI-TOF showing molecular ion 

peaks consistent with expected masses (Table 2.2).  Peptide stock solutions were 

stored at neutral pH and kept at -20 °C prior to cell studies. 

 

 

 

 

 

 

 

 

 

Figure ‎2.3. Solid phase peptide synthesis (SPPS) of FITC-A-peptide 1 or FITC-

1. 

 

The binding or uptake of the soluble FITC-labeled peptides by the cells was 

studied using fluorescence based experiments, such as, flow cytometry and 

confocal microscopy. FITC-labeled peptides were incubated with the CD13
+
 and 

CD13

 cell lines for 30 min at37 ºC followed by removal of the unbound peptides 

by extensive washing of the cells.  Cells were suspended in FACS buffer to 

evaluate the uptake by flow cytometry.  The results (Figure 2.4) show that the 

NGR containing peptides 5, 14, 21, 22, and 34 display significantly higher uptake 

Trt Trt Trt Trt

20% DMSO/H2O

2. Acid cleavage

Fmoc SPPS
CVLNGRMEC

1. FITC

CVLNGRMEC

CVLNGRMEC
2. 20% piperidine

1. Fmoc--Ala-OH
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by the CD13
+
 cell lines compared to CD13


 cell lines, as evidenced by the high 

mean cell fluorescence intensity relative to the untreated cells (83 ± 68.8 for 

CD13
+
 and 8.5 ± 8.5 for CD13


).  FITC-labelled peptide 5 (or FITC-5) showed 

the highest uptake followed by the other four peptides, similar to what was 

observed in the peptide array-cell binding assay. 

 

Table ‎2.2.  Amino acid sequence and characterization of the peptides selected 

from the peptide array-whole cell binding assay. 

 

 

 

 

 

 

When comparing the mean cell fluorescence, the uptake of the peptides by the 

HUVECs was higher compared to uptake by the HT-1080 cells.  This is in 

agreement with the amount of CD13 receptor expressed by these cell lines 

(Figure 2.1).  In addition, HUVECs also express ανβ3 integrin receptor and NGR 

sequence is known to convert into isoDGR under cellular conditions with gain in 

ανβ3 integrin binding activity.
45

 Whereas HT-1080 cancer cells do not express 

ανβ3 integrins.
46

 

# 
Peptide 

Sequence 

Mass
 a
 [M+H]

+
  

Obs. ( Calcd.) 

r.t. 

(min) 

Yield
b
 

(%) 

1 CVLNGRMEC 1482.5 (1482.3) 21.7 40 

5   YNGRT 1071.3 (1070.4) 13.7 50 

14 CVLNGREC 1351.7 (1351.2) 19.5 50 

21  CNGRC 1011.1 (1010.4) 12.1 42 

22 KCNGRC 1137.9 (1137.1) 11.3 45 

34 CVLNGRSEC 1437.4 (1438.1) 22.2 45 

43  VLGXE 990.4 (989.1) 9.5 52 
a
MALDI-TOF of FITC-β-Ala-peptide.  

b
Purity of 

the peptides was estimated as the area under the 

curve of analytical HPLC chromatogram and was 

found to be 95-98%. r.t. = retention time
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Peptide 5, a linear 5-mer sequence was further evaluated for cellular uptake by 

fluorescence microscopy.  Fluorescence microscopy image (Figure 2.5.A) of 

CD13
+
 HT-1080 cells showed strong intersperse fluorescence, while the CD13


 

MD-435 cells showed much less green fluorescence (Figure 2.5.B) demonstrating 

peptide specificity for the APN/CD13 receptor.  Figure 2.5.C shows zoomed-in 

image of the HT-1080 cells, where uniform distribution of FITC-5 peptide inside 

the cell and nucleus is visibly observed.  The binding of the FITC-5 peptide was 

inhibited to a large extent in the presence of 100-fold excess unlabeled peptide 5 

(Figure 2.5D).   

 

Figure ‎2.4. Peptide cell binding and uptake by CD13
+
 and CD13


 cell lines 

measured using flow cytometry.  The peptides (10
-6

 mol/L) were incubated with 

the cells for 30 min at 37 °C.  No treatment (NT), and FITC-43 served as negative 

controls, while FITC-1 served as a positive control.  The results are presented as 

mean fluorescence of cell population (mean ± SD of triplicate wells). 

 

Finally, a co-culture assay with HT-1080 and MDA-MB-435 cells was 

performed to study the selectivity of peptide FITC-5.  CD13
+
 HT-1080 cells were 

(A) 
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grown together with the CD13

 MDA-MB-435 cells followed by incubation with 

FITC-5.  As shown in Figure 5, MDA-MB-435 cells, previously stained with blue 

cell tracker dye, showed much less green fluorescence or peptide uptake 

compared to the HT-1080 cells.  The low uptake of the peptide by the MDA-MB-

435 cells (Figures 2.6) could be due to the binding of isoDGR peptide of FITC-5 

to the ανβ3 integrin expressed by these cells.
42

 

 

Figure ‎2.5. Fluorescence microscopy images to evaluate in vitro binding of 

peptide FITC-5 to the cells.  (A) HT-1080 (CD13
+
) cells showing uptake of green 

FITC-5, (B) MDA-MB-435 (CD13
−
) cells after incubation with FITC-5 showing 

minimal uptake, (C) Zoom-in of a HT-1080 cell using confocal laser microscopy 

showing intracellular distribution of FITC-5 (scale bar = 12 µm), and (D) HT-

1080 cells in the presence of excess unlabelled peptide 5  (10
-4

 M) as a 

competitor.  Green, signal from FITC labelled peptide; Blue, signal from the 

nuclear staining agent DAPI. Images were acquired with identical exposure times 

and displayed consistently to compare binding between HT-1080 and MDA-MB-

435 cells. 
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Figure ‎2.6. (A) Fluorescence microscopy image of a co-culture of HT-1080 

(CD13+) and MDA-MB-435 (CD13−) cells incubated with FITC-5 (green) for 30 

min. Peptide (green) was uptaken primarily by HT-1080 cells with very little 

uptake by MDA-MB-435 cells. The MDA-MB-435 cells were stained blue using 

cell tracker blue before the experiment. (B) A phase contrast image. Scale bar = 

20 μm.. 

 

To investigate the susceptibility of peptides for deamination under condition 

used in the binding assays, we studied the stability of peptide 5, a representative 

NGR sequence, in DMEM media (Figure 2.7).  Peptide 5 dissolved in DMEM 

media was incubated at 37 °C, and at different time points (0, 1, 4, 24 h) aliquots 

A 

B 



106 

 

were withdrawn to evaluate the stability of the peptide using MALDI-TOF mass 

spectrometry and RP-HPLC.  Peptide started to disintegrate after 4 hr of 

incubation as evidenced by the appearance of multiple peaks during HPLC and 

mass analysis.  Mass measurement indicated the presence of NGR peptide along 

with deaminated isoDGR or DGR and succinamide intermediate showing mass of 

610.7 ([M+H]
+
), 611.7 (+1), and 593.5 (-17), respectively (Figure 2.7).  These 

results suggest that the NGR sequence in the peptides was maintained during the 

in vitro binding assays which involved half-an-hour incubation of peptide with the 

cells in DMEM media.  Notably, the peptide was completely stable in water under 

similar conditions. 

 

 

 

Stability of peptide 5 (YNGRT) during storage at 37°C 

Solvent* Time 

(h) 

Mass [M+H]+ 

Obs. (Calcd.) 

H2O 0 

1 

4 

24 

610.8 (610.6) 

610.7 

610.5 

610.7 

DMEM 0 

1 

4 

24 

610.8 

610.8 

610.7, 611.7, 593.5 

610.8, 611.7, 593.5 

* Solvent used to prepare peptide solution for storage. Mass was 

determined by MALDI-TOF mass spectrometry 

(A) 
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Figure ‎2.7.  (A) Stability of peptide 5 (YNGRT) during storage at 37°C as 

determined by MALDI-TOF mass spectrometry. MALDI-TOF mass analysis of 

peptide 5 in DMEM media after incubation at 37 C for 1 h (B), 4 h (C), and 24 h 

(D).  (B) shows the correct mass for peptide 5 ([M+H]
+
 obsd. 610.8; calcd. 610.6), 

C and D show mass of 593.5, 610.7 and 611.7 corresponding to succinimide 

derivative, NGR, and isoDGR (or DGR), respectively.  Inset in (C) shows RP-

HPLC of peptide 5 after incubation in DMEM media at 37 C, at zero time 

(black) and 4 h (red).  

 

 

(B) 

(C) 

(D) 
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Precautions were taken during peptide array synthesis to minimize the 

chances of NGR peptide deamination.  Regardless some deamination may occur 

during the lengthy cell binding assay and cannot be excluded, which can lead to 

some loss of CD13
+
 cell binding.  Several observations suggest that there was 

minimal deamination during the peptide-array cell binding assay, for instance, the 

CD13
+
 cells showed substantial binding to the peptides and in comparison CD13


 

cells showed much less binding (Figure 2.2).  If there was significant 

deamination of the NGR peptides, we would expect a shift in the binding to 

integrin expressing cell lines MDA-MB-435 and MDA-231. Further, in vitro 

binding studies using FITC labeled soluble peptides confirmed uptake or binding 

by the CD13
+
 cells. 

2.3.5. Inhibition of Aminopeptidase N Activity by Selected Peptides 

Inhibition of APN enzyme is considered important as it inhibits tumor invasion 

and angiogenesis causing tumor regression.
47

  We examined the ability of five 

most promising NGR peptides and peptide 1 to inhibit aminopeptidase N activity.  

Bestatin, a known inhibitor of APN activity, was used as a positive control.  

Screening of peptides for inhibition of APN activity was carried out at a single 

substrate concentration of 500 µM, as lower concentrations (125 µM or lower) did 

not show noticeable activity.  Peptides displayed 10-60% APN inhibition after 30 

min incubation, where bestatin showed 92% inhibition (Figure 2.8). Peptide 5 

was the most efficient in inhibiting APN causing 60 ± 4.2% inhibition compared 

to the cells alone.  Peptide 34 showed 54 ± 3.9% inhibition, suggesting again the 
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importance of hydroxyl side chain group in enhancing binding and interaction 

with CD13
+
 cells or the APN enzyme.  Peptides 1, 14, 21, and 22 displayed slight 

inhibition at the tested concentration, ranging from 10 to 20%.  Previously it has 

been reported that CNGRC peptide showed minimal inhibition of APN up to 500 

µM concentration.
23

  A recently identified CPNGRC peptide sequence showed 

that the addition of a proline residue enhanced binding to the APN enzyme as well 

as inhibited APN proteolytic activity with an IC50 of 10 μM, a value that is 30-

fold lower than that for CNGRC.
31

  Noticeably the structural constraints 

introduced by the NGR flanking residues contribute to the enhanced binding 

affinity and enzyme inhibition.  This study highlights the possible correlation 

between enhanced binding to APN and APN inhibition. 

 

Figure ‎2.8. Inhibition of aminopeptidase N (APN) activity in the presence of 

NGR peptides.  Intact HT-1080 cells were incubated with peptides or bestatin (a 

known inhibitor) followed by evaluation of APN activity.  The results shown are 

mean ± SD of triplicates. 

 

Finally, peptide-array cell binding assay using cellulose bound peptides was 

able to screen for cyclic and acyclic NGR peptides that bind to CD13
+
 cell lines 
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(Figure 2.2).  Membrane cell binding results, as well as in vitro binding 

experiments including co-culture fluorescence microscopy suggest that the 

identified NGR peptides bind selectively to CD13 receptor in CD13
+
 cell lines. 

Previously we established this assay for screening peptides specific for cancer 

cells with very little binding affinity for the noncancerous HUVECs.
33

   

NGR peptides identified from the peptide-array cell binding assay 

confirmed high uptake in the in vitro studies using soluble peptides (Figure 2.3).  

Interestingly, peptide 21 (CNGRC) identified here is a wellknown NGR peptide 

that has been widely used as a CD13 tumor vasculature targeting peptide, and 

tumor necrosis factor-α (TNF) conjugate of this peptide is in phase II clinical 

trials.
18

  The newly identified sequences presented in this study, such as peptide 5 

and 34, offer additional advantages to the previously reported NGR sequence.  

Peptide 5 (YNGRT) was found to be the most promising with a significant 

increase (up to 13-fold) in uptake by the CD13
+
 cells compared to the lead peptide 

1.  Peptide 5 is a linear peptide that can be cyclised to further enhance its binding 

properties toward CD13
+
 cells.  In addition, the new sequences, such as 5 and 34, 

display better APN enzyme inhibition and selectivity toward CD13
+
 cells. 

Next we observed that YNGRT sequence (peptide 5), is present in the type 

II module of fibronectin.
42

  Notably, peptide 34 (CVLNGRSEC), the next 

promising peptide resembles peptide 5.  The NGR flanking residues are similar in 

the two peptides, namely Tyr versus Leu and Thr versus Ser in 5 and 34, 

respectively.  The three dimensional (3D) structure of peptide 5 derived from the 
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fibronectin structure (PDB 1QO6)
48

 is shown in Figure 7.  An overlay of peptide 5 

with LNGRS sequence of peptide 34 (derived from PDB 3NWJ)
49

 shows that 

peptide 34 may also fold into similar conformation.  The structures discussed here 

represent probable solution conformations of the individual peptides as these 

structures are based on the structure of the peptide in a complete protein.  The true 

3D structures of peptides, such as 5 and 34 remains to be elucidated  

 

Figure ‎2.9. Schematic representation of a portion of human fibronectin 

highlighting NGR motifs present in the type I, II, and III repeats (top).  Three 

dimensional structures of the NGR sequences present in the type I (PDB 1FBR), 

II (PDB 1QO6), and III (PDB 1FNF) repeats are shown as stick models (bottom).  

Peptides 21 and 22 most likely form hairpin as found in type I structure (bottom, 

left to right), peptide 5 folds into type II structure, and peptide 34 which is similar 

to peptide 5 may form type II structure. An overlay of peptide 5 with type II fold 

and peptide 34 (red) derived from PDB 3NWJ is shown.  LNGRE of type III 

repeat, which is present in peptide 14, is also shown. 

 

The other high affinity peptides also resemble sequences from fibronectin. 

Peptides 21 and 22 contain CNGRC which has been shown to be a better 

analogue of fibronectin sequence GNGRG (Figure 2.9).
30

  GNGRG belongs to 
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the type I module (5
th

 and 7
th

 type I repeats) of fibronectin (PDB 1FBR)
50

 and the 

cyclized CNGRC stabilizes the linear sequence providing higher affinity for 

CD13.
30

  Peptide 14 contains LNGRE sequence which is present in the type III 

module of fibronectin (PDB 1FNF).
51

  Conclusively, all the high affinity peptides 

identified in the present study are derivatives of the fibronectin NGR sequences.  

Furthermore, comparison of the uptake results (Figures 2.2 and 2.4) as well as the 

APN activity (Figure 2.8) of the high affinity peptides suggests that NGR 

peptides with type II fibronectin sequence (peptides 5 and 34) show higher 

affinity for the CD13 compared to the peptides from type I and type III modules. 

2.4. Conclusions 

In conclusion, the NGR peptides identified here are promising sequences 

for developing tumor vasculature targeted drugs, delivery systems and imaging 

agents with reduced detrimental off-target effects from the toxic drug or other 

agents.  Our results show that peptide array library screening is a powerful 

research tool for analyzing peptide-cell interactions with rapid and efficient 

screening of high binding peptides.  Both cyclic and linear peptides containing 

NGR were identified that closely resemble NGR sequences present in human 

fibronectin.  Consequently, these NGR sequences may have low immunogenicity 

making them ideal candidates for the development of ligands for targeted delivery 

to tumor angiogenic vasculature. 
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Chapter 3 :  Engineered Proteolytically Stable 

p160 Cancer Targeting Peptides with High 

Affinity for Breast Cancer Cells 
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3.1. Introduction 

Chemotherapeutic agents are used in conjunction with other treatment options 

such as surgery, radiation, and hormonal therapy to combat cancer.
1,2

  A major 

hurdle associated with current chemotherapeutic agents is that they enter healthy 

tissues in the body with indiscriminate cytotoxicity and do not preferentially 

accumulate at tumor sites.
3,4

  To improve the specific uptake of therapeutic agents 

to cancerous cells in tumors, different strategies have been developed.  One of the 

most effective strategies is to target anticancer drugs preferentially to the tumor 

site using targeting ligands such as engineered antibodies
5,6

 tumor homing 

peptides
7,8

 affibodies
9,10

 and aptamers
11

 that target specific receptors on particular 

types of cancer cells.  Recently, a number of tumor homing peptides have been 

reported that specifically target cancer cells and show promising results for tumor 

targeted drug delivery.  Peptides being smaller than other targeting ligands, have 

excellent tissue penetration properties and can be easily conjugated to drugs and 

oligonucleotides by chemical synthesis.  Peptides are nearly invisible to the 

immune system and are not taken up in the reticuloendothelial system like 

antibodies, so are expected to cause minimal or no side effects to bone marrow, 

liver and spleen.
12

 

A number of peptides have been identified by peptide phage display for 

targeting breast cancer cell types.
13-15

 One of those is a dodecapeptide identified 

through phage display by Zhang et al, referred to as peptide p160.
16

  Peptide p160 

displays high affinity for the human breast cancer cell lines MDA-MB-435 and 
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MCF-7 in vitro with very little affinity for primary endothelial HUVEC cells
16-18

. 

Furthermore, in vivo biodistribution experiments in tumor-bearing mice, p160 

showed a higher uptake in tumors than in organs such as heart, liver, lung, and 

kidney.  Relative to the RGD-4C peptide, p160 showed high accumulation in 

tumor versus normal organs.
18

   

Experiments with p160 peptide suggest that a cancer specific receptor is 

involved in the cellular binding of the peptide.
18

  A competitive binding 

experiment in the presence of increasing concentration of the unlabeled p160 

peptide showed reduced uptake of labeled p160 in the MDA-MB-435 cancer 

cells.  In contrast, unspecific competitors such as octreotide and D-p160 (D-

isomer) showed no effect on the uptake of the labeled p160.  Further, the 

internalization of the radiolabeled and the FITC-labeled p160 was inhibited in the 

presence of the unlabeled peptide and was suppressed at 4 C.  Using p160 as a 

lead peptide, we designed and synthesized a library of 70 peptides on a cellulose 

membrane.  Screening of the library for cancer specific peptides led to the 

identification of decapeptide 18 which displayed up to 3-fold higher binding 

affinity for MDA-MB-435 and MCF-7 cancer cell lines compared to the p160 

peptide, with negligible affinity for HUVEC cells.
19

  The apparent dissociation 

constant of peptide 18 for recognizing MDA-MB-435 cells was found to be in the 

low micromolar range (Kd 42 M).  

Despite the potential of peptide 18 as a potent tumor homing peptide, its 

applicability would be largely hampered by its instability toward proteases.  A fast 

degradation of p160 peptide by the serum proteases has been observed.
17,18

  The 
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susceptibility of α-peptides, such as p160 and peptide 18, to in vivo proteolysis 

severely diminishes their bioavailability in tissues and organs.  This presents a 

significant hurdle and a major impediment in the development of α-peptides into 

clinically useful products.
20

  To overcome this, peptides have to be chemically 

modified so that their blood clearance is minimized in comparison with their rate 

of uptake at the target sites.  The most common strategies used to increase peptide 

proteolytic stability include introduction of D- or unnatural amino acids and 

peptide cyclization.
21,22

  Introduction of peptidomimetic β-amino acids in an α-

peptide imparts stability against degradation. For instance, mixed α/β–peptides 

synthesized by replacement of α- with β-amino acids display proteolytic stability 

against different proteases compared to the corresponding α-peptides. 
23-28

 

The objective of the current study was to develop analogues of cancer 

targeting peptide 18 to improve proteolytic stability and maintain specific affinity 

for breast cancer cells.  The hypothesis was that peptide 18 can be converted into 

a proteolytically stable peptide by replacement of a few amino acids while 

maintaining the secondary structure of the peptide and specific affinity for breast 

cancer cells.  Two approaches were used to develop the analogues.  First, a second 

generation of p160 analogues was created by introduction of single or double 

substitutions in the peptide 18 sequence to improve specificity for breast cancer 

cells.  Secondly, proteolytically stable analogues of peptide 18 were explored.   

Accordingly, we have designed and synthesized ten FITC-labeled peptide 18 

analogues (Table 3.1).  All the analogues display high affinity for cancer cells 

compared to non-cancerous cells.  Three analogues (18-4, 18-9, and 18-10) 
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display exceptional resistance to proteolytic degradation in human serum and 

show higher uptake (up to 3.5–fold) by the breast cancer cell lines MDA-MB-435, 

MDA-231, MCF-7 compared to peptide 18.  These analogues show low affinity 

for control (non-cancerous) MCF-10A and HUVEC cells.  One of the analogues, 

18-4, consists of two L- to D-amino acid replacements in 18, whereas the other 

two (18-9 and 18-10) contain three α- to β
3
-amino acid (derived from L-Asp)

29
 

substitutions.  Here we show for the first time that L-Asp can be used as an 

effective and inexpensive β-amino acid replacement onto which side-chain 

mimics can be placed by making amide analogues on the α-carboxylate.  The 

analogues maintain a stable secondary structure like the parent peptide 18, and 

impart no cytotoxicity.  This study demonstrates discovery of three novel 

proteolytically stable breast cancer targeting peptides with potential applicability 

in anti-cancer drug delivery and cancer diagnostics. 

 

 

 

 

 

 

 

 



123 

 

Table ‎3.1. Primary amino acid sequences and characterization (mass spectrometry 

and HPLC) of cancer targeting peptides studied herein.  Substitution of amino 

acids in analogues 18-1 – 18-10 is shown in blue (α-amino acids) or red (β-amino 

acids derived from L-asp).  Lower case letters denote D-amino acids, X is Nle, and 

Z is a β
3
-residue with a naphthyl side chain. 

 

 

 

 

 

 

Peptide 
Amino acid 

Sequence 

[M+H]
+ a 

Calcd.       Obsd. 

Yield 

(%) 

Rt 
b
(min) 

Sol 1       Sol 2 

α-Peptides 

18 (control) WXEAAYQRFL 1367.7 1367.9 70 23.2 29.4 

18-1 YXEAAYQRFL 1343.5 1343.1 60 24.5 29.2 

18-2 WEEAAYQRFL 1383.6 1384.8 70 24.3 29.1 

18-3 WLEAAYQRYL 1383.6 1383.5 75 24 29.0 

18-4 WxEAAYQrFL 1367.7 1367.9 63 23.1 29.3 

Mixed α/β-Peptides 

18-5 WXEAAYQKFL 1454.5 1454.4 45 24.1 29.3 

18-6 WXEAAYQRFL 1482.1 1483.1 50 24.6 29.4 

18-7 WXEAAYQRFL 1537.2 1538.2 48 24.9 29.7 

18-8 WXEAAYQRFL 1538.4 1538.2 51 24.7 29.5 

18-9 ZXEAAYQKFL 1522.1 1522.6 40 24.9 33.2 

18-10 ZXEAAYQKFL 1522.1 1522.1 35 24.9 33.1 

a
MALDI-TOF of β-Ala-peptide. 

b
RP-HPLC retention time of FITC-labeled peptides. Gradient used on a Vydac C18 

analytical column was Sol 1: 15-50% IPA/water (0.1% TFA) in 35 min with a flow rate 

of 1 mL/min, and Sol 2: 15-55% ACN/water (0.1% TFA) in 35 min with a flow rate of 1 

mL/min. 

R

R

β
3
-amino acid -amino acid 
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3.2. Materials and Methods 

3.2.1. Peptide Synthesis    

Eleven 10-mer peptides (Table 3.1, 18-1 – 18-10) were synthesized manually 

using solid phase peptide synthesis on 2-chlorotrityl-chloride resin (0.2 mmol, 1 

mmol/g) as described previously.
19,25

  The chemical structures of the peptides 

containing D- or β-amino acids are shown in Figure 3.1.  The first Fmoc-amino 

acid was coupled using DIPEA for 6 hours.  Further amino acids were coupled at 

two-fold excess using HCTU/HOBt/NMM as activating mixture in DMF. After 

coupling for 2 hours at room temperature, the ninhydrin test
30

 was performed to 

estimate the completeness of the reaction. For mixed α/β-peptide analogues (18-5 

- 18-10), β3-amino acids were added to the backbone of the peptide following 

Fmoc/allyl combined solid-phase synthesis as previously described.
25,29

  Briefly, 

N--Fmoc-L-aspartic acid α-ally ester was coupled to the growing peptide in 

DMF using HCTU/HOBT (2 equiv each), and NMM (4.5 equiv) for 2 h at room 

temp. After coupling, palladium catalyzed deprotection of the side chain allyl 

from carboxyl group was done under nitrogen using mixture of Pd (PPh3)4 (0.08 

equiv) and PhSiH3 (8 equiv) in DCM/DMF (45 min x 3).  Following deallylation, 

the corresponding amine (RNH2, 4 equiv) was coupled using the same coupling 

reagents as mentioned above for 4 hr.  Amine side chains used for β
3
 amino acid 

syntheses were as follows: methylamine (Sigma) for alanine, n-butylamine 

(Sigma) for norleucine, t-butyl-N-(4- aminobutyl) carbamate (TCI-EP) for 

arginine, benzylamine (Sigma) for phenylalanine, 1-  
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Figure ‎3.1. Chemical structures of synthesized cancer targeting peptides 

containing D- or β-amino acids.  α-Amino acids are shown in black (L-amino 

acids) or blue (D-amino acids) and β-amino acids derived from L-aspartic acid are 

shown in red. 
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napthalenemethylamine (Alfa Aesar) for tryptophan, 4-tert-butoxybenzylamine 

(Otava) for tyrosine.  and double coupling.  In this case, the concentration of 

amines should not exceed 2 equivalents to prevent cleavage of Fmoc protecting 

group before complete coupling.  Fmoc groups were removed by treatment with 

20% piperidine in DMF, two times each for 7 minutes.  After completion of the 

synthesis, peptides were cleaved from resin and all protecting groups were 

removed using cleavage mixture (50:50% TFA/DCM, 5% TIPS) at room 

temperature for 1 hr, followed by washing the resin with the cleavage reagent 

twice.  The cleaved peptide combined with TFA washes was concentrated by 

rotary evaporation. Cold Et2O (40 mL) was added to precipitate the peptide, and 

then centrifuged.  Crude peptides were dissolved in water and purified using 

reversed-phase HPLC (Varian Prostar 210, USA) to obtain pure peptides in 45% 

to 70% yield.  The purity of the peptides was confirmed by HPLC and MALDI-

TOF mass spectrometry (Figures A.4, A.5).  The purity of the peptides was 

verified to be greater than 95% by RP-HPLC.  The HPLC analysis and mass 

spectrometric data of the peptides are summarized in Table 3.1. All the peptides 

were labeled with fluorescein 5-isothiocyanate (5-FITC) through their N-terminus 

via a β-alanine spacer.  The stepwise procedure for FITC conjugation to peptide 

18 is shown in Figure A.3.  FITC-β-ala-peptides (or FITC-peptides) were verified 

to be greater than 95% pure by RP-HPLC (Figure A.4). 
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Cell Culture   

All cancer cell lines and human mammary epithelial
 
cell line MCF-10A were 

purchased from the American Type culture collection (ATCC) and additives were 

from Invitogen.  Human breast cancer cell line MDA-MB-435 was cultured in 

RPMI-1640 media supplemented with 10% FBS, 100 IU/ml penicillin, and 100 

IU/ml streptomycin, whereas, MCF-7 and MDA-231 were cultured in DMEM 

media containing 10% FBS, 100 IU/ml penicillin, and 100 IU/ml streptomycin.  

Human mammary epithelial
 

cell line (MCF-10A) was cultured in minimal 

essential growth media MEGM (Lonza, Cedarlane) supplemented with same 

additives as before.  Human umbilical vein endothelial cells (HUVEC), a kind gift 

from the laboratory of Sandra Davidge, University of Alberta, were cultivated 

using Endothelial Cell Growth Medium EGM, (Lonza, Cederlane) containing 

20% FBS, 2 mmol/L glutamine, 100 IU/ml penicillin, 100 IU/ml streptomycin, 

and 2 ng/mL basic fibroblast growth factor (Roche Diagnostics, Mannheim, 

Germany).  All cell lines were cultivated at 37 ºC in a 5% CO2-95% O2 incubator 

and growth media were replaced every 48 h.  

 

3.2.2. Cellular Uptake by Flow Cytometry  

The cellular uptake of the synthesized analogues (18-1–18-10) was evaluated 

against three human breast cancer cell lines (MDA-MB-435, MCF-7, and MDA-

MB-231) and two non-cancerous cell lines (MCF-10A and HUVEC) using flow 

cytometer (Becton-Dickinson Facsort).  Cells were grown in T-75 culture flasks 
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containing media supplemented with FBS and antibiotics until 80% confluence.  

After washing twice with PBS, cells were detached from the surface by incubation 

with trypsin solution at 37 ºC.  Cells were centrifuged at 500 g for 5 min, re-

suspended in media, counted by hemocytometer, and diluted to 10
3 

cells/mL with 

media.  Next, they were seeded in 6 well tissue culture plate at a density of 10
6
 in 

3 mL of culture medium at 37 ºC for 24 h.  The following day, cells were washed 

by PBS and incubated in serum free media containing FITC-labelled peptides at a 

concentration of 10
-5

 mol/L for 30 min at 37 ºC.  Then the cells were washed 3 

times with PBS, trypsinized to remove any surface bound peptides, and 

centrifuged at 5000 g for 5 min.  The pellets were resuspended in FACS solution 

(10% FBS in PBS), and flow cytometry was performed.  A total of 10,000 events 

were collected monitoring fluorescein - 5 – isothiocyanate (5-FITC).  The 

autofluorescence of the cells only without treatment was measured to differentiate 

between the peptide-bound labelled cells and autofluorescence of unlabeled cells. 

Fluorescence up to the measured intersect was called autofluorescence and 

represented cut-off point value.  Cells in which fluorescence was higher than that 

value were considered labelled with 5-FITC.  Competitive binding assays were 

performed using MDA-MB-435 cancer cell line with FITC-18-4 and FITC-18-9 

in the presence of 50-fold excess of unlabelled 18-4 and 18-9 respectively.  After 

incubation for 30 min at 37 ºC, the cells were washed with ice cold PBS.  

Thereafter, FACS analysis was performed as described above.  All experiments 

for binding were repeated 2-3 times. 
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3.2.3. Fluorescence Microscopy 

 MDA-MB-435 or HUVEC cells (50,000) were cultured on the top of a cover 

slip at 37 ºC for 24 hr.  The medium was removed and replaced with fresh serum 

free medium (1 mL), containing FITC-labeled peptides (18-4, 18-9) at a 

concentration of 10
-5

 mol/L.  The cells were incubated with the peptides for 30 

min at 37 ºC.  After incubation, the medium was removed and the cells were 

washed with serum free medium (3 x 2 mL).  The cells were fixed on ice with 2% 

formaldehyde for 20 min. The formaldehyde was removed by washing with media 

(3 times).  The cover slips were put on slides containing one drop of DAPI-

Antifade (Molecular Probes) to stain the nucleus.  The cells were imaged under 

the fluorescence microscope (Zeiss) using green and blue filters with 20x 

magnification.  The samples prepared for fluorescence microscopy were also used 

for visualization by confocal microscopy to confirm internalization.  Confocal 

laser scanning microscopy was performed with a Carl Zeiss inverted confocal 

microscope (Zeiss 510 LSMNLO, Jena, Germany) with a 40x oil immersion lens.  

Confocal stacks were processed using the Carl Zeiss LSM 5 Image software, 

which also operates the confocal microscope. 

 

3.2.4. Serum Stability 

  The proteolytic stability of selected peptides (18, 18-4, 18-9, and 18-10) in 

the presence of human serum was evaluated using HPLC analysis.  Human serum 

(250 µL) was added to RPMI media (650 µL) in 1.5 mL eppendorf tube to mimic 
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biological system.  The temperature was equilibrated at 37 ± 1 ºC for 15 min 

before adding 100 μL of peptide stock solution (1 mM solution in 100% sterile 

water).  The initial time was recorded and at known time intervals (0, 0.5, 1, 5 and 

24 hr) an aliquot of reaction solution (100 µL) was removed and added to 

methanol (200 µL) for precipitation of serum proteins present in the human 

serum.  The cloudy solution produced was cooled to 4 ºC for 15 min and then 

spun at 500 g for 15 min to pellet the serum proteins.  The supernatant (50 µL) 

was injected on to RP-HPLC (Vydac C18 column) using an auto-injector to 

eliminate manual injection error.  A linear gradient from 12-100% IPA/water in 

35 min with a flow rate of 1.5 mL/min was used and the absorbance of the eluting 

peaks was detected at 214 nm.  The concentration of peptides and degradable 

products was measured by integrating the area under the curve and their identity 

was confirmed using MALDI-TOF mass spectrometry. 

 

3.2.5. In Vitro Metabolic Stability   

The in vitro metabolic stability was determined by incubating the peptides 

with the liver homogenate.  The liver homogenate was prepared as described 

previously.
31

  Briefly, liver was collected from male CD-1 mice.  After cleaning 

and washing in ice-cold HEPES buffer (pH 7.4), approximately 0.98 g was 

transferred to a 50 mL centrifugation tube.  Ice-cold HEPES buffer (5 mL) was 

added, and the organ was homogenized with an Ultra-Turrax (IKA, Staufen, 

Germany) for 1 min on ice.  The homogenate was shaken, and subsequently 
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centrifuged at 14,000 rpm for 20 min at 4 °C.  Aliquots of the supernatant was 

transferred into microtubes, and stored at -80 °C until use.  Before use, the protein 

content of each homogenate was determined using Bicinchoninic acid Protein 

Assay (BCA) to generate a stock solution with a protein concentration of 14.7 

mg/mL by dilution with HEPES buffer. 

For the metabolic stability of the peptides, an aliquot (100 µL) from the 

peptide stock solutions (18-4, 18-9, and 18-10) prepared in 5% ACN/water 

mixture (1 mM) was added to 900 μL of liver extract (200 μL of homogenate, 700 

μL of RPMI media, pH 7.4, 2.94 mg of protein in total).  The mixture was 

incubated at 37 °C while shaking, and an aliquot (100 µL) was taken out at 

regular time intervals.  The enzymatic reaction was stopped by mixing the sample 

with methanol (300 μL).  This also allowed proteins precipitation, after which the 

samples were cooled at 0 °C for 30 min.  Thereafter, centrifugation at 14,000 rpm 

for 10 min yielded a clear supernatant, which was analyzed by reversed-phase 

HPLC on Vydac C18 column with UV detection at 220 nm wavelength.  

Cleavage products were separated by analytical reversed phase HPLC using 15-

55% IPA/water over 35 min and analyzed by MALDI-TOF mass spectrometry. 

Blank solutions as well as the control α-peptide (peptide 18) were similarly 

treated for comparison.  The percent of hydrolysis was determined from the 

integration of “area under the curve” of the peaks. 
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3.2.6. NMR spectroscopy   

 All NMR experiments and structure elucidation was done by Dr. Tara 

Sprules at McGill University. NMR samples of synthetic peptide p160 

(VPWXEPAYQRFL) were prepared in water (90% H2O:10% D2O, or 100% 

D2O) or TFE (100% CF3CD2OH or 100% CF3CD2OD) (Cambridge Isotope 

Laboratories, Inc).  Samples of 18 were prepared in a mixture of TFE and water 

(80% CF3CD2OH:20% H2O or 80% CF3CD2OD:20% D2O). Spectra were 

recorded at 15°C. The complete chemical shift assignments for p160 and 18 are 

listed in Table A.1.  2D TOCSY (60 ms mixing time), COSY, ROESY (mixing 

time 200 ms) and NOESY (mixing time 100, 200 and 300 ms) spectra were 

recorded on Varian INOVA 500 MHz spectrometer equipped with an HCN 

(hydrogen, carbon, nitrogen) cold probe and pulsed-field gradients.  Upper 

distance restraints for p160 structure calculations in TFE were obtained from 200 

ms mixing time 2D-[1H,1H]-NOESYs recorded at 500 MHz (amide region) and 

800 MHz (aliphatic and aromatic regions). Upper distance restraints for p160 

structure calculations in H2O were obtained from 200 ms mixing time 2D[1H-1H] 

ROESY spectra recorded at 500 MHz. Upper distance restraints for 18 structure 

calculations were obtained from 200 ms mixing time 2D-[1H,1H]-NOESYs 

recorded at 500 MHz . Calculations of the complete three-dimensional structures 

were performed with the program CYANA v 2.1.
32

 Input data and structure 

calculation statistics are summarized in Tables A.2 and A.3.  The final calculation 

was started with 100 randomized conformers to converge to the final 
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conformation.  A bundle of the 20 lowest energy CYANA conformers were used 

to represent the NMR structure of the peptides. 

3.2.7. CD Spectroscopy  

The circular dichrosim (CD) measurements were made on Olis CD 

spectrometer (Georgia, USA) at 25 
º
C in a thermally controlled quartz cell with a 

0.02 cm path length over 190-260 nm. The samples were prepared by dissolving 

the peptides in 90% TFE/water mixture containing 0.05% TFA. The final peptide 

concentration for the CD measurements was 200 µM.  Data were collected every 

0.05 nm and were average of 8 scans.  The bandwidth was set at 1.0 nm and the 

sensitivity at 50 mdeg. The response time was 0.25 s.  In all cases, baseline scans 

of aqueous buffer were subtracted from the experimental readings. The CD data 

was normalized and expressed in terms of mean residue ellipiticity (deg cm
2
 

dmol
-1

). 

3.2.8. Cytotoxicity 

 The cytotoxicity of peptide analogues 18-4, 18-9 and 18-10 was tested by 

measuring the cell growth inhibition using MTT assay.
33

  Breast cancer human 

cells MDA-MB-435 were seeded in 96-well plates (Corning Inc., MA, USA) at a 

concentration of 1 x 10
4
 cells/well per 200 µL RPMI serum free media 

supplemented with antibiotics (100 IU/mL penicillin, 100 IU/mL streptomycin), 

and incubated at 37 ºC in 5% CO2 atmosphere.  After 24 hours, the cells were 

treated with different concentrations of the peptides (1-100 µM) prepared in 

sterile water and incubated for 48 h. Doxorubicin was used as a positive control 
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and the untreated cells were used as a negative control. The culture media was 

discarded and replaced with 20 μL MTT solution (5 mg/mL in cell media) and 

100 μL cell medium, Then the cells were incubated for another 3.5 hr.  All 

experiments were done in triplicate, and the data in the form of the mean is 

presented.  Following incubation, the media was sucked out, and the purple 

formozan product precipitated in each well was solubilized in DMSO (150 μL).  

After gentle shaking for 10 min at room temperature, absorbance was measured at 

570 nm using a VERSA max microtitre reader (Molecular Devices, Sunnyvale, 

CA, USA) with a reference wavelength of 650 nm. The percentage cell viability 

was expressed as the absorbance ratio of cells treated with peptides to untreated 

cells dissolved in complete media. 

 

3.3. Results 

3.3.1. Design of Peptide 18 Analogues 

  Peptide 18 is a linear 10-mer peptide with a net charge of zero that shows 

high binding affinity to breast cancer cells compared to non-cancerous cells in 

vitro.
19

  In our earlier experiments, 18 was identified through screening a cellulose 

membrane-bound peptide array library against cancer cells.  The peptide array 

library was based on a cancer targeting dodecapeptide, p160.
16,19

  Deletion of the 

two N-terminal residues (Val-Pro) of p160 and one ProAla substitution yields 

decapeptide 18 (Figure 3.1).  Using peptide 18 as a starting point, here we have 

designed ten analogues of 18 for selective binding to breast cancer cells.  The 
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synthesis of the peptides was done on solid phase as described in the methods 

section.  The mass spectrometry data and the HPLC elution time of the peptides 

are listed in Table 3.1. 

First, three α-peptide sequences (18-1 - 18-3) were designed to introduce one 

or more substitution(s) in 18, such as Trp1Tyr1, Nle2Glu2 or Leu2, and 

Phe9Tyr9, based on the results of our initial peptide array (based on p160) 

screening.
19

  Next, in peptide analogue 18-4, two residues, Nle2 and Arg8, were 

substituted with D-amino acids to enhance proteolytic stability as well as increase 

binding affinity to cancer cells.  These residues have been identified as the labile 

sites in the peptide by Askoxylakis and coworkers.
17

   

Finally, a number of mixed α/β-peptides (18-5 - 18-10, Figure 3.1) were 

designed to improve the proteolytic stability of the lead peptide 18.  Analogues 

18-5 and 18-6 contain substitution of two labile residues with β
3
-amino acids.  

α/β-Peptides 18-7 - 18-10 each contain three α to β
3
 replacements to maximize 

resistance to proteolysis.  These analogues were fabricated following a sequence 

based design strategy reported by Horne et al.
23,24,34

 Here α and β amino acid 

residues were distributed in a repeating heptad pattern (ααααα) that yields β-

residues along one side of the helix.
34

  The replacement sites in these four 

analogues were selected to sample different positions in the heptad repeat.  The 

β
3
-amino acids used in this study were derived from L-aspartic acid.

29
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3.3.2. In Vitro Cell Binding Assays   

The binding of the peptide analogues to different mammalian cell lines was 

compared to the lead peptide 18 using flow cytometry.  FITC-labelled peptides 

(18, 18-1 – 18-10) were screened for specific binding to three breast cancer cell 

lines, namely, MDA-MB-435, MDA-MB-231 and MCF-7, and two non-

cancerous cell lines, MCF-10A and HUVEC.  The results show that all 10 

analogues display significant binding to the three breast cancer cell lines, as 

evidenced by the increase in the percentage of fluorescently labelled positive 

cells, relative to the untreated cells (40-100% ±10 for the treated, and 1% for 

untreated groups).  The uptake pattern of all the peptides was similar for the three 

cancer cell lines with slightly higher uptake for MCF-7 at the concentrations 

tested.  This is in agreement with previous studies that showed that p160 has 7-

fold higher binding to MCF-7 compared to MDA-MB-435.
18

  Among all the 

peptides evaluated, peptides 18-4, 18-9, and 18-10 showed the highest binding to 

the cancer cells (Figure 3.2).   

When comparing the binding affinity of -peptide analogues (18-1 - 18-4) 

and peptide 18 to cancer cells, it was found that the hydrophobic and/or aromatic 

substitutions (Trp1Tyr1, Nle2 Leu2 and Phe9Tyr9) were more tolerated 

than the charged amino acid substitution (Nle2Glu2).  For instance, peptides 

18-1 and 18-3 with aromatic or hydrophobic substitutions displayed equal or 

slightly higher binding affinity (1.5-fold), whereas 18-2 with Nle2Glu 

substitution showed a three-orders of magnitude decrease in binding. The 

percentage increase in fluorescence (of 18-2 incubated with cells) compared to 
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cells only was 14±3%, 60±5%, and 33±8% for MDA-MB-435, MCF-7, and 

MDA-MB-231 cells, respectively.  Peptide 18 has an average of 74±10% increase 

in fluorescence for the three cell lines.  This correlates with our previous 

observation where a p160 analogue with Phe9Lys charged substitution showed a 

marked decrease in binding with respect to the parent peptide.
25

  In addition, the 

overall charge for 18-2 is -1 which may also hinder its interaction with negatively 

charged surface of the cancer cells.
35

  Peptide 18-4, with D-amino acid 

substitutions at Nle2 and Arg8, was well tolerated and showed up to 3.5 fold 

increase in peptide affinity to cancer cell lines.  As shown in Figure 3.2, the mean 

fluorescence intensities of 18 and 18-4, respectively, were 10±2 and 35±2 when 

incubated with MDA-MB-435, 22±2 and 68±2 with MCF-7, and 16±2 and 45±2 

when incubated with MDA-MB-231 cells.  In earlier studies D-p160 with all 

amino acids replaced with the D-isoforms showed no uptake by the cancer cells 

and was used as a negative control peptide.
18

  The results presented here, 

however, suggest that the configuration of the two amino acids most likely did not 

alter the interaction with the receptor.  In general, these results reflect that 

hydrophobic substitutions are beneficial and such interactions increase specific 

binding of the peptide to the cancer cell. 
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Figure ‎3.2. Peptide uptake by the cancer cells (top row) MDA-MB-435, MCF-7 

and MDA-MB-231, and the control cells (bottom row) HUVEC and MCF-10A 

measured by flow cytometry.  The peptides (10
-5

 mol/L) FITC-18 (orange), FITC-

18-4 (blue), FITC-18-9 (pink), and FITC-18-10 (green) were incubated with the 

cells for 30 min at 37 °C.  Auto-fluorescence of the cells is shown in black. 

 

Mixed α/β-peptide analogues (18-5 - 18-10) with two or three β-amino acid 

substitutions and variation in the position of the β-residues were also well 

tolerated.  Peptides 18-5, 18-6, 18-7, and 18-8 displayed similar affinity to cancer 

cells, whereas, 18-9 and 18-10 showed a marked increase (~3 fold) in binding to 

cancer cells, compared to the parent peptide 18 (Figures A.6 and 3.2).  Peptides 

18-9 and 18-10 each have three αβ
3
-amino acid substitutions.  The polarity of 

the side chains was maintained, namely, Trp1 was replaced with a β
3
-amino acid 

with naphthyl side chain, Ala4 or Ala5 was replaced with methyl, and Arg9 was 

substituted with a β
3
-amino acid with a butylamine side chain.  These 

substitutions led to a slight increase in hydrophobicity of the peptide as observed 
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from the increase in the HPLC retention time of the peptide (Table 3.1).  

Previously, Askoxylakis et al. also reported a similar observation where 

replacement of Ala7 with β-alanine in p160 resulted in a more than 2-fold 

increase in binding to WAC
 
2 cells when compared to the native p160.

17
 

Based on the initial screening results for peptide uptake by cancer cells, three 

peptides 18-4, 18-9, and 18-10 were selected for further study.  The binding 

affinity and specificity of the selected peptides were evaluated against non 

cancerous cell lines MCF-10A and HUVEC.  MCF-10A cells are derived from 

human fibrocystic mammary tissue, whereas, HUVEC endothelial cells were 

isolated from normal human umbilical vein.  The three peptides displayed 

significantly lower binding to the control cells versus strong preferential binding 

to breast cancer cells after 30 min incubation (Figures 3.2).  The percent increase 

in fluorescence (relative to the untreated cells) was 36±2%, 50±3%, and 55±3% 

for MCF-10A cells, and 12±1%, 30±5%, and 35±4% for HUVEC when incubated 

with peptides 18-4, 18-9, and 18-10, respectively.  These peptides showed 85-

100% increase in fluorescence when incubated with cancer cells showing that 

peptides bind preferentially to cancer cells.  It is also observed that the peptides 

have relatively higher binding to MCF-10A compared to HUVEC, and this is 

most likely due to the presence of low levels of the putative receptor in normal 

mammary cells.  Peptides 18-9 and 18-10 displayed similar affinity profiles for 

the cancer and control cells with 18-9 showing slightly better selectivity.  

Therefore, 18-9 was selected for subsequent experiments.   
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In a parallel experiment the binding specificity and cellular uptake of 18-4 

and 18-9 peptides were studied using fluorescence microscopy in MDA-MB-435 

and HUVEC cells. The fluorescently (FITC) labeled peptides were incubated with 

cells for 30 min at 37 
°
C and the peptide distribution was examined.  Both the 

FITC-labeled peptides were found to be strongly bound to the cell membrane of 

MDA-MB-435 cancer cells, and were also uniformly distributed inside the cells 

(Figure 3.3, LHS). In contrast, the uptake of the peptides by control HUVEC 

cells was minimal under the same experimental conditions (Figure 3.3, RHS).  

To further prove that most peptide molecules were not only surface bound but 

also internalized, we performed optical sectioning of MDA-MB-435 cells treated 

with 18-9 (Figure 3.4).  The focal plane was changed from bottom to top in the 

vertical axis range of 32.8 µm at an interval of 1.64 μm and, as shown in Figure 

3.4 it was found that most of the peptide bound to MDA-MB-435 cells was 

internalized by the cells. 
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Figure ‎3.3. Fluorescence microscopy images of MDA-MB-435 and HUVEC cells 

after incubation with FITC-18-4 (A) or FITC-18-9 (B) for 30 min at a peptide 

concentration of 10
-5

 mol/L.  Cell nuclei were stained blue with DAPI.  

 

The specificity of the peptides was evaluated by a competitive binding 

experiment.  MDA-MB-435 cells were incubated with FITC-labeled peptides (10
-

5
 mol/L) in the presence of a 50-fold excess of unlabeled 18-4 or 18-9 for 30 min 

and fluorescence was measured using flow cytometry.  Both the peptides led to a 

substantial decrease in fluorescence when incubated with excess of unlabelled 

peptide.  Peptide 18-4 caused an up to 50% decrease in binding of the FITC- 

peptide, and 18-9 led to about a 40% decrease in binding, suggesting specific 

binding of the peptides to the cancer cells. Figure A.7 

 

 

MDA-MB-435 HUVEC 

A 

B 
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Figure ‎3.4.  Optical sectioning using confocal laser microscopy of MDA-MB-435 

cells showing intracellular distribution of FITC-labelled peptide 18-9.  Cells were 

incubated with the peptide for 30 min at 37 C prior to analysis. Scale bars: 20 

μm. 

 

3.3.3. Proteolytic Stability 

 Next, the ability of these peptides (18-4, 18-9, and 18-10) to be recognized 

and processed by proteolytic enzymes was explored.  Susceptibility to proteolytic 

digestion by human serum was compared to α-peptide 18.  Peptides were 

incubated with human serum at 37 ºC and aliquots were removed for analysis at 

different time points up to 24 h.  Serum was used in high specific concentration 

(25% serum) to be rate limiting so that a control -peptide is degraded within 10 

min.  Degradation products were separated by reversed-phase HPLC in order to 

facilitate characterization by mass spectrometry. 

Figure 3.5A shows the HPLC chromatograms of serum incubated with 

peptides for 0 and 24 hours.  Peptide 18 was completely degraded within 30 min, 

giving two main degradation products which appear after 10 min of incubation 

with serum.  The degradation products of peptide 18 show masses of 997.1 g/mol 

and 878.1 g/mol, which correspond to EAAYQRFL and WXEAAYQ sequences, 
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respectively.  This was in accordance with previous serum stability studies done 

for the p160 peptide.
18

  In contrast, peptides 18-4, 18-9, and 18-10 were stable for 

more than 24 h after incubation with human serum.  Serum aliquots were taken at 

0.5, 1, 5 and 24 hours after incubation with the peptides and the peptides were 

found to be 100% intact. 

Peptides were also exposed to the liver homogenate to evaluate proteolytic 

stability.  Incubation of peptides 18-4, 18-9, and 18-10 with the homogenate up to 

48 h did not result in any detectable degradation (Figure 3.5B).  In contrast, under 

similar conditions the α-peptide 18 was completely fragmented in 15 min.  It was 

observed that proteolysis predominantly arises from the cleavage of the N-

terminal amino acids, probably due to aminopeptidase activity.  The degradation 

products for peptide 18 detected by HPLC were isolated, and characterized by 

mass spectrometry.  The main degradation products with masses 868.2 g/mol, 

797.2 g/mol and 727.4 g/mol corresponded to the sequences AAYQRFL, 

AYQRFL, and YQRFL, respectively.  These results reveal that introduction of D-

amino acids or β
3
-residues in the peptide sequences confers substantial resistance 

to proteolytic degradation relative to their α- peptide counterpart 18.  Such 

insertion of D- or β-amino acids in the peptide backbone tends to protect 

neighboring amide bonds from proteolytic cleavage. 
27,36
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Figure ‎3.5.  RP-HPLC chromatograms of peptides 18, 18-4, 18-9, and 18-10 after 

incubation with the human serum (A) and the liver homogenate (B).  Peptides 

were incubated with the human serum or liver homogenate from mice for 

different time intervals, namely, 0 h (red), 30 min (black) and 24 h (black) prior to 

HPLC analysis.  Peptides elute around 21-25 minutes.  Degradation products from 

peptide 18 appear around 14-18 minutes, and the remaining peaks are from the 

media. 

(A) 

(B) 
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 3.3.4. Solution conformation 

  Peptide 18 was discovered by screening a library of peptides based on the 

sequence of lead peptide p160.  In order to understand the structural basis for the 

increased binding to the cancer cells of 18 compared to p160, we evaluated the 

NMR solution structures of these two peptides.  First the NMR structure of p160 

was obtained in water and TFE.  Peptide p160 was found to be helical in TFE, 

however displayed no regular secondary structure in water. An overlay of 

multiple structures of p160 in the two solvents showed that the peptide was more 

stabilized in TFE as compared to water, demonstrated by the floppy N- and C-

termini in the latter solvent (Figure 3.6 A).  As these peptides are expected to 

bind the cell surface during interaction with the cancer cells, TFE may be the 

more relevant solvent to study their solution conformation.  Accordingly, we 

looked at the NMR structure of peptide 18 in 80% TFE and found that peptide 18 

is more helical than p160 (Figure 3.6 B).  In addition, peptide 18 presents three 

distinct faces, with aromatic residues W1, Y6, and F9 on one side, hydrophobic 

residues Nle2, A4, and A5 on another side, and polar residues Q7 and R8 present 

on the third face.  The helical structure and the distinct binding faces could 

explain the stability of peptide 18 and increased affinity for the putative cancer 

cell surface receptor.   

 

 

 



146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ‎3.6.  (A) The NMR solution structures of peptide p160 in TFE (yellow) 

and water (red).  (B)  Comparison of the NMR structures of peptides p160 (LHS) 

and 18 (RHS) in TFE. The helical region in 18 extends from Glu3 (E3) to Phe9 

(F9). 

The solution conformation of peptide 18 and peptide analogues 18-4, 18-9, 

and 18-10 were compared using circular dichroism (CD) spectroscopy (Figure 

3.7). The CD measurements were performed in 90% TFE/water, at 200 µM 

 

(B) 

(A) 
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concentration.  Peptide 18 showed a strong minimum at 205 nm (= -7.0 x 10
3
) 

with a shoulder at 231 nm.  The minimum observed typically for helical peptides 

at 222 nm was not present.  This is presumably due to diminished ellipticity at 

222 nm in short helical peptides which consist of less than 5 turns.
37,38

  Peptide 

analogue 18-4, with Nle2 and Arg8 replaced with D-amino acids in the sequence 

of 18, showed a similar CD  

 

 

 

 

 

 

 

 

 

 

 

Figure ‎3.7. Circular dichroism spectra of peptides (A) 18 and 18-4, and (B) 18-9, 

and 18-10 in 90% TFE at 25 °C.  The peptide concentration was 200 μM. 

(A) 

(B) 

18-4 
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spectrum to 18, suggesting that the helical secondary structure is maintained.  

Interestingly, peptide 18-4 showed a slight increase in the molar ellipticity at 205 

nm (= -8.7 x 10
3
) and 195 nm (= 3.9 x 10

3
) compared to peptide 18.  In this 

context, previous studies have shown that D-residues can indeed be comfortably 

accommodated in right-handed-helix structures, as demonstrated by recent crystal 

structures of synthetic peptides containing multiple D-residues placed in host L-

amino acid sequences.
39,40

   

The CD spectra of mixed α/β-peptides 18-9 and 18-10 showed marked 

difference from the α-peptides.  With three β-amino acids replacing three β-

residues in a 10-mer peptide, the CD of 18-9 and 18-10 showed a minima around 

200-202 nm (-22 x 10
3
 and -12 x 10

3
, respectively), and a small shoulder at 230 

nm (Figure 3.7 B).  CD spectra of several types of mixed α/β-peptides have been 

reported and suggest formation of a helix-like conformation is signalled by the 

strong minimum at 203-207 nm.  α/β-Peptides that do not fold display little CD 

signal in this region.
24,41

  This confirms our conjecture regarding the helical nature 

of 18-9 and 18-10. 

 

3.3.5. Cytotoxicity 

 Peptides 18-4, 18-9, and 18-10 were evaluated for their cytotoxic effects 

on MDA-MB-435 breast cancer cell line using the MTT assay.  Doxorubicin 

(Dox) was used as a positive control.  Different concentrations of the peptides and 
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Dox were incubated with the cells and after 48 h of incubation the percent cell 

viability was plotted as a function of the peptide concentration (Figure 3.8).  The 

results showed that Dox displayed significant cytotoxicity with almost complete 

cell inhibition at 15 µM concentration.  In contrast, all the tested peptides 

exhibited negligible toxicity on the cells with cell viability >98±5% at 

concentrations up to 100 µM.  This is consistent with our previous results which 

showed very low cytotoxicity of peptides synthesized from β
3
-amino acids 

derived from L-Asp.
25

  Dox displays toxicity in the nanomolar range against most 

cell lines; however, it shows relatively low toxicity against MDA-MB-435 cells as 

observed here and elsewhere.
42,43

 

 

 

Figure ‎3.8.  Cytotoxicity of peptides 18-4 (grey), 18-9 (white) and 18-10 (black) 

compared to doxorubicin (dark grey) monitored in MDA-MB-435 cancer cell line 

using the MTT assay.  Cells were incubated with different concentration of 

peptides for 48 h. The data represent the mean ± S.D of two independent 

experiments, and each concentration was done in triplicate. 
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3.4. Discussion 

Chemotherapy and hormonal therapy play important roles in breast cancer 

treatment.  Nevertheless, emergence of drug resistance, and negative side effects 

of these therapeutic regimens necessitates the search for specific tumor targeting 

agents.  The clinical success of monoclonal antibodies such as Herceptin, Zevalin, 

Rituxan in the treatment of human cancer has validated the cell surface targeting 

approach in cancer therapy.
44-46

  Peptides can be better cell surface targeting 

agents than antibodies, in particular when used as carriers for cytotoxic payloads 

such as chemotherapeutic agents or radionuclides.  Peptides are smaller, safer, and 

more stable at room temperature with increased shelf life. 
47

  However, peptide 

applicability is limited due to fast proteolytic degradation.  For instance, peptides 

p160 (shown previously)
18

 and 18 display minimal stability in human serum as 

they are completely degraded within 1 hour after incubation with human serum 

(Figure 3.5).  In addition, previous in vivo investigation of p160 stability in mice 

revealed a fast degradation of p160 in serum with appearance of degradation 

products after 2 minutes in circulation.
18

  After i.v. administration, 
131

I-labeled 

p160 showed higher uptake in tumors than in most normal organs, but also 

showed elevated levels in the blood.  This could be due to the interaction of p160 

with serum proteins or the presence of degraded fragments that are unable to bind 

tumor and circulate in the bloodstream.
18

 

Our objective in this study was to design proteolytically stable peptides with 

high specificity for cancer cells.  The results show that we have designed and 

synthesized at least three peptide analogues derived from peptide 18 that are 
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proteolytically stable and display increased affinity for breast cancer cells 

compared to peptide 18.  Peptide 18-4, where two labile residues were replaced 

with D-amino acids, was completely stable in the presence of human serum and 

liver homogenate from mice (Figure 3.5), and showed up to 3.5-fold enhanced 

binding to cancer cells (Figure 3.2).  Replacement of α-residues with β-amino 

acids derived from L-Asp yielded two proteolytically stable peptides (18-9 and 18-

10) with better binding profiles (2.8-3.1 fold) than peptide 18.  Interestingly, both 

these peptides include replacement of one residue each from the three distinct 

binding faces (aromatic, hydrophobic, and polar) identified in the NMR solution 

structure of peptide 18.  Replacement of W1, A4/A5, and R8 in peptide 18 with β-

amino acids to yield 18-9 or 18-10 seems to align the side chains better for 

binding to cancer cells compared to substitutions in peptides 18-7 and 18-8, where 

more than one residue has been replaced from a single binding face.  Peptides 18-

7-18-10 were designed to yield a stripe of beta residues running along one side of 

the helix to stabilize secondary structure and increase receptor interaction. Such 

substitutions based on sequence based design strategy have generated different 

promising ligands.
23,24,34

  The CD spectra suggest that peptides 18-9 and 18-10 are 

folded in solution (Figure 3.7), however, the exact nature of the fold will require 

elucidation of the three dimensional structure.  Like peptide 18, which binds 

MDA-MB-435 cells with an apparent dissociation constant (Kd) of 41.9 µM,
19

 

analogues 18-4 and 18-9 also recognize cancer cells with low micromolar affinity 

(data not shown). 
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It has now become clear that replacement of a few isolated α-residues in an α-

peptide confers proteolytic stability.
24,28

  In this study, replacement of 2 (18-4) or 

3 residues (18-9 and 18-10) in a 10-mer peptide with D- or β
3
-amino acids led to 

complete proteolytic stability (Figure 3.5).  It is important to note that the β-

amino acids used in this study are derived from L-Asp (Table 3.1) and are 

different from the β
3
-amino acids synthesized from homologation of α-

residues.
48,49

  The advantage of using β
3
-amino acids derived from L-Asp is that 

they are readily synthesized during peptide assembly and are cheaper than the 

commercially available ones.
29

  Further, the addition of β-amino acid side chain 

on the α-carboxylate of L-Asp during peptide assembly allows introduction of a 

variety of unnatural side chains.  This provides flexibility to control 

physicochemical properties of peptides and modulate binding affinity and 

selectivity.   

Peptide sequences containing the amino acid sequences RGD or NGR have 

been widely used for tumor targeting and have made important contributions in 

the field of targeted drug delivery and medical imaging.  These peptides have 

been shown to deliver a variety of cargo to cancer sites including cytotoxic drugs, 

cytokines, antiangiogenic compounds, viral particles, fluorescent compounds, 

contrast agents, DNA complexes, and other biologic response modifiers.
50,51

 The 

RGD peptides target integrins such as vβ3 and vβ5, whereas NGR binds CD13 

(aminopeptidase N).  Both integrins and CD13 are highly expressed on tumour 

vasculature. Recently Sugahara et al showed that coadministration of a new 

generation RGD analogue, iRGD, improved the therapeutic index of various anti-
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cancer agents such as doxorubicin, nanoparticles carrying drug, and a monoclonal 

antibody trastuzumab. Chemical conjugation of iRGD to these entities was not 

required.
52

  

Askoxylakis et al. showed that radiolabelled p160 achieved better tumor 

targeting in vivo compared to RGD-4C.  P160 and p160 derived peptides such as 

18, 18-4, and 18-9 show high specificity for cancer cells (Figure 3.2), although 

the receptor for these peptides is not yet known.  The plausibility of receptor 

mediated binding to the cancer cells is shown here by competition experiments 

(Figure A.7) and also by Askoxylakis et al .
18

  These peptides are also 

internalized by the cells (Figures 3.3 and 3.4) and therefore can deliver drugs 

inside the cancer cells.  Recently, we showed that p160-coated polymeric micelles 

display better binding and internalizing in MDA-MB-435 cells than c(RGDfK)-

micelles.
53

 In addition, p160-decorated micelles showed better results over 

c(RGDfK)-micelles with respect to selective cytotoxicity of encapsulated 

paclitaxel (PTX) against MDA-MB-435 cells over normal HUVEC and MCF-

10A cells.  The better interaction of PTX-nanocarriers with cancer cells over 

normal cells achieved through p160 targeted ligand is expected to improve the 

biodistribution of the drug.  Better homing of the drug into malignant cells and 

away from normal tissues can lead to better in vivo therapeutic index for the 

encapsulated PTX.  This may also lead to a better penetration of the targeted drug 

carrier into the tumor mass.  Consequently, peptides 18-4, 18-9, and 18-10 

identified here could serve as better cancer targeting peptides, responding to the 
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continuous demand for short peptide ligands for cancer specific diagnostic and 

therapeutic probes. 

 

3.5. Concluding Remarks 

Three analogues of peptide 18: 18-4, 18-9, and 18-10, with high specific 

binding to breast cancer cell lines were discovered in the current investigation.  

These analogues exhibit resistance to proteolytic degradation and impart no 

cytotoxicity.  These peptides have a high degree of secondary structure which 

correlates with their binding affinity and internalization. We envision our peptide 

analogues as useful, proteolytically stable lead peptides that can either directly 

couple to an anticancer drug, decorate a drug carrier that encapsulates the drug 

(e.g., liposomes, micelles, and polymeric nanoparticles), or conjugate with a 

diagnostic moiety such as a fluorophore or nonmetallic isotope.  Targeted therapy 

using cancer targeting peptides restricts the toxic effect of a drug to the malignant 

tissues, thereby increasing the efficacy and decreasing the undesired side effects 

of the drug.  Hence, the peptides reported here would serve as favorable 

candidates for use in cancer drug targeting or diagnosis.  The strategy used to 

develop these breast cancer specific peptide analogues involved two steps.  First, 

a synthetic library based on peptide p160, identified from phage display by Zhang 

et al,
16

 was screened for specific binding to breast cancer cells (done 

previously).
19

  Second, analogues of peptide 18 identified from the above 

screening were engineered for proteolytic stability while maintaining high 
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specificity for breast cancer cells.  The step wise procedure delineated here may 

be adapted for developing peptide analogues for targeting other cancer cell types. 
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4.1. Introduction 

Breast cancer is the most common malignancy affecting women in North 

America and Europe, it is the second leading cause of death in American women 

behind lung cancer.
1
  Anthracyclines (e.g., daunomycin, doxorubicin, epirubicin, 

idarubicin) are antineoplastic agents widely used in the treatment of various types 

of cancer, including breast tumors.
2
  Doxorubucin (Dox) is one of the 

anthracycline-type antitumor agents that acts by inhibition of topoisomerase II 

and stabilization of a ternary drug-topoisomerase II (TOPO II)-DNA complex, 

causing DNA damage and induction of apoptosis.
3
  Clinical application of Dox is 

limited by side effects such as nausea, vomiting, diarrhea, myelosuppression and a 

dose-limiting cardiotoxicity.  In addition, the intrinsic or acquired resistance of 

tumor cells to doxorubicin reduces the response to the medication.
4
   Several 

approaches aimed at improving the selectivity of Dox, and decreasing the chances 

for tumor resistance have been pursued.  Among such approaches, conjugation of 

Dox to tumor-specific ligands that preferentially recognize cell surface receptors 

highly expressed in tumor tissues and minimally expressed on normal tissue has 

been deeply investigated over the past 20 years.
5-7

  Conjugation of Dox with 

targeting ligand would offer two main functional roles. First, it directs the 

anticancer drug specifically to tumor cells, enhancing drug accumulation in tumor 

and thereby reduces adverse side effects. Second, it works as a penetration 

enhancer increasing the drug influx by tumor cells. Different targeting ligands 

have been employed as tumor targeting ligands for Dox delivery with great 

success in vitro and in vivo models such as peptides,
8-11

 proteins,
12

 and 
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antibodies.
13

  Researchers have shown great interest in using peptides as drug 

carriers compared to other targeting ligands. The interest in peptides is derived 

from their flexibility in chemical modifications. Peptides are relatively easy to 

prepare and can tolerate harsh conditions (pH, temperature, etc.) during chemical 

modifications. Owing to their compact size, peptides have high tumor uptake. 

Added to their low toxicity and low immunogenicity, peptides are ideal 

candidates as receptor guided carrier in tumor targeting.
14

 

A number of  peptide doxorubicin conjugates have been reported in the 

literature for targeted delivery of Dox to tumors,
15,16

 or tumor vasculature.
17,18

  

These conjugates increase the ability of the drug to recognize tumor cells as well 

as mediate its internalization which result in increase in drug activity and 

reduction in drug toxicity. Generally, in vitro and in vivo results of different 

peptide Dox conjugates displayed improved selectivity and decreased side effects, 

as well asm it can circumvent multidrug resistance pathways.
10,11,16,19-21,22,23

    For 

example, the cyclic pentapeptide (CNGRC) Dox conjugate was synthesized to 

target CD13 on the surface of the SK-UT-1 cells, the Dox-CNGRC conjugate 

showed similar antitumor activity to that of free Dox in human ovarian cancer 

xenograft model.
8
   AN-152, a luteinizing hormone-releasing hormone (LHRH) 

conjugate of Dox was reported to bind specifically to LHRH receptors 

overexpressed on human breast cancer cells and in various human carcinoma cell 

lines, and expressed in low levels in healthy cells. In vitro results showed that 

AN-152 is more effective than Dox in inducing apoptosis in LHRH- positive 

human breast cancers. And it was also more potent against LHRH receptor 
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bearing cancers in vivo with less peripheral toxicity than Dox.
24

  Emons et al. 

prepared a conjugate of Dox linked to [D-Lys6] LHRH and encouraging results 

with the conjugate in women with LHRH receptor-positive tumors were obtained, 

and a couple of phase II clinical studies of this conjugate (AN-152, AEZS-108 

(Æterna Zentaris Inc)) were carried out, and they showed interesting results, and 

other phase II trials are ongoing.
15,25,26

  In another study, matrix metalloproteinase 

(MMP)-activated prodrugs were synthesized by coupling MMP-cleavable 

peptides to Dox and they were evaluated in mouse model with HT-1080 

xenografts. These studies showed that MMP selective conjugates were 

preferentially metabolized in HT1080 xenografts, relative to heart and plasma, 

leading to 10-fold increase in the tumor/heart ratio of doxorubicin. The conjugate 

was more effective than doxorubicin in reducing tumor growth, besides it did not 

show any bone marrow cytotoxicity.
27

 Arap et al. reported a number of 

doxorubicin conjugates with a divalent RGD-4C peptide (ACDCRGDCFCG). 

These conjugates showed improved activity and toxicity profile over doxorubicin 

in a MDA-MB-435 mammary carcinoma model in which integrin αvβ3 is 

expressed in the tumor vessels as well as on the tumor cells themselves.
28

 

Despite the encouraging results of using peptides to generate peptide Dox 

conjugates for selective tumor delivery and enhanced drug therapeutic index, still 

the use of alpha peptides in drug delivery is limited because of its fast proteolytic 

degradation which would affect its targeting ability causing the adjournment for 

these conjugates to reach clinics.
29-31

  One study showed that intracellular delivery 

of therapeutic molecules with TATp-modified carriers was limited by cleavage 
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with proteolytic enzymes present in the circulation or in the cell cytoplasm which 

hindered by the rapid metabolic degradation of the peptide by cells or body 

fluids.
32

  

Recently, we reported the synthesis of a 10-mer peptide 18-4 

(WxEYAAQrFL) that preferentially bind and internalize into breast cancer cells, 

and minimally bind to normal mammary epithelial cells.
33

  Peptide 18-4 was 

derived from peptide p160 (VPWMEYPAQRFL)  that has specific binding to 

breast cancer cells,
34

  it has two D-amino acid substitutions at the enzymatic labile 

sites which added complete proteoytic stability in human serum and liver 

homogenate, in addition, it is potentially safe with minimal cellular toxicity.
33

  We 

hypothesize that conjugation of peptide 18-4 to Dox through a hydrolysable linker 

will create a breast cancer specific prodrug, which can selectively target and 

deliver Dox to breast cancerous cells, with reduced delivery to normal cells.  In 

addition, conjugation can overcome the p-glycoprotein efflux, the mechanism 

involved in multidrug resistance (MDR). For the ease of conjugation to Dox a 

variant of peptide 18-4 was used in the current study, peptide 18-4 [r8k] having 

the 8
th

 amino acid arginine substituted with lysine.  

The main objective of the current study was to study the selective breast 

cancer-targeting potential of peptide 18-4 [r8k] Dox conjugates, and their ability 

to overcome p-glycoprotein multidrug resistance pathway in both drug-sensitive 

and drug-resistant cancer cells.  To this end, two peptide Dox conjugates 1 and 2 

with different conjugation sites and chemistries were synthesized and 

characterized. In conjugate 1, Dox was conjugated to peptide 18-4 [r8k] through 
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ester linkage at C14-OH, and in conjugate 2 Dox was attached to peptide through 

amide linkage at NH2 of the sugar moiety.  Dox release from the conjugates was 

studied in human serum.  Peptide Dox conjugates 1 and 2 were evaluated for 

intracellular delivery, subcellular distribution compared to free Dox using flow 

cytometry along with confocal microscopy in three cancerous cell (MCF-7, 

MDA-MB-435, and MDA-MB-435-MDR) and two control cell lines (HUVEC, 

and MCF-10A).  Finally, cell cytotoxicity of the conjugates was measured using 

MTT assay compared to free Dox.  Results showed that the two peptide Dox 

conjugates 1 and 2 can enter both sensitive and resistant cell lines, with minimal 

uptake in normal cells compared to free Dox.  Cellular uptake is partially 

mediated by a cell specific receptor, as the amount of internalized conjugates 

significantly decreased in presence of excess of the free peptide.  Importantly, 

conjugate 1 is equally cytotoxic to Dox in drug sensitive breast cancer cells, and 4 

times more potent than free Dox in Dox resistant cell line. Overall, peptide 18-4 

[r8k] Dox conjugate 1 showed better breast targeting efficacy than conjugate 2, 

most likely due to the slow release of Dox from the stable amide linkage. 

4.2. Materials and Methods 

Materials 

 Doxorubicin hydrochloride (Dox.HCl) salt was purchased from Ontario 

Chemicals Inc. (Ontario, CA). Because of Dox toxicity, all precautions for 

handling Dox were taken according to the Material safety data sheet delivered by 

the manufacturer. Rink amide resin (0.4 mmol/g), (2-(6-chloro-1H-benzotriazole-
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1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate) (HCTU), 1-

hydroxybenzotriazole (HOBt), N-(9-Fluorenylmethoxycarbonyloxy) succinimide 

(Fmoc-OSu), and the Fmoc-amino acids were purchased from NovaBiochem (San 

Diego, CA).  The side chains of amino acids used in peptide synthesis were 

protected as follows: tert-butyl (tBu) for tyrosine, tert-butoxy (OtBu) for glutamic 

acid, trityl (Trt) for glutamine and, t-butoxycarbonyl (Boc) for lysine and 

tryptophan.  N,N’-diisopropylcarbodiimide (DIC),  N,N-dimethylformamide 

(DMF), N-methyl morpholine (NMM), trifluoroacetic acid (TFA), glutaric 

anhydride, N,N-diisopropylethylamine (DIPEA), piperidine and all other reagents 

were purchased from Sigma-Aldrich.  All commercial reagents and HPLC 

solvents were used with no further purification. 

Equipment 

 Solid phase synthesis of peptide on rink amide resin was done using 

automatic peptide synthesizer (Advanced ChemTech MPS 357, Louisville, KY, 

USA) using DIC and HOBt as coupling agents.  
1
H NMR spectra were recorded 

using Bruker 600 MHz spectrometers operating at 600 MHz for 
1
H with 

tetramethylsilane as an internal standard. Chemical shifts (δ) are reported in parts 

per million (ppm), and J values are quoted in hertz (Hz). HPLC purification and 

analysis were carried out on a Varian Prostar HPLC system (Walkersville, MD, 

USA) using Vydac C18 semi-preparative (10 x 25 cm, 5 µm), and analytical (4.6 

x 25 cm, 5 µm) columns.  Purity of the generated compounds was assessed as the 

percentage surface area of the peaks at 220 nm.  Mass spectra were recorded on a 

matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) Voyager 
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spectrometer (Applied Biosystems).  FACS experiments were performed on a 

Beckman Coulter QUANTA™ SC Flow Cytometer and analyzed by CellQuest 

software.  Imaging experiments were done using confocal laser scanning 

microscopy a Quorum WaveFX spinning disk confocal system (Quorum 

Technologies Inc., Guelph, Canada). Cytotoxicity plate readings were performed 

using VersaMax microtiter reader (Molecular Devices, Sunnyvale, CA, U.S.). 

 

4.2.1. Peptide Synthesis 

  Peptide 18-4 [r8k] used in the current study has two modifications 

relative to previously reported peptide 18-4,
33

  it has 8 D-Arg substituted with D-

Lys to facilitate side chain attachment to Dox, and the C-terminal is amidated to 

prevent side reactions during Dox coupling in solution. The Fmoc protected 

peptide (Fmoc-NH-WxEAAYQkFL-CONH2) with C-terminal amide was 

synthesized via solid phase methodology using rink amide 

methylbenzhydrylamine (MBHA) resin (0.4 mmol). The synthesis was carried out 

using an automatic peptide synthesizer, double coupling procedures were 

performed with DIC/HOBT activation, 3 fold excess of amino acid and 2 h 

coupling time.
35

 Cleavage of the N-terminal Fmoc protected peptide from the 

resin and removal of all the protecting groups was performed by agitating the 

peptide-resin with a mixture of triflouroacetic acid (TFA)/triisoproylsilane/water 

(90:5:5) for 2 h.  The acid wash was concentrated and Et2O was added until a 

white precipitate separated. The precipitate was centrifuged from the solvent, 
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dissolved in ACN/water, purified by C18 semi-preparative reverse phase HPLC 

using a gradient of ACN-H2O (30–70% containing 0.05% TFA, 2 ml/min, 45 min 

run time), and lyophilized to give peptide as a white powder (193 mg, 38% based 

on estimated loading of peptide-resin).  Theoretical calculated [M+H]
+
 for Fmoc 

protected peptide was 1492.7; found MALDI-TOF-[M+H]
+
 1492.3.  Analytical 

HPLC revealed a purity of 97% at 220 nm, tR=38 min.  

 

4.2.2. Synthesis of Peptide-Dox Conjugates 

  Two peptide-Dox conjugates were synthesized using glutaric anhydride 

as a linker.  In conjugate 1, the peptide was attached to Dox through the 14-OH 

group, and in conjugate 2 the peptide was attached to the primary amine group of 

the sugar moiety of Dox. 

Synthesis of Peptide-Dox Conjugate 1 (ester) 

Synthesis of N-Fmoc Doxorubicin (2).  To a solution of Dox HCl (1) (50 mg, 86 

mol) in DMF (1ml), Fmoc-OSu (30 mg, 90 mol), and DIPEA (30 l, 172 

mol) were added, and the reaction mixture was stirred at room temperature for 3 

h. The solution was evaporated and resulting N-Fmoc-Dox crystals were 

precipitated by trituration using 0.1% TFA in water (3 X 10), and washed with 

cold diethyl ether to remove excess of Fmoc-OSu (3 X 15). The resulting red solid 

was collected and purified using HPLC (15% - 50% IPA /H2O in 35 min, then till 

100 in 15 min tR =31 min) to give 2 as a red powder 39 mg, yield 60%. HPLC 

purity was 95 %. 
1
H NMR (600 MHz, DMSO-d6) δ (ppm) 7.96 (m, 1H), 7.72 (m, 
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2H), 7.56 (m, 1H), 7.36 (m, 2H), 7.29 (m,2H), 7.06 (m, 2H), 5.45 (m, 1H), 5.24 

(m, 2H), 4.76 (m, 2H), 4.35 (m, 1H), 4.16 (m, 2H), 4.06 (s, 3H), 3.8 (m, 2H), 3.62 

(m, 1H), 3.23 (d, 1H, J = 17.7 Hz), 2.35 (m, 1H), 2.16 (m, 1H), 1.8 (m, 1H), 1.31 

(d, J = 6.2 Hz, 3H). MALDI-TOF, calcd [M+H]
+ 

766.2, found [M+H]
+
767.7, 

790.7 (M + Na)
+
. 

 

Synthesis of N-Fmoc Doxorubicin-14-O-Hemiglutarate (3).  DIPEA (36 µl, 

200 mol) was added dropwise to a solution of N-Fmoc doxorubicin 2 (78 mg, 

100 µmol) and glutaric anhydride (11.4 g, 100 mol) in DMF (1 mL) under 

stirring. The mixture was stirred at room temperature overnight. Again the solvent 

was evaporated and precipitated by trituration using 0.1% TFA in water (3 X 10). 

The solvent was removed after centrifugation. The resulting residue mixture was 

purified using RP-HPLC (15% - 50% IPA /H2O in 35 min, then till 100 in 15 min 

tR =38 min) to give 3 as a red powder 66 mg, yield 75%. HPLC purity was 95%. 

1
H NMR (600 MHz, DMSO-d6) δ (ppm) 7.96 (m, 1H), 7.74 (m, 2H), 7.56 (m, 

2H), 7.36 (m, 2H), 7.29 (m, 2H), 7.06 (m, 2H),5.45 (m, 1H), 5.35 (m, 2H), 5.2 (m, 

2H), 4.35 (m, 1H), 4.18 (m, 2H), 4.05 (s, 3H), 3.8 (m, 2H), 3.6 (m, 1H), 3.23 (m, 

1H), 2.95 (m, 1H), 2.79 (t, 2H, J = 7.0 Hz), 2.71 (t, 2H, J = 7.0 Hz), 1.98-2.2 (m, 

4H), 1.23 (d, J = 6.3 Hz, 3H).  MALDI-TOF, calcd [M+H]
+
 880.2, found 902.5 

[M + Na]
+
. 

 

Peptide-Dox Conjugate 1.  A solution of N-Fmoc-Dox-14-O- hemiglutarate (3) 

(32 mg; 37 µmol) in DMF (1ml) was added to peptide N-Fmoc-18-4 [r8k] (55 
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mg, 37 µmol). Then HCTU (41.3 mg, 100 µmol), 1-hydroxybenzotriazole HOBT 

(13.5 mg, 100 µmol) and DIPEA (52 µl, 300 µmol) were added. The resulting 

solution was stirred at room temperature for 4 h.  The solvent was removed, and 

the residual oil was treated with ethyl acetate. The resulting solid was dissolved in 

DMF, and 300 µl piperidine was added to remove the Fmoc protecting group. 

After 5 min, the reaction mixture was placed on ice and acidified by the addition 

of a mixture containing 300 µl of TFA, and 2 ml DMF. The solvent was 

evaporated in vacuum, and the crude solid was obtained by trituration with ethyl 

acetate. The solid was then dissolved in 70% ACN/water mixture containing 0.1% 

TFA. The resulting residue mixture was purified using RP-HPLC (15% - 50% 

ACN /H2O in 35 min, then till 100 in 15 min tR =38.2 min). The relevant fractions 

for each injection were combined and the resulting solution was lyophilized to 

give peptide-doxorubicin conjugate TFA salt as a red solid of 31 mg, 45% yield. 

HPLC purity 95%. MALDI-TOF, m/z calcd 1908.7, found 1908.1 [M+H]
+1

. 

 

Synthesis of Peptide-Dox Conjugate 2 (amide) 

N-Glutryl-doxorubucin (4).  Dox HCl (23 mg, 40 μmol) was reacted with 

glutaric anhydride (4.5 mg, 40 μmol) in presence of 2 eq. DIPEA (13.8 μL, 80 

μmol) in 1 ml DMF at room temperature for 2 h. The reaction mixture was diluted 

by 2 ml of ACN/water mixture and was purified by RP-HPLC (15% to 35% 

ACN/ H2O in 35 min, tR= 20 min) to give 4 as a red powder 17 mg, yield 70%. 

HPLC, purity 97%.  
1
H-NMR δH( CD3OH): 7.88 (1H, d), 7.88 (1H, t), 7.62 (1H, 

t), 3.97 (3H, s), 4.91 (1H, t), 2.11 and 2.18 (1+1 H, dd), 5.53 (1H,s), 2.27 (3H, s), 
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2.93 (2H, s), 5.22 (1H, d), 1.42 and 1.84 (1+1 H, dd and t), 3.96 (1H), 7.6 (1H, d), 

3.40 (1H), 4.75 (1H, d), 4.19(1H, q), 1.13 (3H, d), 2.31 (4H, t). MALDI-TOF: m/z 

calcd 657.2, found 679.2 [M+Na]
+
, 696.2 [M+K]

+
. 

 

Peptide-Dox Conjugate 2.  The purified N-Fmoc 18-4 [r8k] peptide (55 mg, 37 

μmol), was reacted with N-Glutryl-doxorubucin (4) (25 mg, 37 μmol) in 1ml 

DMF using HCTU (15 mg, 37 μmol), HOBt (4.9 mg, 37 μmol) in presence of  

DIPEA (12.1 μl, 70 μmol). The reaction mixture was stirred for 4 hr. The solvent 

was removed, and the residual oil was treated with ethyl acetate. The resulting 

solid was dissolved in DMF, and 300 µl piperidine was added to remove the 

Fmoc protecting group. After 5 min, the reaction mixture was placed on ice and 

acidified by the addition of a mixture containing 300 µl of TFA, and 2 ml DMF. 

The solvent was evaporated in vacuum, and the crude solid was obtained by 

trituration with ethyl acetate. The produced solid was diluted by an eluent and 

purified on RP-HPLC (gradient, ACN /H2O in 35 min, then till 100 in 15 min, 2 

mL/min, tR = 36.5 min). The relevant fractions for each injection were combined 

and the resulting solution was lyophilized to give doxorubicin-peptide conjugate 

TFA salt as a red solid of 16 mg (23% yield). HPLC purity 94%.  MALDI-TOF, 

m/z calcd for 1908.9, found 1908.7 (M + H)
+
. All the tested compounds are 

produced as TFA salts. Previous experiments performed with DPV-maleimide 

conjugates, which were synthesized as TFA salts, in vitro and in vivo showed that 

the use of TFA for synthesis is not associated with toxicity up to 1 mM 

concentration.
21
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Conjugates Stock Solutions. Conjugates were dissolved in 100% DMSO to 

obtain a concentrated (7 mM) stock solution. Before measurements, appropriate 

aliquots of this solution were diluted with cell media to the desired concentration. 

The concentration of Dox was estimated using fluorescence spectrophotometer 

with excitation 470 nm and emission at 585 nm wavelength. The inherent 

fluorescence intensity of Dox was measured, and the calibration curve was 

prepared.  The amount of Dox in the conjugates was estimated using a calibration 

curve.  

 

4.2.3. Dox Release from Conjugates 

  The release of Dox from conjugates 1, and 2 was evaluated in human 

serum and RPMI cell media. 200 µl of 1 mM stock solution of peptide drug 

conjugates 1 and 2 was incubated in 1.8 ml of human serum in PBS (human 

serum conc is 25%), or in 1.8 ml serum free DMEM media at 37 ºC with shaking. 

About 100 µl of the reaction solution was removed at different time intervals 

(starting from 30 min to 48 h), diluted with 300 µl methanol to quench the 

reaction, and the filtrate was analyzed by Vydac C18 analytical HPLC with 

detection at 220 nm. The mobile phase was ACN/water 0.05% trifloroacetic acid 

with gradient from 15-35 % in 35 min, and the flow rate was set at 1.0 mL/min.  

The peak area was used to calculate the percentage of released Dox and remaining 

conjugate at a given time. The relative percentage of intact conjugates was plotted 
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at specific time points of incubation, and degradation products were confirmed 

using HPLC and MALDI-TOF analysis. The reported t1/2 is the time required for 

serum to hydrolyze 50% of the initial substrate. 

 

4.2.4. In vitro Cell Binding and Uptake Studies 

Cell Lines 

 All cancer cell lines, and human mammary epithelial
 
cell line MCF-10A 

were purchased from the American type culture collection (ATCC), and additives 

were from Invitogen, and they were all maintained at 37 ºC in a 5% CO2 

incubator.  The cells media and the growth conditions are mentioned in Chapter 3.  

Innate fluorescence of Dox allowed the use of flow cytometry and 

confocal microscopy to study cell binding and internalization of free Dox or its 

peptide conjugates 1, and 2.  A flow cytometry method for measuring uptake of 

free doxorubicin, or conjugates 1 and 2 in different cancer and non-cancerous 

cells was carried out as previously described.
33

  MCF-7, MDA-MB-435, MDA-

MB-435-MDR, HUVEC and MCF-10A were grown in 75 cm
2
 culture flasks with 

full medium to ∼80% confluence, then they were dissociated with trypsin-EDTA, 

counted and resuspended in medium at 1X 10
3
 cells/mL. Cells were plated into 

24-well plates (10
6
 cells per well) and allowed to adhere overnight. Before 

treatment with drug, cell medium was removed, and cells were washed with PBS 

(0.5 ml). Cells were then treated with either free or Dox conjugates (5 M) for 2 h 

in serum free media to ensure that the conjugates will not hydrolyze to free Dox. 
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Following that, the cell medium was removed, washed with PBS and trypsinized, 

and trypsinization was quenched with 5 mL of cell medium at 4 ºC. Cells were 

pelleted by centrifugation at 500 g for 5 minutes at 25 ºC. The supernatant was 

decanted, and the cells were resuspended in 750 µl of FACS solution (2% FBS in 

PBS). Drug treatments were done in such a manner that all cell treatment times 

would end at approximately the same time to ensure comparable measurements 

with the FACScan instrument. FACS experiments were performed on a Beckman 

Coulter QUANTA™ SC Flow Cytometer and data obtained were analyzed using 

the CellQuest software.  Cells were analyzed with excitation at 470 nm, with 

emission monitored at 590 nm. Instrument settings were optimized for the cell 

line, and held constant for all experiments; 10,000 cells were analyzed for each 

sample. Fluorescence histogram was generated using Cell Quest software. Each 

experiment was performed three times, and the results are expressed as the mean 

change in fluorescence intensity ± standard deviation.  In order to evaluate that the 

uptake of Dox conjugates 1 and 2 was merely due to the peptide, a competition 

experiment was performed. We preincubated 1 X 10
5
 either MCF-7 cells or 

MDA-MB-435-MDR with 200 µM free peptide 18-4 [r8k] for 10 min, and then 

the conjugates were added as previously mentioned and incubated for 2 h. At the 

end of this incubation, the cells were finally washed and cellular uptake was 

measured as previously mentioned 
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4.2.5. Confocal Fluorescence Microscopy 

   Dox and Dox conjugates 1, 2 binding to MDA-MB-435 (positive), MDA-

MB-435-R (Dox resistant) and MCF-10A (negative) cells, as well as 

internalization and cellular distribution assays were performed using confocal 

fluorescence microscope. Cells were seeded on glass coverslips in 24-well plates 

(5 X 10
4
 cells per well). After 2 h, the cells were washed with serum-free medium 

treated with 5 μM free Dox or peptide Dox conjugates 1and 2 (prepared in serum-

free medium prior to use) and incubated at 37 ºC for 2 h equivalent to the 

incubation time of cellular uptake. At the end of the treatment, the cells were 

examined under laser confocal fluorescence microscope with a 40× oil immersion 

objective. To detect nuclei, the cells were stained with 1 μg/mL of 40, 6- 

diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) at room temperature for 10 

min and visualized by fluorescence microscopy at λex = 350 nm, and λem = 460 

nm. Dox fluorescence was detected at λex = 470 nm and λem = 580 nm  

 

4.2.6. In Vitro Cytotoxicity 

  The cytotoxicity of free Dox and peptide Dox conjugates 1 and 2 against 

different cell lines was investigated using the 3-(4,5- dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay as previously described in Chapter 3. 

The compounds were used in the 0.025-100 µM concentration range, and the cells 

were further incubated in serum free media at 37 °C to prevent premature release 

of Dox from conjugates either for 2 h then washed and allowed to grow for 48 h, 
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or directly incubated for 48 h; each sample was tested in triplicate. Short term 

exposure to the conjugates (2 h) was to measure the difference in rate of uptake of 

the conjugates with respect to free Dox.  Untreated cells were used as negative 

control and Dox treated cells treated as positive control. After 48 h of incubation, 

media was removed and cells were further incubated with 20 μL MTT solution (5 

mg/mL in cell media) and 100 μL cell medium, the plates were further incubated 

for 4 h. The purple formazan pellets were then solubilized in 200 μL DMSO. 

After gentle shaking for 10 min at room temperature, absorbance was measured at 

570 nm using a VersaMax microtiter reader with a reference wavelength of 650 

nm. The percentage cell viability was expressed as expressed as a percentage of 

the absorbance of untreated cells. 

 

4.2.7. Effect of p-glycoprotein Inhibitor Verapamil on Cytotoxicity 

  For the in vitro studies with Verapamil (Vp), cells were preincubated 

with verapamil Vp (10 µM) for 30 min before adding different concentrations 

(0.025-100 µM) of either free Dox or conjugates 1 and 2. The viability MTT 

assay was performed in triplicate. The mean and the standard deviation of cell 

viability for each treatment was determined, converted to the percentage of viable 

cells relative to the control and plotted versus log drug concentration, and fitted to 

a sigmoidal curve. The IC50 were estimated from sigmoidal regressions with 

Graph Pad Prism 3.02 software.   
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4.3. Results  

4.3.1. Design and Synthesis of Peptide-Dox Conjugates.   

Two peptide 18-4 [r8k] doxorubicin conjugates 1 and 2 were synthesized 

with different conjugation chemistries. Peptide 18-4 has 8 D-Arg substituted with 

D-Lys to facilitate side chain attachment to Dox, the peptide preserved the binding 

affinity to breast cancer cells as confirmed using flow cytometry cell uptake 

study. (data not shown)   In conjugate 1, the peptide was conjugated to Dox via an 

ester bond at position C14 following the procedure described previously 
6
 

(Scheme 4.1).  Fmoc protected Dox (N-Fmoc-Dox) was prepared by linking 

Fmoc-OSu with Dox at the amino group.  N-Fmoc–doxorubucin was reacted with 

glutaric anhydride in the presence of DIPEA to yield the intermediate N-Fmoc 

doxorubicin-14-hemiglutarate. The N-Fmoc-Dox-14-O-hemiglutarate was then 

conjugated with Fmoc-NH-WxEYAAQkFL-CONH2 through D-Lys, and the 

Fmoc groups were removed with piperidine.  

On the other hand, in conjugate 2 the peptide was conjugated to Dox 

through an amide bond at the amine group of the sugar moiety via glutarate 

spacer.  It was prepared as shown in scheme 4.1.
36

  The amino group in the sugar 

moiety of Dox was reacted directly with glutaric anhydride in the presence of 

diisopropylethylamine (DIPEA) to give Dox-hemiglutarate, then it was further 

reacted with peptide lysine side chain in DMF in the presence of HCTU/HOBt 

and the Fmoc amine protecting group was removed with piperidine. The 

intermediates were identified using RP-HPLC, MALDI-TOF, (Figure A.8., and 
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A.9) and 1D-NMR. The Dox-peptide conjugates identity was confirmed using 

RP-HPLC and MALDI-TOF: [M+H]
+
 1908.1 and 1908.7 for conjugates 1and 2, 

respectively (Table 4.1, Figure A.8).  The purity of the final products was 

confirmed using analytical HPLC and the percentage of the peak surface area was 

used to assess the purity (94-95%).  Conjugate 1 was obtained in a higher yield 

and it was easier in purification than conjugate 2, which had a complex mixture of 

byproducts, the masses of byproducts showed masses equivalent to Dox 

conjugated to 2, and 3 peptides molecules.  The yields from Dox.HCl starting 

compound to the final product were 45% and 23% for conjugates 1 and 2 

respectively. 
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Scheme ‎4.1: Synthesis of peptide-Dox conjugates 1 and 2. Reagents: (a) N-(9-

fluorenylmethoxycarbonyloxy) succinimide (Fmoc-OSu), N,N-diisopropyl-

ethylamine (DIPEA) in N,N-dimethylformamide (DMF). (b) glutaric anhydride, 

DMF, DIPEA. (c) Fmoc-NH-WxEYAAQkFL-CONH2, DMF, NMM, (2-(6-

chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate) 

(HCTU). (d) 20 % piperidine/DMF.  
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Table ‎4.1. Characterization of peptide doxorubicin conjugates 1 and 2. 

 

 

4.3.2. Serum Stability and Release of Dox from Conjugates 

  The proteolytic stability of the conjugates in human serum was evaluated. 

Peptide-Dox conjugates 1, and 2, with a final concentration of 100 µM were 

incubated with human serum at 37 °C.  Aliquots were removed at different time 

points (0.5, 1, 2, 3, 4, 8, 12, 24, 48 h) for analysis using RP-HPLC. Degradation 

products were separated and identified using MALDI-TOF. Figure 4.1 displays 

the typical time-profile of Dox release from conjugates in the presence of human 

serum.  As expected, conjugate 2 (amide) was more stable to proteolytic 

degradation in human serum compared to conjugate 1 (ester). Conjugate 1 

degraded with estimated half-life of 2 h, and for conjugate 2 the half-life was 48 h 

(Table 4.1). The serum degraded products identified in HPLC were doxorubicin 

and peptide 18-4 [r8k]) hemiglutarate with no degradation of the proteolytically 

stable peptide.
33  

These data reveal that both conjugates 1 and 2 are stable enough 

to allow sufficient time for cancer cell targeting.   

Peptide-Dox 

conjugate 

Mass
 a
 [M+H]

+
 

Obs. (Calcd.) 

Retention 

time (min)
 b

 

Purity 

(%)
c
 

Yield 

(%) 

t1/2
 d

 

Conjugate 1 1908.1 (1908.7) 38.2 95 45 2 h 

Conjugate 2 1908.7 (1908.9) 36.5 94 23 48 h 

a
MALDI-TOF of the conjugates. 

b
Gradient system 15-35% acetonitrile/water each 

0.05% triflouroacetic acid in 35 min, then up to 100% acetonitrile in 15 min. 
c 

Purity of peptide was estimated as the area under the curve of analytical HPLC 

chromatogram. 
d
Time required for the peptide to reach 50% of its initial 

concentration in human serum. 
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In addition, the stability of conjugates 1 and 2 was evaluated in DMEM 

serum free media that have been used in cell uptake and cytotoxicity studies. This 

was done to ensure that the cell uptake was due to intact conjugate rather than any 

of its degradation products (e.g. free Dox). Results revealed that in conjugate 1 

only a traceable amount of Dox (3%) was released from the conjugates after 24 h 

incubation, and conjugate 2 was completely stable (data is not shown). 

 

  

Figure ‎4.1. Time-dependent stability of peptide Dox conjugates 1, and 2 in 

human serum for 48 h. Dox release from the conjugates was determined by C18 

reverse-phase HPLC. The percent of intact conjugate remaining was determined 

by integrating the area under the curve detected at wavelength of 480 nm.   
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4.3.3. In vitro cell uptake studies 

   To test whether the conjugates can be selectively delivered to breast 

cancer cells and preserve normal ones, the cellular Dox level in different cells 

treated with the conjugates were compared with cells treated with free Dox.  The 

binding and internalization studies were done using fluorescence based techniques 

based on Dox inherent fluorescence at (λex/em 470/580 nm).  For flow cytometry 

experiments, the free Dox or peptide-Dox conjugates 1 and 2 (5 µM) were 

incubated with the cells (1 x 10
5
) for 2 h at 37 ºC in serum free media to keep 

conjugates intact. Then the inherent fluorescence of the Dox in the free form and 

the two conjugates were compared and measured based on changes in the mean 

fluorescence intensity of Dox labeled cells compared to untreated cells (Figure 

4.2). FACS measurements were carried out after 2 h incubation since the cell 

viability at this time point was greater than 98%.  At later times, the viability of 

the cells started to go down to determine cellular drug accumulation.  The 

experiment was carried out in three breast cancer cell lines, MCF-7, MDA-MB-

435, and MDA-MB-435-MDR, and two noncancerous cell lines, MCF-10A and 

HUVEC. 

Uptake using Flow Cytometry  Flow cytometry results showed that the 

two conjugates 1 and 2 displayed significant cellular uptake in breast cancer cells 

MCF-7 and MDA-MB-435 after 2 h incubation, as evidenced by the increase in 

mean fluorescence intensity of treated cells relative to the untreated cells. 

Interestingly, the level of conjugates 1 and 2 uptake in MCF-7 was higher than in 

MDA-MB-435, which is consistent with previous studies that proved that our 
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peptide 18-4 has higher cellular uptake in MCF-7 cells.
33

  Based on mean 

fluorescence intensity, conjugate 1 showed 1.2 fold increase in breast cancer cell 

uptake compared to conjugate 2. (Figure 4.2) While free Dox showed 1.2-1.5 

fold, and 2.2-2.6 fold increase in MCF-7, and MDA-MB-435 cell uptake 

respectively compared to both conjugates. This increase in uptake for free Dox 

could be due to the different mechanisms for cell internalization, Dox is known to 

enter cell by direct diffusion due to its small molecular weight, while the peptide 

Dox conjugates are believed to enter the cell through a specific receptor by 

endocytosis.  

Compared to free Dox peptide-Dox conjugates 1 and 2 are expected to 

have higher specificity to breast cancer cells with respect to normal cells. We 

compared the selectivity of the two conjugates to free Dox by detecting the 

conjugates cell uptake in two non-cancerous cell lines MCF-10A and HUVEC, 

and we determined the ratio of the mean fluorescence intensity in cancer cells 

compared to mean fluorescence intensity in HUVEC cells (selectivity index).  The 

two conjugates 1 and 2 displayed significant decrease in cellular uptake to control 

cells versus strong preferential binding to breast cancer cells after 2 h of 

incubation (Figure 4.2C).  Conjugate 1 was 10.5-11 more selective for breast 

cancerous cells (MCF-7, MDA-MB-435) over HUVEC cells, and conjugate 2 was 

6-8 times more selective to breast cancer cells compared to normal HUVEC. On 

the other hand, free Dox was 2.6 times more selective for breast cancer cells over 

HUVEC cells. These data reflects that the two peptide-Dox conjugates have 5-6 

fold increase in breast cancer selectivity compared to free Dox.  
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The cell uptake of the conjugates was further assessed in a doxorubicin-

resistant cell that expresses pgp (MDA-MB-435-MDR) compared to free Dox. 

Conjugates 1 and 2 showed 4.7 and 3 fold increase in cell uptake compared to free 

Dox with mean fluorescence intensity of 256.6 ± 2 and 166.6 ± 2, respectively. 

These results showed that our peptide-Dox conjugates can escape the pgp 

doxorubicin-resistance pathway. In general, cell uptake results suggest that 

conjugate 1 has better uptake and breast cancer specificity for both doxorubicin-

sensitive and resistant cells.  

To prove that the uptake of the conjugates was merely due to the peptide 

and investigate the possible role of receptor mediated cell binding, a competition 

experiment was carried out using MCF-7 and MDA-MB-435-MDR cell lines in 

the presences of 40x excess of free peptide 18-4 [r8k]. The cells were 

preincubated with free peptide 18-4 [r8k] for 10 min, and then treated with free 

Dox or peptide-Dox conjugates 1 and 2 for 2 h in serum free media. No 

significant change in the amount of free Dox was observed in cells with or 

without peptide preincubation (Figure 4.3).  However, for conjugates 1 and 2 the 

intracellular accumulation was significantly reduced; the mean fluorescence 

intensity in the presences of 40x free peptide 18-4 decreased to 50% of its value 

when its incubated with cells without peptide pretreatment. The conjugates uptake 

was not completely inhibited by the free peptide, this could be due to the 

incomplete blockage of the putative receptor with the concentration of the tested 

peptide, but these results still prove that the conjugates uptake was induced by the 

peptide. 
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Figure ‎4.2.  FACS analysis of the uptake of free Dox, peptide Dox conjugates 1 

or 2 by different cell lines.  Cells (10
6
) were incubated with the different 

treatments (5 M) at 37 °C for 2h. (A)Histograms showing peptide uptake by the 

cancerous cells MCF-7, MDA-MB-435, and MDA-MB-435-MDR, (top row), and 

the non-cancerous cells MCF-10A and HUVEC (bottom row). Control cells or 

cell only (black), Dox (red), conjugate 1 (blue), conjugate 2 (green). (B) Results 

of cell uptake presented as change in mean fluorescence intensity relative to 

untreated cells. Data represent mean SD of triplicate experiments. (C) Cell uptake 

selectivity index is the ratio of the mean fluorescence intensity in breast cancer 

cells divided by the mean fluorescence in HUVEC cells. 

 

  

 

 

 

 

 

 

 

Figure ‎4.3.  In vitro competition experiment, for cell uptake of free Dox and 

peptide conjugates 1 and 2 (5 µM) by MCF-7 and MDA-MB-435R cell lines with 

(+) or without (-) pretreatment with 40 fold excess free 18-4 peptide  (200 µM) 

after 2 h incubation. Results are presented as mean fluorescence intensity. 

(mean±SD).  

 

 

 



188 

 

Uptake using Confocal Microscopy.  Confocal cell images were used to 

determine intracellular conjugate localization and accumulation in cells with 

respect to free Dox.  Three cell lines, MDA-MB-435, Dox resistant MDA-MB-

435R, and non-cancerous MCF-10A cells were incubated with free Dox or drug 

conjugates 1 or 2 for 2 h at 37 °C and Dox distribution was examined using 

confocal microscopy. Images showed that both conjugates 1 and 2 have high 

internalization by the MDA-MB-435 and MDA_MB-435-R cancer cells, whereas 

the uptake by control MCF-10A cells was minimal under the same experimental 

conditions.  Interestingly, Dox resistant cell lines also showed higher binding and 

internalization of the conjugates compared to free Dox.  Results clearly show that 

there are marked differences between the intracellular distribution of the peptide 

Dox conjugates and free Dox in the examined cell lines. It is important to note 

that peptide Dox conjugates were found diffused mainly into the cytoplasm of all 

cell lines, and Dox was concentrated in nucleus. Figure 4.4  This again proves the 

selectivity of our conjugates for breast cancer cells and their ability for cell 

internalization.  
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Figure ‎4.4. Intracellular distribution of free DOX and peptide Dox conjugates 1 

and 2 in MDA-MB-345, MCF-10A noncancerous cell line, and MDA-MB-435-

MDR cells after 2 h of drug exposure. The cells were treated with equimolar free 

Dox or Dox conjugates 1, and 2 (5 μM) and visualized under confocal 

microscope. Merged images display the overlay of nuclear DAPI staining (blue) 

and Dox autofluorescence (red). Images were obtained at magnification of 400 X. 

scale bar, 50 µm.  

 

4.3.4. Cell Cytotoxicity 

 In order to compare the cytotoxic effects of Dox conjugates 1 and 2 with 

free Dox, a cytotoxicity assay was conducted for three cancerous cells (MCF-7, 

MDA-MB-435, and MDA-MB-435-MDR) and two non-cancerous cells MCF-

10A, and HUVEC. The cells were incubated with a series of concentrations of 

free Dox or Dox conjugates 1 and 2 in the range of 0.025–100 µM. and the cell 

viability was evaluated using the MTT method and characterized by the IC50 

values. The experiments were carried out in serum free media to prevent 
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premature release of Dox from the conjugates.  The cytotoxicity experiment was 

done initially by treating the different cells with different treatments for 2 h, and 

then further incubation for 48 h to simulate short duration in vivo exposure, and to  

assess the degree of selectivity of our conjugates to cancerous cells versus normal 

cells. (Table A.4.) Results showed that at shorter treatment time conjugate 1 was 

2 times less cytotoxic to MDA-435 and MCF-7 cells compared to free Dox, and 

this results correlates with the cell uptake studies which showed that the amount 

of cell uptake of conjugate 1 by both cells was half that of free Dox. Although 

conjugate 2 showed 2-2.7 fold decrease in the amount uptaken by cells, we 

observed that conjugate 2 is 9-15 times less cytotoxic to breast cancer cells 

relative to free Dox, and this could be due to the high stability of the amide 

conjugate, and the low level of amidases inside the cells that could release the free 

active Dox from its conjugate. To detect the degree of selectivity of our 

conjugates for breast cancerous cells versus normal cells, we found that conjugate 

1 was 8 times less cytotoxic to MCF-10A than cancerous cells and it has even 

lower cytotoxicity to normal HUVEC  cells and this proves the selectivity of 

conjugate 1 to breast cancer cells. For MDA-MB-435-R cells, we found that 

conjugate 1 was 5 times more cytotoxic than free Dox and this correlates with the 

cell uptake studies. 

  

On 48 h incubation with the different treatments, we observed that 

conjugate 1 was equally toxic to free Dox (equal IC50) in MCF-7, and 2 fold less 

cytotoxic in MDA-MB-435 breast cancerous cells. On the other side, conjugate 2 
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was almost 20x less cytotoxic to breast cancerous cells compared to free Dox and 

again this could be attributed to the stability of the amide conjugate inside the 

cells. Furthermore, the cytotoxicity (IC50) of conjugate 1 in a doxorubicin-

resistant cell model MDA-MB-435-MDR is 4x more than free Dox.  (Figure 4.5 

B). In normal HUVEC and MCF-10A cells the two conjugates showed 

unexpected results, although both conjugates have different Dox release profiles 

they showed equal IC50, both were 35-40 times less toxic to normal cells 

compared to breast cancer cells, this can be attributed to the different amount of 

enzymes (esterases, amidases) in normal cells compared to breast cancer cells. On 

the other side, free Dox was equally cytotoxic (equal IC50) for breast cancer cells, 

as well as, normal cells.  Taken altogether, these results provide clear evidence 

that conjugate 1 has optimal characteristics for selective Dox targeting to breast 

cancer cells compared to conjugate 2.  
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Figure ‎4.5.  (A) In vitro cell cytotoxicity of Dox conjugates 1, and 2 on cancerous 

cell lines MCF-7, MDA-MB-435, MDA-MB-435-MDR cell lines, and in normal 

cell lines MCF-10A, and HUVEC. Conjugates cytotoxicity was compared to that 

of free Dox. Treatments were applied at various concentrations for 48 h in serum 

free media, and then cell viability was determined using MTT assay. Assay was 

repeated three times and each conc was in triplicate.  Mean±SD, is presented.
 
(B) 

Cytotoxicity of conjugates 1 and 2 versus free Dox on different cancer cell lines. 

Mean IC50 values from three experiments in comparison with doxorubicin.  

 

 

4.3.5. Effect of Verapamil on Cytotoxicity  

To verify that conjugate 1 and 2 are able to circumvent the action of Pgp 

drug pumps, experiments were performed with an inhibitor of Pgp function, 

verapamil (Vp). Verapamil is known to block the export of molecules from the 

cell by the Pgp.
37

 Therefore; we determined the effect of verapamil on the 

accumulation and cytotoxicity of the free and conjugated doxorubicin in MDA-

MB-435 and MDA-MB-435-MDR cells. Vp 10 µM was added to cultured cells 

prior to the cytotoxic compound and was able to increase the sensitivity of the 

Treatment IC50 ± SD (M) 

 

MCF-7 MDA-

MB-435 
MDA-MB-

435- MDR 
MCF-10A HUVEC 

Free Dox 1.2±0.27 0.6±0.07 21.9±4.2 1.2±0.15 1.1±0.5 

Conjugate 1 0.9±0.07 1.5±0.09 5.4±0.62 35.1±2.2 42.3±2.4 

Conjugate 2 19.1±2.8 18.6±2.5 19.7±3.1 40.5±4.3 50.9±3.2 

(B) 

 

Table 2:  Cytotoxicity of conjugates 1 and 2 versus free Dox on different cancer 

cell lines,     IC50, µM. 

Incubation 

(h) 

Cell lines Conjugate 1 Conjugate 2 Free Dox 

2 MCF-7 9.6±1.2 48.3±5.1 5.5±0.6 

MDA-MB-435 8.7±1.3 69.7±8.1 3.6±0.4 

MDA-MB-435-MDR 12.5± 1.6 55.4±2.5 45±3.5 

MCF-10A 80±7.2 ˃100 12±1.8 

HUVEC ˃100 ˃100 5.5±0.7 

48 MCF-7 0.9±0.07 19.1±2.8 1.2±0.27 

MDA-MB-435 1.5±0.09 18.6±2.5 0.6±0.07 

MDA-MB-435-MDR 5.4±0.62 19.7±3.1 21.9±4.2 

MCF-10A 35.1±2.2 40.5±4.3 1.2±0.15 

HUVEC 42.3±2.4 50.9±3.2 1.1±0.5 
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resistant cells to doxorubicin 14-fold, Verapamil lowered the IC50 values of 

doxorubicin in MDA-MB-435-MDR from 21.9 to 1.5 µM (Table 4.2). I In case 

of Vp followed by conjugate 1 treatment, only a moderate increase in sensitivity 

was observed (1.7-fold), and the same was observed in conjugate 2. The 

difference between doxorubicin and conjugate 1 cytotoxicity following Vp 

treatment suggests that conjugate 1 is a poor substrate for Pgp mediated cell 

extrusion, which could result in an increase in the intracellular concentration of 

the therapeutic molecule. 

 

 

Table ‎4.2. Effect of Verapamil on IC50 values of peptide Dox conjugates and Dox 

in MDA-MB-435 resistant cell line and MDA-MB-435 wild type. 

 

 

 

 

 

 

 

 

 

4.4. Discussion 

In order to increase the therapeutic efficacy of doxorubicin (DOX) while 

decreasing its systemic toxicity various strategies have been exploited for its 

Treatment IC50 ± SD,  M  

MDA-MB-435        MDA-MB-435-MDR 

Dox 0.65 ± 0.07  21.9 ± 4.0 

Dox  and Vp 0.15 ± 0.03  1.56 ± 0.09 

Conjugate 1 1.50 ± 0.09 5.40 ± 0.62 

Conjugate 1 and Vp 0.83 ± 0.05  3.10 ± 0.06 

Conjugate 2 18.6 ± 2.50  19.7 ± 1.1 

Conjugate 2 and Vp 15.5 ± 1.70  14.4 ± 3.2 
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tumor-targeted delivery. Targeting Dox selectively to tumor can be direct or 

indirect.  Indirect conjugation, such as entrapping it in submicron carriers like 

liposomes,
38

 polymeric micelles, 
39

 and nanoparticles
40,41

 or coupled it to 

lactosaminated human albumin.
42,43

  and there are clinically approved liposomal 

preparation of Dox such as Doxil®, and Caelyx® which showed reduced 

cardiotoxicity. On the other hand, direct conjugation of Dox could be done by 

conjugating Dox to targeting ligand such as monoclonal antibodies (mAbs),
44

 or 

peptide ligands that would target specific tumor overexpressed cell surface 

markers. Peptides as targeting ligands can overcome the shortcomings of 

antibodies.  Peptides have excellent cell permeability, small molecular weight, 

they are easily synthesized, they have flexibility in chemical conjugation, and they 

are more stable at room temperature with increased shelf life. Furthermore, one 

antibody molecule can only be conjugated with 1-3 drug molecules, which leads 

to a low drug loading (<1%).  As a result, only highly potent drugs (IC50 =10
-9

-10
-

11
 M) can be used for this antibody drug approach.

45
  But the size of the peptide-

drug conjugate is small enough to efficiently penetrate tissues, and drug loading 

can be as high as 20-30%.   

Application of peptide ligands in tumor targeting is hindered by their fast 

proteolytic degradation. In the current study, a 10-mer peptide (18-4 [r8k] or 

WxEYAAkFL) with high selectivity for breast cancer cells over normal cells and 

improved stability in biological fluids was conjugated to Dox to enhance its breast 

cancer targeting specificity.  Previous studies have shown that peptide chemical 

linkages of different types and stability (enzymatic labile, acid labile) may 
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critically influence Dox activity. For example, conjugation of Dox to LHRH at 

position 14-OH through an ester linkage fully preserved the binding affinity of the 

peptide carrier and the cytotoxic activity of Dox.
46

  In another study Dox has been 

conjugated to Vectocell peptides through ester and amide chemical linkers at 

positions C-14-OH and amino group of Dox sugar, respectively. Results showed 

that conjugation via chemically stable bonds (amide) of Dox resulted in 

significant decrease in activity, while conjugation via an ester bond at C14-OH 

position increased the antitumor efficacy compared to free Dox.
16

  Other 

contradictory results for amide conjugates were reported, which showed that 

peptide Dox amide conjugates at the amino group of the sugar moiety preserved 

the Dox activity.
36,47 

 Therefore, in the current study we used the two previously 

mentioned enzymatically cleavable chemistries for conjugation of Dox to peptide 

18-4 [r8k] to study the effect of peptide conjugation chemistry on the cytotoxicity, 

cellular uptake of Dox, and their ability to overcome multidrug resistance. Two 

peptide-Dox conjugates were synthesized, an ester conjugate (esterase sensitive) 

and an amide conjugate (amidase sensitive).  

Although peptide 18-4 cell entry mechanism is not fully elucidated, 

previous results showed that it interacts with a specific receptor and it can enter 

cell through endocytosis.
33

  Therefore, to efficiently target breast cancer cells 

peptide-Dox conjugates must preserve the binding ability to its putative receptor. 

Our in vitro flow cytometry cell binding and uptake results demonstrated that both 

conjugates 1 and 2 can effectively enter breast cancer cells (MDA-MB-435 and 

MCF-7) with high specificity and they had minimal uptake in normal cells (MCF-
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10A, HUVEC).  Peptide-Dox conjugates 1 and 2 displayed 5-6 fold improvement 

in breast cancer selectivity relative to free Dox. (Figure 4.5)   This enhancement 

in the cell uptake selectivity is the result of specific interaction between the 18-4 

[r8k] peptide with its target receptors on the breast cancer cells that are not 

expressed on normal cells. This was confirmed by competition studies where free 

peptide (40x) competed with peptide-Dox conjugates for cell interaction, (Figure 

4.3) which points to the involvement of receptor mediated endocytosis in the 

uptake of peptide-Dox conjugates. This observation is also in line with what was 

reported for the parent peptide p160.
34

  These data suggest that  peptide 18-4 [r8k] 

binding and internalization into breast cancer cells was preserved in the drug 

conjugates as proved by the high breast cancer cellular internalization and 

minimal uptake by control cells.  

In agreement with flow cytometry results, confocal microscopy images 

showed much higher fluorescence intensity in MDA-MB-435 breast cancerous 

cells than in normal MCF-10A after incubation with peptide-Dox conjugates 1 

and 2. While the fluorescence was equally intense in both MDA-MB-435 and 

MCF-10A cells when treated with free Dox. (Figure 4.4)   Microscopy images 

also showed that peptide-Dox conjugates and free Dox have different localization 

inside the cells. Peptide conjugates was mainly detected in the nucleus, while the 

conjugates were clearly distributed in the cytoplasm and perinuclear zone. This 

could be explained by different mechanisms of Dox and conjugates uptake. Free 

Dox is a small molecule that could pass rapidly through the cell membrane by 

diffusion, whereas the peptide-Dox conjugates deliver their content by interaction 
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with a target receptor expressed on the cell surface and subsequently uptaken 

through receptor mediated endocytosis. Similar phenomena were also observed 

with other peptide carriers conjugated with Dox.  For example, Dox conjugates 

with a cyclic pentapeptide (CNGRC)
8
 and an epidermal growth factor receptor 

(EGFR) binding peptide (NH2- CMYIEALDKYAC-COOH) exhibited the same 

cytoplasmic distribution as observed in our studies.
16

 They suggested that the 

small hydrophobic Dox entered the cytoplasm in a passive manner and rapidly 

diffused into the nucleus, whereas the Dox conjugates were only visible in 

cytoplasmic and perinuclear areas but not in the nucleus, indicating a distinct 

entry pathway of the conjugate from the free Dox.  

In vitro cytotoxicity studies demonstrated that chemical bond and 

conjugation position greatly affect drug activity. The results of cytotoxicity 

studies for conjugate 1 were in line with that of cell uptake. Figure 4.5 showed 

that conjugate 1 had very similar IC50 as free Dox in breast cancerous cells MDA-

MB-435 and MCF-7. Thus, exposure of cells to ester conjugate is cytotoxic in the 

same concentration range as the parent compound. Conjugate 2; however, showed 

lower cytotoxicity (20 fold decrease in IC50) compared to free Dox. As both 

peptide conjugates showed efficient breast cancer cell uptake, so this difference in 

activity between the two conjugates can be credited to the lower rate and extent of 

Dox release from the amide conjugate compared to ester conjugate as evidenced 

by the Dox release studies. The cytotoxicity seems to be more dependent on the 

cleavability of the Dox rather than the degree of cell uptake. (Figure 4.1)  Our 

serum stability studies showed that conjugate 1 (ester) degrades faster than 
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conjugate 2 (amide) with a half-life of 2 h compared to 48 h for the latter one. 

MALDI-analysis of the degradation products revealed that the only hydrolysis 

product appearing during this incubation was the free Dox, and peptide remain 

intact up to 48 h consistent with our previous results.
33

 Similar decreases in 

potency have been observed for other amide peptide Dox conjugates.
10,21,48

  Other 

reported results highlighted the significance of such conjugates in the slow release 

of drug on longer exposure times, where the amide conjugates of Dox showed 

high cytotoxicity comparable to free Dox on longer incubation times which 

reaches 120 h.
49

  Along with conjugate 1 efficient toxicity to breast cancer cells, 

cytotoxicity results showed that it is 35-40 (IC50 1.2 µM) times more selective to 

breast cancerous cells than free Dox (IC50 35-43 µM) against the non-tumorigenic 

MCF-10A and HUVEC cells. 

In the present study, we have also demonstrated that coupling doxorubicin 

with peptide 18-4 [r8k] through an ester conjugate efficiently increased its cellular 

uptake (evidenced by flow cytometry and fluorescence microscopy), besides it 

increases its cytotoxicity in doxorubicin resistant MDA-MB-435 cells. 

Conjugation to the peptide led to an IC50 that was ~ 5-fold less than free 

doxorubicin (21.9 versus 5.4 µM). (Figure 4.4, Figure 4.5)  This increase in 

cytotoxicity in Dox resistant cells might be explained by the different cell 

internalization pathway and by the fact that peptide-Dox conjugates are not 

recognized by the pgp. Free Dox enter cell by passive diffusion, whereas the 

conjugates are internalized by endocytosis in membrane limited organelles, which 

protect the drug from degradation in the cytoplasm of cancer cells and therefore 
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increase its cell inducing activity. Different studies have shown that coupling 

peptides to free Dox can overcome pgp resistance pathway through bypassing the 

pgp pump
10,11,16 

  To further prove that the conjugates can bypass the pgp pump, 

the effect of verapamil on the accumulation and cytotoxicity of the conjugated 

drug was determined in MDA-MB-435-MDR cells. Verapamil is a calcium 

channel blocker that has been known for a long time to inhibit anthracycline 

efflux by direct interference with pgp, thus increasing the intracellular 

accumulation of the drugs.
50

  Co-treatment of MDA-MB-435-MDR resistant cells 

with free doxorubicin and verapamil caused a marked increase in intracellular 

drug level, leading to potent cytotoxicity against the cells. Consequently, 

verapamil lowered the IC50 14 fold from 21.9 to 1.56 µM.  By contrast, the co-

treatment of cells with peptide Dox conjugates and verapamil caused no marked 

decrease in the cytotoxicity of Dox conjugate 1 and 2.   

Overall, conjugation of Dox to peptide 18-4 [r8k] through an ester linkage 

was superior to amide conjugate in terms of Dox cell uptake, cytotoxicity and 

overcome multidrug resistance pgp pathway in breast tumor cells. It enhanced the 

Dox selectivity for breast cancerous cells; ester conjugate was 40 times more 

selective to the tumorigenic cell line (MDA-MB-435) vs. the non-tumorigenic 

MCF-10A cells breast cancerous cells compared to free drug. For further 

confirmation of the targeting ability of peptide 18-4, another study was done by 

our research group, where peptide 18-4 decorated liposomes showed 5 fold 

decrease in relative tumor volume compared to non-decorated liposomes in nude 

mice breast tumor model.
51
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4.5. Concluding Remarks 

In conclusion, the data indicate that peptide 18-4 [r8k] Dox conjugation 

through an ester linkage targets breast cancer cells more effectively than Dox 

alone. Breast cancer targeted delivery would increase the therapeutic index of the 

targeted drug.  Moreover, our ester drug conjugate is capable of bypassing the 

multidrug resistance due to altered drug uptake and intracellular fate, 

consequently enhancing drug activity. The peptide 18-4 [r8k] mentioned has 

advantages compared to other peptide-carrier like poly(lysine), poly(arginine) or 

HIV-TAT derived peptides which contain a large number of positively charged 

amino acids and have shown to be cytotoxic,
52-54

 and compared to other hormone 

peptides that was used in delivery which might cause hormonal side effects.  The 

results presented here might be useful to construct other chemotherapeutic peptide 

drug conjugates to be targeted specifically to breast cancer tumor, which would 

serve as a valuable candidate for further preclinical and eventually clinical 

evaluation in humans. 
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5.1. Introduction 

Microcin J25 (MccJ25) is a 21-residue ribosomally synthesized 

antimicrobial peptide that adopts a remarkable threaded-lasso structure.
1-3

  

MccJ25 displays bactericidal activity against a range of food-borne disease-

causing Gram-negative pathogens including diarrheagenic E. coli strains.
4
  The 

lasso-structure of the peptide consists of a lactam ring (known as lariat ring) 

formed between the N-terminus Gly1 and the side chain of Glu8 (Figure 5.1).
5-7

  

The C-terminal tail (Tyr9-Gly21) passes through the ring forming a β-hairpin 

structure made of a type I β-turn (Val11-Gly14) and two short double stranded 

antiparallel β-sheets, residues 6-7/19-20 and 10-11/15-16.   

The active mature MccJ25 is produced and exported by four plasmid-

encoded genes mcjABCD.
8
  McjA encodes a linear 58-residue precursor peptide 

which is converted into mature peptide by two enzymes, McjB and McjC.
9,10

  

McjB, a putative peptidase, cleaves the 37-residue leader peptide from the 

precursor peptide, whereas, McjC is believed to catalyze the lactam bond 

formation. McjD helps in the transport of the active antibiotic peptide out of the 

producing cell.
11

  The lasso-structure confers several properties to MccJ25, such 

as, resistance
 
to proteolytic degradation,

12,13
 stability towards chaotropes, organic 

solvents, and extreme temperatures.
14

  Such properties make MccJ25 a potential 

candidate for a number of applications including food preservation and treatment 

of food-borne diseases. 

Different variants of MccJ25, prepared by site directed mutagenesis, have 

been reported for studying structure activity relationship (SAR).
15,16

  Pavlova et 
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al. performed a complete mutational scanning analysis of MccJ25 by making 

more than 380 MccJ25 variants with a single amino acid substitution.
16

  Each 

single amino acid variant was tested for production and export from E.coli.  In 

addition, the variants that were produced were analyzed for the ability to inhibit 

RNA polymerase (RNAP) and bacterial growth.  Several residues in the lactam 

ring and the tail region were found to be important for the production of MccJ25 

and inhibition of bacterial growth.  Another study reported MccJ25 variants 

containing two or three amino acid substitutions where the peptides retain the 

lasso structure and the antimicrobial function.
15

  These studies demonstrate that 

peptide lasso scaffold of MccJ25 is quite tolerant to amino acid substitutions.  

Additional SAR studies of MccJ25 have suggested that the lactam ring region and 

the tail β-hairpin loop play distinct roles in the peptide’s antimicrobial 

activity.
17,18

  In particular, using a thermolysin-digested MccJ25 cleaved between 

residues 10 and 11 it was demonstrated that the β-hairpin (residues 10-16) is 

crucial in the import of MccJ25 through FhuA, but not for RNAP and respiration 

inhibition.
18

  The roles played by specific residues in the peptide have also been 

reported.
19,20

  The C-terminal glycine was found to be important for RNAP 

inhibition,
19

 while site specific mutation of His-5 demonstrated that this residue 

was important for recognition by the inner membrane receptor SbmA.
20

 

Attempts have also been made to chemically synthesize MccJ25 variants, 

such as, macrocyclic head-to-tail 21-residue MccJ25, a 21-residue variant with 

side chain-to-backbone lactam ring between -amino of Gly
1
 and -carboxyl of 

Glu
8
, and a recently reported MccJ25 model peptide (cMccJ25) where Gly

1
 and 
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Glu
8
 are replaced with nearly isosteric azidoacetic acid and propargyl glycine, 

respectively.
5,6,21

  In the later variant (cMccJ25), the copper-catalyzed click 

reaction between the azide and the terminal alkyne permits cyclization of 

cMccJ25 without the influence of the maturation enzymes.
21

  None of these 

synthetic peptides showed any antibacterial activity. 

We hypothesized that peptides with antibacterial activity can be designed 

based on the MccJ25 sequence where a folded conformation is acquired by a 

combination of intra-peptide disulfide bond formation and electrostatic or 

hydrophobic interactions, instead of post-translational modification by McjB and 

McjC proteins.  To test our hypothesis, six peptides (1-6) derived from the 

sequence of MccJ25 ranging in length 18-22 residues were designed and 

synthesized (Figure 5.1).  We report herein the results of antimicrobial activity, 

solution conformation, stability to proteases and cytotoxicity of this series of 

synthetic MccJ25 derivatives. 
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Figure ‎5.1. (A) A 58 amino acid McjA precursor peptide is converted into mature 

antimicrobial form, MccJ25 by McjB and McjC enzymes. The ribbon 

representation of the lasso structure of MccJ25 (PDB ID code 1Q71)
6 

is shown.  

Antiparallel β-sheets are shown in green and yellow, and the amide bond between 

residues G1-E8 is shown as stick model. (B) Amino acid sequences of MccJ25 

and derived peptides 1-6.  Substitutions of amino acids in the peptide derivatives 

are shown in yellow for cysteine and red for others. 

 

5.2. Materials and Methods  

5.2.1 Reagents and Equipment 

Wang resin (0.58 mmol/g),  N-α-Fmoc-amino acids,  benzotriazol-L-yl-

oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate (BOP), and (1-

hydroxybenzotriazole) HOBt were purchased from NovaBiochem (San Diego, 
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CA).  The side chains of amino acids were protected as follows: tert-butyl (tBu) 

for serine, threonine, tyrosine, tert-butyl ester (OtBu) or allyl ester (OAll) for 

glutamic acid, tert-butoxycarbonyl (Boc) for lysine, trityl (trt) for cysteine and 

histidine, 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium 

hexafluorophosphate methanaminium (HATU), 5, 5’-dithiobis-2-nitrobenzoic 

acid (Ellman’s reagent), N-methyl morpholine (NMM), triisopropylsilane (TIS), 

diisopropylethylamine (DIPEA) and trifluoroacetic acid (TFA) were purchased 

from Aldrich, while piperidine was purchased from Caledon (Canada). All other 

reagents were purchased from Sigma-Aldrich.  All commercial reagents and 

solvents were analytical grade and were used as received. 

RP-HPLC purification and analysis were carried out on a Varian Prostar 

(210 USA) HPLC system using Vydac semi-preparative C18 (1 x 25 cm, 5 μm), 

analytical C8 (0.46 x 25 cm, 5 µm) and Agilent preparative C18 (21.2 x 25 cm, 7 

μm) columns.  Compounds were detected by UV absorption at 220 nm.  Mass 

spectra were recorded on a MALDI Voyager time-of-flight (TOF) spectrometer 

(Voyager
TM

 Elite) or on a Waters micromass ZQ.  Absorbance of the purple 

formazan product observed during MTT assay was measured using VERSA max 

microplate reader (Molecular Devices, Sunnyvale, CA, USA). All the procedures 

regarding the cell culture maintenance and treatment of cells were carried out in a 

level II biosafety cabinet.  
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5.2.2. Peptide Synthesis and Purification 

 

General procedure 

Stepwise synthesis of peptides 1-6 was done manually on a 0.2-mmol 

scale of Wang resin (1.0% DVB cross-linked), following the standard Fmoc solid-

phase peptide chemistry as described previously.
22

 Attachment of the first amino 

acid (5 equivalent) was carried out using 2, 6 dichlorobenzoylchloride (DCB) in 

DMF/pyridine mixture. Successive couplings were performed by dissolving an 

excess (2 equiv) of Fmoc-protected amino acid and Castro reagent (BOP) in 

presence of (HOBt) to prevent racemization in DMF.  Coupling efficiency was 

monitored using the ninhydrin (Kaiser) test.
23

 The coupling step was repeated 

(double coupling) if Kaiser test was found positive.  In addition, a test cleavage 

was performed after each five residues were coupled, and the desired product was 

confirmed by MALDI-TOF mass spectrometry.  Each peptide was cleaved from 

the resin using a mixture of 95% TFA, 5% triisopropylsilane, 5% water, for 120 

minutes at room temperature with mechanical shaking. The filtrate from the 

cleavage reactions was collected, combined with TFA washes (3 x 2 min, 1 mL), 

and concentrated in vacuum. Cold diethyl ether (~ 15 mL) was added to 

precipitate the crude cleaved peptide. After triturating for 2 min, the peptide was 

collected upon centrifugation and decantation of the ether. The peptides were then 

purified using RP-HPLC. 
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On resin amide cyclization (Peptides 1 and 2) 

For peptides 1 and 2, side chain of Glu was protected as allyl ester (OAll).  

After complete assembly of the protected peptide on the resin, the side chain 

protecting group (allyl) of Glu8 (peptide 1) or Glu18 (peptide 2) was first 

removed.  Deprotection of the allyl from carboxyl group was carried out with 

Pd(PPh3)4 (0.08 equiv) and PhSiH3 (8 equiv) in DCM/DMF (45 mins x 3) under 

nitrogen.  The N-terminus Fmoc group was removed using 20% piperidine/DMF.  

The desired lactam linkage was then formed using HATU/DIPEA (2 equivalent) 

as the activating agents for 3 hours in DMF, after which complete cyclization was 

achieved. It was confirmed using ninhydrin test and MALDI-TOF. 

 

Oxidative folding and disulfide formation 

The purified linear (analogues 3-6) or lactam cyclized peptides (1-2) were 

dissolved in 50 mM Tris buffer (pH 8.3) to a final concentration of 0.1 mM.  The 

peptide solution was then treated with 20% DMSO to assist in oxidation and 

enhance peptide solubility.  The reaction mixture was left stirring overnight at 

room temperature in an open flask. The oxidation was monitored using Ellman 

test,
24

 and MALDI-TOF mass analysis. The oxidation was complete in 48 h.  A 

mass spectrum with M-2 indicated loss of two protons and formation of the 

oxidized peptide. 
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Peptide Purification 

Purification of the peptides was done in two stages.  First, the crude linear or 

lactam cyclized peptides were reconstituted in 30-50% aqueous acetonitrile and 

purified on a semi-preparative Vydac C18 reversed-phase (RP) HPLC column (10 

x 250 mm, 5 μm, flow rate = 2 mL/min, monitored at 220 nm) using different 

linear gradients of acetonitrile/water or isopropyl alcohol/water (0.05% TFA, v/v) 

mixtures.  The peptides were oxidized to form the disulfide bond, and were 

subjected to another RP-HPLC purification using preparative C18 HPLC column 

(21.2 x 250 mm, 7 µm).  This purification was essentially done to remove the salts 

from the reaction mixture.  The collected fractions were evaporated on the rotary 

evaporator followed by lyophilization to obtain the pure peptide.  The identity and 

purity of the peptides were assessed by analytical HPLC (Figure A.10) and 

MALDI-TOF mass spectrometry (Figure A.11).  The details of the purification 

methods and the elution time of each peptide are listed in Table 5.1.  In general, 

pure peptides were obtained with an overall yield of 7-32% and purity greater 

than 95%. 
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Table ‎5.1.  The Mass and HPLC purification details for peptide derivatives 1-6 

 

5.2.3 Microcin J25 Expression and Purification 

The expression and purification of native MccJ25 were performed as 

described previously with some modifications.
12

  Briefly, the high copy number 

plasmid pTUC202 (a gift from Rutgers University, USA) which carries the 

MccJ25 biosynthetic gene cluster was transformed to competent E. coli MC4100 

cells.  The cells were grown in M9 minimal media (2 L) for 24 h at 37 

C.  The 

culture supernatant was obtained by centrifugation at 4000 g for 15 min, and then 

Peptide 

Linear 

[M+H]
+
 

Obs. (Calcd.) 

Oxidized 

[M+H]
+
 

Obs. (Calcd.) 

HPLC  

method
1
 

 

Elutio

n Time 

(min) 

Yield 

(%) 

Analogues with disulfide and amide bond formation 

1 2036.5 (2036.7) 2033.6 (2034.5) 25-50% 45 min
2
 35 10 

2 1801.7 (1801.5) 1798.6 (1799.1) 10-30% 40 min 26 7 

Analogues with disulfide bond and electrostatic interaction 

3 2102.4 (2102.8) 2100.5 (2100.4) 20-50% 35 min
2
 18 15 

4 2125.4 (2125.1) 2123.7 (2123.4) 10-45% 35 min 26 29 

Analogues with disulfide bond and hydrophobic interaction 

5 2014.5 (2014.8) 2012.8 (2012.5) 20-50% 50 min
2
 28 30 

6 2335.6 (2335.7) 2332.9 (2333.6) 17-43% 35 min 19 32 

1
The HPLC methods listed is for unoxidized linear peptides. 

2
The solvent used was acetonitrile/H2O with 0.05% TFA; for all other peptides the 

solvent used was isopropyl alcohol/H2O system (0.05% TFA). 
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subjected to three successive purification steps. First, the supernatant was applied 

to flex column filled with XAD16 resin (Aldrich, CA).  Followed by elution in 

two successive steps with 30:70 (v/v) and 80:20 (v/v) methanol/water mixtures.  

Antibacterial assay was used to follow the peptide.  MccJ25 found in 80:20 (v/v) 

methanol/water fraction was next applied to C18 Megabond column (Varian, 

USA).  Three successive elution steps were carried out with 40:60 (v/v), 60:40 

(v/v) and 80:20 (v/v) methanol/water mixtures.  The 80:20 (v/v) fraction was 

further purified using C18 RP-HPLC (2 mL/min flow rate and absorbance 

monitored at 220 nm) under linear gradient from 55-80% methanol/water (0.05% 

TFA) in 45 min.  The concentration of the peptide was determined 

spectrophotometrically at 278 nm (molar absorptivity 3340 M/L),
18

 and the yield 

was 2 mg. 

 

5.2.4. Antimicrobial Activity Assay 

The minimum inhibitory concentrations (MICs) of peptides 1, 6 and 

MccJ25 were determined by liquid growth inhibition assays in sterile 96–well 

plate using LB as growth media.
25

  Peptide stock solutions were prepared in 20% 

methanol/water (1 mM for MccJ55 and 2.5 mM for 1 and 6), and were serially 

double diluted in sterile water to give concentrations ranging from 0.01 to 100 μM 

for MccJ25, and 0.5 to 250 μM for 1 and 6.  Similar concentration of 

methanol/water alone without the peptide did not change the growth of bacteria.  

Bacterial culture (180 μL) diluted in LB media were added to the microplate wells 
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to obtain optical density (OD620) of 0.02-0.05, followed by addition of peptide 

solutions (20 μL).  Each peptide concentration was tested in triplicate. Control 

wells contained the peptide in LB media as well as untreated bacterial cells. After 

incubation of the microplates for 24 h at 37 
ο
C, the turbidity (OD) was read at 620 

nm on a plate reader. MICs were defined from a growth curve as the lowest 

peptide concentrations that caused 100% growth inhibition (0.05 AU).  Three 

representative growth curves of microcin J25, peptide 1, and peptide 6 obtained 

using broth assay against Salmonella newport are shown in Figure S4.  Standard 

deviations derived from MIC outcome of three graphs for three repeated 

experiments were calculated.  Concentrations of peptides stocks solutions were 

determined by absorbance at 280 nm described previously.
26

  The minimum 

bactericidal concentration (MBC) was determined from wells showing complete 

inhibition.  An LB agar plate was seeded on the surface with 10 μL from each 

clear well and incubated (24 h, 37°C).  The MBC was defined as the lowest 

concentration giving no growth on an LB plate afterwards. 

 

5.2.5. Circular Dichroism (CD) Spectroscopy 

The CD measurements for the peptides (MccJ25, 1 and 6) were made on 

an Olis CD spectrometer (Georgia, USA) at 25 C in a thermally controlled quartz 

cell over 190-260 nm.  All samples were dissolved in 100% methanol with a final 

concentration of 200 µM.  The length of the cuvette was 0.02 cm and number of 

scans was set to 10.  Smoothing and correction of the background spectra was 
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performed afterwards.  The CD data was normalized and expressed in terms of 

mean residue ellipticity (deg cm
2
 dmol

-1
).  CD spectra were analyzed using 

quantitative curve fitting using the CDPro software analysis program as described 

previously.
27

 

 

5.2.6. Proteolytic Stability 

The proteolytic stability of peptides 1 and 6 compared to native MccJ25 

was evaluated against two digestive enzymes (pepsin and chymotrypsin).  The 

susceptibility of 1 and 6 for chymotrypsin cleavage was assessed using spot on 

lawn method as reported previously.
13

  Peptide analogues 1 and 6 (10 L of 200 

M) were spotted onto LB plates and chymotrypsin solution (10 µL of 0.5 

mg/mL) was placed 1 cm away from the peptide spots. After the drops had dried, 

the plates were overlaid with 4 mL of soft agar inoculated with 10
7
 cells of a 

clinical isolate of Salmonella enterica serovar Newport. After overnight 

incubation at 37 °C, the growth inhibition zones around the drops were recorded. 

MccJ25 was used as control at 5 M concentration. 

Pepsin was dissolved in 0.1 N HCl (4% w/w) and then peptide 1 or 6 was 

added (150 M).
28

 The solution was incubated at 37 °C and the degradation was 

stopped at specific time points 0 min, 30 min, 1 hr, by taking 100 μL aliquots into 

10 μL 0.1 N NaOH containing 70% methanol to precipitate the enzyme.  Sample 

was centrifuged at 16000 g for 10 min, and the supernatant containing the 
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cleavage mixture was injected in RP-HPLC.  Fractions were collected for mass 

detection using MALDI-TOF to determine the labile sites. Also fragments were 

analyzed for antibacterial activity using spot on Lawn as described earlier.  For 

sake of
 
comparison the same experiment was repeated for native MccJ25. 

 

5.2.7. Oxygen Consumption Determination 

Oxygen consumption was determined as previously described.
29

  

Salmonella newport strain were grown to exponential phase (OD600 0.4-0.5) in LB 

media.  Samples were diluted in LB media to an OD600 of 0.2.  Cells were then 

incubated at 37 °C with either MccJ25 (0.25 μM), 1 (25 μM), or 6 (30 μM) for 35 

min.  Thereafter, the average rate of respiration for subsequent 5 min was 

polographically measured with a 2 mL Gilson Clarke electrode oxygraph at 37 °C.  

A control experiment in the absence of peptide was carried out similarly. 

 

5.2.8. Cell Viability Assay 

5.2.8.1. Cell lines 

Tumor cell lines used in this study included MDA-MB-435 and MCF7 

breast cancer cell lines.  MDA-MB-435 cells were cultured in RPMI 1640 

medium (Sigma) supplemented with FBS (10%), penicillin (50 µg/mL), and 

streptomycin (0.05 g/mL) in a humidified atmosphere (5% CO2) at 37 C.  MCF7 
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cells were grown in DMEM media supplemented with same additives as stated 

above. 

5.2.8.2. MTT cytotoxicity assay 

The cellular toxicity of MccJ25 and the peptide derivatives was 

determined by measuring the cell growth inhibition using MTT assay.
30

 Two 

cancer cell lines were used, MDA-MB-435 and MCF7 cells.  Cells were seeded in 

96 well plates (Corning Inc., MA, USA) at a concentration of 1 x 10
4
 cells/well 

(100 µL) in complete media and were incubated at 37 C in 5% CO2 atmosphere.  

After 24 hours, the cells were treated with aseptic samples.  Samples (1 mM, 

MccJ25 and peptides) were prepared in sterile 10% DMSO/water followed by 

filtration through 0.2 μM filter.  The cell culture media were added to the 96 well 

plate (180 μL/well) followed by addition of peptide sample solution (20 μL/well), 

serially double diluted to give concentrations ranging from 0.3125 to 100 μM.  

Doxorubicin was used as a positive control and untreated cells were used as a 

negative control.  The plates were incubated for another 24 hours following which 

the culture media was aspirated and replaced with 20 μL MTT solution (5 mg/mL 

in cell media) and 100 μL cell medium.  The cells were incubated for 3.5 hours to 

allow interaction with MTT solution.  Following incubation, the media was 

removed by vacuum, and the purple formazan product precipitated in each well 

was solubilized in DMSO (100 μL), and the absorbance was measured at 570 nm 

using microtitre reader.  The percentage cell viability was expressed as the 

absorbance ratio of cells treated with peptides to untreated cells dissolved in 



224 

 

complete media.  All experiments were done in triplicate, and the data is 

presented in the form of mean. 

 

5.3. Results and Discussion 

Six peptides were designed on the basis of the MccJ25 sequence following 

the strategy that intra-peptide interactions will lead to active peptide derivatives.  

Peptides were designed to form folded conformation by intra-peptide (i) disulfide 

and amide bond formation (analogues 1 and 2), (ii) disulfide and electrostatic 

interactions (3 and 4), or (iii) disulfide and hydrophobic interactions (5 and 6).  In 

peptide 1, the lactam ring of MccJ25 between G1 and E8 was maintained, and a 

disulfide bond between C4 and C20 (C-terminal) was introduced to hold the C-

terminal of the peptide in place.  In all other peptides (2-6), the isopeptide bond 

between G1 and E8 was replaced with a disulfide bond.  Peptide 2, an 18-residue 

peptide, utilized an amide bond to tie the N-terminal C1 with the C-terminal E18.  

Peptides 3 and 4 contain substitution of a ring residue and one residue from the 

tail region with positively and negatively charged amino acids, respectively, for 

electrostatic interactions (H5K, Y20E in 3 and G4K, Y20E in 4).  Similarly, 

peptides 5 and 6 contain substitution or insertion with hydrophobic amino acids, 

such as G4F in 5.  Peptide 6 consists of a larger 9-residue N-terminal ring, as 

expansion of the ring was thought to facilitate the insertion of the C-terminal into 

the N-terminal lariat ring by interaction between F5 and F19 and/or Y20.  An 

aromatic hydrophobic Phe (F) residue was inserted between G4 and H5 for 
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enhanced van der Waals and stacking interactions with the C-terminal F19 and 

Y20.  In addition, I13R and/or T15G substitutions (replacement of hydrophobic 

Ile with basic guanidine containing Arg and Thr with a methyl side chain with 

Gly with no side chain) were introduced in peptides 2, 5, and 6 to increase 

solubility.  These mutations have been reported to yield higher inhibitory activity 

compared to the wild-type MccJ25.
16

 

Peptides 1-6 were synthesized as linear peptides using Fmoc solid-phase 

peptide synthesis.  For peptides 1 and 2, the lactam bond formation was achieved 

on the solid-phase, followed by cleavage from the resin.  The second ring 

(disulfide bond) was then formed in solution.  Peptides 3-6 were cleaved from the 

resin as linear peptides followed by oxidation to form disulfide bond.  The 

electrostatic or hydrophobic interactions in the peptides were initiated when the 

peptides were cleaved from the solid phase and the side chain protections were 

removed.  Native MccJ25 was expressed using pTUC202 plasmid in E. coli 

MC4100 in M9 minimal media.
12

 Crude peptides were purified using semi-

preparative reversed-phase HPLC prior to characterization by electrospray and/or 

MALDI-TOF mass spectrometry (Table 5.1).  All peptides were purified up to 

>95% purity as shown by analytical RP-HPLC and mass spectrometry (Figures 

A.10 and A.11), and were obtained with an overall yield of 7-32%. 

The antibacterial activity of MccJ25 and peptides 1-6 was evaluated 

against a number of Gram-negative pathogens.  Twelve Salmonella strains and 

two E. coli strains were used to obtain the activity profile of the peptides using 

liquid growth inhibition assay (Table 5.2).
25

  Peptides 1 and 6 displayed good 
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activity (low micromolar range) against S. newport with MIC values of 25 and 30 

M, respectively (Figure 5.2).  Compared to the native MccJ25 (MIC 0.5 M), 

these peptides were 50-60 fold less potent.  Interestingly, 1 also displayed activity 

against several (five) other Salmonella strains including two MccJ25 resistant 

strains.  For all of these strains, MIC of 1 was in the range of 75-90 M.  The 

MIC of MccJ25 was also higher (compared to S. newport) for the three MccJ25 

sensitive strains.  Peptides 1-6 were also tested for inhibition of Gram-positive 

bacteria, such as S. aureus ATCC 6538 and E. faecalis ATCC 19433.  These 

peptides showed no activity against Gram-positive strains. 

A number of different MIC values of MccJ25, ranging from 5 nM to 0.22 

M, against S. newport have been reported previously.
3,12,31,32

  In this study, we 

found the MIC value of MccJ25 to be 0.5 M against a clinical isolate of S. 

newport.  This variation in MIC values could be due to the difference in the 

experimental conditions used, such as spot-on-lawn assay, liquid growth assay, 

media with or without supplements, or the difference in the strains used.   
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Table ‎5.2.  Antibacterial activity of MccJ25 and synthetic peptide derivatives (1 

and 6) against Gram-negative bacterial strains 

 

 

 

 

 

 

 

Strains
a
 

MIC
b
 (M) of Peptides 

MccJ25 1 6 

S. newport 0.5 ± 0.05 25 ± 3.0 30 ± 4.0 

S. enteritidis PT8 1.5 ± 0.8 80 ± 3.0 - 

S. enteritidis ATCC13076 1.8 ± 0.7 - - 

S. enteritidis AFLB 11 2.0 ± 0.6 - - 

S. enteritidis AFLB 41 1.6 ± 1.0 - - 

S. enteritidis AFLB 81 1.7 ± 1.2 - - 

S. typhimurium AFLB 25 2.8 ± 0.8 85 ± 5.2 - 

S. typhimurium ATCC 13311 - 75 ± 6.5 - 

S. heidelberg ATCC 8326 - 83 ± 6.1 - 

S. montevideo 20 - - - 

S. paratyphi 1.5 ± 1.0 - - 

S. choleresius ATCC 10708 1.5 ± 0.6 90 ± 5.7 - 

E. coli DH5α 5.0 ± 1.0 - - 

E. coli MC4100 5.0 ± 2.0 - - 
a
Details for the bacterial strains are provided in Table S2 (supplementary data).  

b
MIC value is the last concentration of the peptide (M) giving 100% inhibition 

of the strain.  -, no activity detected up to 250 µM.  Data are represented as 

means ± standard errors of the means.  The values are results of at least three 

independent measurements.   
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Figure ‎5.2. Growth curves of microcin J25, peptide 1, and peptide 6 using broth 

assay against Salmonella newport.  MICs were defined as the lowest peptide 

concentration that caused 100% growth inhibition (0.05 AU). 

 

Furthermore, peptides 1 and 6 were found to be bactericidal similar to 

MccJ25.
4
  The minimum bactericidal concentrations (MBCs) of peptides 1 and 6 

against S. newport were 31.25 and 62.5 M, respectively.  The MBCs of peptide 1 

against S. enteritidis ATCC P76, S. typhimurium ATCC 13311, and S. choleresius 

ATCC 10708 were 125 M each.  A number of synthetic analogues of MccJ25 

have been reported, however, none of them display activity against Gram-

negative pathogens.
6,7,13,21

  To our knowledge, peptides 1 and 6 are the first 

synthetic derivatives of MccJ25 that display antibacterial activity.  Peptides 2-5 

lacked antimicrobial activity against all of the tested strains up to 250 M 

concentration.  One striking feature of peptides 2-5 was the replacement of lactam 
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bond with a disulfide linkage.  Although the same is true for peptide 6, but the 

replacement was better tolerated due to the expanded 9-residue lariat ring.  A 

variant of peptide 6 with 8-residue lactam ring (CGAFHVPCYFVGRGTPISFYG) 

was synthesized (not shown here) and was found to be inactive suggesting larger 

lactam ring facilitates interaction between the C-terminal tail and the N-terminal 

ring.  The reduced activity of 1 and 6 compared to the native MccJ25 could be due 

to the loss of characteristic lasso conformation.   

Circular dichroism (CD) spectroscopy was used to study the folding 

behavior of peptides 1 and 6 in solution.  Methanol was used as a solvent for CD 

studies due to the limited solubility of the peptides in water.  Moreover, methanol 

has been used previously to elucidate the solution structure (NMR structure) of 

MccJ25.
6
  The CD spectra of peptides 1 and 6 in methanol were very different 

from MccJ25 suggesting different folded structures in solution (Figure 5.3).  The 

CD spectrum of MccJ25 in methanol displayed a minimum at 200 nm (= -3.2 x 

10
3
) and a maximum at 225 nm (= 1.1 x 10

3
) with a positive shoulder at 215 nm 

(Figure 5.3) consistent with the previously reported spectrum.
33

  A negative peak 

at 200 nm is characteristic of unstructured peptides; however, this peak has also 

been attributed to small -sheets or β-turn secondary structures such as in β-

defensins.
34

  The positive band at ca. 225 and 210 nm have been attributed to the 

Phe La and Tyr La transitions.
35

  CD of peptide 1 showed a broad minimum at 208 

nm with low intensity (= -1.5 x 10
3
), whereas, peptide 6 displayed a minimum 

at 210 nm (= -5.0 x 10
3
) with a shoulder at 226 nm (= -1.8 x 10

3
).  

Quantitative analysis of the secondary structure of peptide 6 with CDPro
36
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suggested that there is little -sheet conformation (~ 15% residues form -sheet) 

compared to MccJ25 (39%).  Peptide 6 showed the presence of increased helical 

folding.  These results suggest that both the active peptides (1 and 6) may adopt a 

constrained and compact folded structure, however, do not adopt the true lasso 

structure as observed in MccJ25. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ‎5.3. Circular dichroism spectra for MccJ25, 1 and 6 in methanol at 25 ºC. 

 

 

Furthermore, the absence of lasso conformation in peptides 1 and 6 was 

confirmed by enzyme stability studies.  MccJ25 is known to be highly stable to 

degradation in the presence of proteolytic enzymes, such as chymotrypsin, 

trypsin, carboxypeptidase and pepsin.
12

  In contrast, both 1 and 6 were not stable 

in the presence of chymotrypsin and pepsin.  During the antimicrobial assay, the 
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circular growth inhibition zones of 1 and 6 were distorted to a crescent-shape in 

the presence of a drop of chymotrypsin.  Likewise, reversed-phase HPLC analysis 

of peptides 1 and 6 incubated with pepsin for 30 minutes showed complete 

degradation of the peptides (Figure 5.4).  For peptide 1, the presence of fragments 

FVGIGTPIS and FVGIGTPISF showed that the cleavage occurred before and 

after the C-terminal Phe residue (Phe19).  This suggests that the C-terminal 

cysteine is present outside the ring (N-terminal ring between Gly1 and Glu8) 

allowing access to the C-terminal residues for cleavage by enzymes such as 

pepsin.  Peptide 6 also gave similar degradation products after incubation with 

pepsin.  However, fragments from cleavage near Phe5 residue, which is present 

inside the N-terminal ring (between Cys1 and Cys9) of 6, were not detected.  

Interestingly, the evaluation of thermostability of 1 and 6 showed that only 

peptide 1 was active after incubation in boiling water for 3 hours.  This may be 

due to its rigid bicyclic ring structure allowing high heat resistance similar to 

wild-type MccJ25.  The disulfide bond was found to be intact for peptide 1 after 

boiling treatment.  Peptides 1 and 6 with reduced cysteine residues (absence of 

disulfide bond) were found to display no antimicrobial activity. 
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Figure ‎5.4. RP-HPLC chromatograms of peptides 1 (top), 6 (middle) and MccJ25 

(bottom) after incubation with pepsin at time 0 and 30 min. On the right side are 

shown the cleavage sites for the peptides.  A linear gradient was run on a C18 

Vydac column (4.6 mm x 250 mm) over 35 min from 15 to 50% isopropyl 

alcohol/water 0.05% (v/v) TFA with a flow rate of 2 mL/min. 

Fragment # Sequence Mass Found 

Peptide 1   

1 FVGIGTPIS and FVGIGTPISF 889.1 and 1036.5 

2 GGACHVPEY-C and GGACHVPEY-

FG 

1034.6 and 1181.2 

3 GGACHVPEY-IGTPISFC 1748.8 

Peptide 6   

1 FVGRGTPIS 932.2 

2 CGAGFHVPCY 1052.1 

3 FVGRGTPISF and FVGRGTPISFY 1079.2 and 1242.6 

4 CGAGFHVPCYFVGRGTPIS, 

CGAGFHVPCYFVGRGTPISF, and 

CGAGFHVPCYFVGRGTPISFY 

1966.9, 2112.9 and 2276.0 

A
b
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MccJ25 displays antibacterial activity by inhibiting the RNA polymerase 

(RNAP) and/or the respiratory chain in the target organism, depending on the 

bacterial species.
31,,19,37,38

 For Salmonella species MccJ25 targets both the RNAP 

and the cell respiration, however, for E. coli the target is mainly RNAP.  Peptides 

1 and 6 most likely do not inhibit RNAP as they are inactive against E. coli as 

well as the lasso structure essential for RNAP inhibition is absent in these 

peptides. Different structure activity relationship studies of MccJ25 showed that 

lasso conformation (tail locked in ring) is important in RNAP interaction and 

inhibition.
19,17

  Thermolysin-cleaved MccJ25 and MccJ25 lacking amino acids 13 

to 17 inhibit RNAP transcription suggesting that the unusual lasso ring-tail part of 

the MccJ25 molecule interacts with RNAP, and blocks the secondary channel of 

the enzyme.
17

  Whereas, amidation of the C-terminal glycine threaded through the 

MccJ25 lariat ring specifically blocks the RNAP inhibition.  The amidated 

MccJ25 peptide inhibits cell respiration.
19

 

To assess the effect of peptides 1 and 6 on the inhibition of cell 

respiration, the oxygen consumption of Salmonella newport in the presence of 

MccJ25, 1 or 6 was assayed.   Peptide 1 inhibited oxygen consumption, whereas, 

peptide 6 had no effect on oxygen consumption (Figure 5.5).  The findings from 

this experiment suggest that peptide 1 inhibits cell respiration in a manner 

analogous to MccJ25, and peptide 6 that did not inhibit cell respiration has an 

alternative mechanism of action.  Peptide 1, which lacks the lasso structure, seems 

to act primarily by inhibition of cell respiration which may also account for its 

decreased antimicrobial activity compared to MccJ25. 
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Figure ‎5.5.  Effects of treatment with MccJ25, peptide 1 and peptide 6 on the 

oxygen consumption.  Oxygen consumption of bacteria growing in the presence 

of peptides was expressed as a percentage of the oxygen concentration of the 

control culture (without peptides).  Data correspond to mean values of three 

independent experiments.  Error bars correspond to the standard deviations. 

 

Finally, the cellular toxicity of MccJ25 and peptides 1-6 was investigated 

as a lead antibiotic must display low toxicity to mammalian cells.  The 

cytotoxicity of the peptides was evaluated using cell viability MTT assay against 

two cancer cell lines, MDA-MB-435 and MCF-7 cells (Figure A.12).  MccJ25 

and the peptide derivatives displayed very low cytotoxicity (>80% cell viability) 

up to the highest concentration tested (100 µM).  Under similar conditions, a 

known antitumor agent doxorubicin showed only 20% cell viability at low 

concentration (3 M). Peptides 3-4 with charged residues or involving 

electrostatic interactions displayed slightly higher cytotoxic effect (75% cell 

viability) compared to the other peptides (> 90% cell viability).  In general, the 



235 

 

toxicity values observed were not significant when compared to the known 

antitumor agents.  In this context, it is of particular interest to note that Lopez et 

al. observed low hemolytic activity for MccJ25 against red blood cells.
32

  

Although MccJ25 displays antiapoptotic properties with isolated mitochondria,
39

 

the low cytotoxicity could be due to its inability to permeate human cells. 

 

5.4. Conclusions 

To summarize, two active peptides (1 and 6) derived from the sequence of 

MccJ25 are reported.  The design strategy used for obtaining active synthetic 

sequences from the MccJ25 sequence suggests that (i) the folding of the C-

terminal tail (in order to constraint the C-terminal tail near the lactam ring) can be 

achieved with a covalent disulfide bond formation (peptide 1) and (ii) the lactam 

(or lariat) ring can be substituted with a ring formed by a disulfide bond, however, 

it may require ring expansion (peptide 6).  The CD and resistance to proteases 

experiments suggest that the active peptides (1 and 6) do not fold into a lasso 

conformation, and peptide 1 displays antimicrobial activity by inhibition of target 

cell respiration.  Finally, the synthetic peptide derivatives of MccJ25 display 

minimal toxicity to mammalian cells and act specifically on bacterial cells. 
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Chapter 6 : A Conjugate of Antimicrobial 

Peptide Microcin J25 with a Cancer Targeting 

Peptide Displays Cancer Cell Specific 

Cytotoxicity  
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6.1. Introduction 

Cancer treatment by conventional chemotherapy is hindered by its toxic 

side effects to noncancerous tissues, and the frequent development of multi-drug 

resistance by cancer cells.
1-3

  Multi-drug resistance can result from a number of 

cellular changes, such as overexpression of drug transporters such as P-

glycoprotein and multi-drug resistance protein-1, induction of various drug-

detoxifying enzymes, and defects in apoptotic pathways such as abnormal 

expression of the antiapoptotic protein Bcl-2 and mutation or inactivation of p53.
3
  

There is clearly an urgent need to develop new forms of cancer therapy that are 

effective against multi-drug-resistant cells, and more selective and less toxic to 

the patient. In the last two decades, an increasing interest has developed in the 

study of some cationic antimicrobial peptides (CAMPs) for their potential 

therapeutic use in the fight against cancer.
4-9

  Antimicrobial peptides may avoid 

the shortcomings of conventional chemotherapy, as many of them exhibit 

selective cytotoxicity with high specificity against a broad spectrum of human 

cancer cells that have acquired a multi-drug-resistant phenotype.
10,11

  These AMPs 

do not affect normal proliferating cells suggesting that they may be administered 

in vivo with minimal nonspecific toxicity.
12

  Another advantage of AMPs is that 

they kill cancer cells via promoting apoptosis through mitochondrial membrane 

disruption.
13-16

  Apoptosis is a preferred cell death mechanism because it 

eliminates cells without inducing an inflammatory response, compared to necrosis 

which cause leakage of intracellular contents resulting in severe inflammatory 

response.
17
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Several reports have shown that antimicrobial pro-apoptotic peptides can 

cause an impairment of the membrane integrity of the mitochondria either by 

inserting in the membrane or activating the mitochondrial permeability transition 

pore complex (PTPC), which in turn dissipates the proton motive force and finally 

leads to mitochondrial swelling with the consequent activation of the apoptotic 

cascade.
14,16,18,19

  Microcin J25, is a 21-amino acid antimicrobial peptide with an 

unusual lasso structure.
20-22

  It kills Gram negative bacterial strains by inhibiting 

RNA polymerase,
23

 as well as it acts on the cytoplasmic  membrane of Salmonella 

Newport cells producing alteration of membrane permeability, and the subsequent 

gradient dissipation inhibits oxygen consumption.
24

  Besides its antibacterial 

activity, different studies showed that MccJ25 disrupts the isolated rat 

mitochondrial membrane potential and diminishes the ATP level.
25

  Furthermore, 

MccJ25 induces the overproduction of reactive oxygen species (ROS),
26

 which in 

turn leads to the oxidation of mitochondrial proteins and lipids. The oxidation of 

cardiolipins, a key mitochondrial phospholipid induced by MccJ25 might trigger 

the release of cytochrome c.
27

  

MccJ25 peptide offers several advantages over conventional 

chemotherapeutic drugs and cationic antimicrobial peptides as an anticancer 

agent. Most antimicrobial peptides have the disadvantage of being erythrolytic, 

and this could limit their potential therapeutic utility, for example, melittin and 

tachyplesin are known to cause red blood cell lysis at high concentrations.
28,29

  On 

the other hand, MccJ25 shows no hemolytic activity.  In addition, MccJ25 is 

effective in biomatrices such as in artificial media, indicating that its activity was 
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not affected by any blood component.
30

  Along with that, MccJ25 can withstand 

extreme temperature, it is stable in a wide range of pH and it is resistant to 

proteolytic digestion against proteolytic enzymes of the stomach (pepsin) and the 

intestinal contents (trypsin, chymotrypsin, carboxypeptidase).  Altogether, 

MccJ25 seems to be a promising drug candidate of potential use as anticancer 

agent.
31

  

We initially assessed the anticancer activity of MccJ25 by examining the 

cytotoxicity of MccJ25 against five distinct cancer cell lines, namely, MCF-7 

human breast cancer, MDA-MB-435 human breast cancer cells, Hep G2 human 

hepatic carcinoma, HCT-29 human colorectal cancer, and HT-1080 human 

fibrosarcoma.
32

  Our screening results up to 100 µM MccJ25 showed no 

noticeable cytotoxicity in all cell lines for 48 h incubation.  Another study was 

published, that confirmed our results, where MccJ25 failed to show any 

cytotoxicity in COS-7 cells after 48 h of incubation with 100 µM MccJ25.
33

  

Niklison-Chirou et al. reported that a MccJ25-Ga variant of MccJ25 having C-

terminal carboxylic group amidated can induce apoptosis in COS-7.  They 

postulated that MccJ25-Ga peptide variant can inhibit mitochondrial RNA 

polymerase, while native MccJ25 is not capable of inhibiting the same enzyme.  

Based on previous cytotoxicity results, we hypothesized that lack of cell 

cytotoxicity of MccJ25, despite of its reported apoptotic effects on isolated 

mitochondria rat originates from its inability to cross the cell membrane to reach 

its cytoplasmic target (mitochondria).  Therefore, conjugation of MccJ25 to 
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cancer targeting peptide might improve its delivery to cancer cells and 

consequently enhance its cytotoxicity.  We recently identified a 10 amino acid 

peptide 18-4 (WxEAAYQrFL) that binds to breast cancer cells with high affinity 

and selectivity, and has minimal binding to noncancerous cells. Peptide 18-4 most 

likely internalize into cells by endocytosis. Our objective in the current study was 

to conjugate MccJ25 to a carrier peptide 18-4 to enhance its cellular uptake and 

improve its cytotoxicity toward breast cancer cells, including drug-resistant 

cells.
34

    

Here, we report the synthesis, characterization, in vitro cytotoxicity, 

cellular uptake, and intracellular anticancer efficacy of MccJ25-18-4 peptide 

conjugate.  In vitro cytotoxicity results showed that MccJ25 conjugation to 

peptide 18-4 significantly enhanced its cytotoxicity; it inhibits the proliferation of 

breast cancer cells, as well as, drug resistant cells in a dose-dependent manner 

with no toxicity to normal cells. These results highlight the potential use of our 

peptide 18-4 as a vector for targeted drug delivery. 

 

6.2. Materials and methods 

6.2.1. Microcin J25 Expression and Purification 

The expression and purification of native MccJ25 were performed as 

described in Chapter 5 with some modifications.
31

  We optimized the 

overexpression and purification procedure to obtain large amounts of expressed 
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MccJ25 purified to homogeneity. The microcin is produced in E. coli MC4100 

strain that harbor the high copy number plasmid pTUC202, which carries the 

MccJ25 biosynthetic gene cluster.  The cells were grown in M9 minimal media 

(12 L) for 24 h at 37 

C.  The culture supernatant was obtained by centrifugation 

at 4000 g for 15 min in Beckman Coulter rotor, and then subjected to two 

successive purification steps.  First, the supernatant was applied to flex column 

filled with XAD16 resin (Aldrich, CA), followed by elution in two successive 

steps with 30:70 (v/v) and 80:20 (v/v) methanol/water mixtures.  Antibacterial 

assay was used to follow the peptide.  MccJ25 found in 80:20 (v/v) 

methanol/water fractions was evaporated, lyophilized, and then it was further 

purified using C18 RP-HPLC (2 mL/min flow rate and absorbance monitored at 

220 nm) under linear gradient from 55-80% methanol/water (0.05% TFA) in 45 

min.  The concentration of the peptide was determined spectrophotometrically at 

278 nm (molar absorptivity 3340 M/L),
35

 and the yield was 24 mg from 12 L cell 

culture. 

 

6.2.2. MccJ25-18-4 Conjugate Synthesis 

Peptide 18-4 was manually synthesized using Fmoc solid phase peptide 

synthesis on 2-chlorotrityl chloride resin (0.015 mmol, 1 mmol/g) as described 

previously.
36

  After removal of Fmoc of the last amino acid, β-alanine amino acid 

was coupled to the peptide as a spacer. The MccJ25-18-4 peptide conjugate was 

then constructed using fragment condensation as follows: In a separate vessel 
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MccJ25 peptide (24 mg, 12 µM) was activated using DIC/HOBT (24 µM each) to 

activate C-terminal carboxylic group in 2 ml DMF for 5 min, and then it was 

added to the dry resin having peptide 18-4 (0.015 mM) and the mixture was 

agitated for 24 hours, after which the resin was washed and peptide conjugate was 

cleaved from the resin with all the protecting groups using acid cleavage mixture 

(50:50% TFA/DCM, 5% TIPS). The conjugate was then purified by RP-HPLC 

(55-80% methanol/water (0.05% TFA each) in 45 min. Conjugate mass were 

confirmed using MALDI-TOF mass spectrometry. The purity of the conjugate 

was analyzed by analytical RP-HPLC 

 

6.2.3. Cytotoxicity Assay 

The cytotoxicity of the MccJ25-18-4 conjugate, free MccJ25,  and 

peptide 18-4, were assessed against MCF-7, MDA-MB-435, MDA-MB-435-

MDR and HUVECs using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay as previously described.
36

  Doxorubucin was used as a 

positive control.  Briefly, cells were seeded onto 96-well microtiter plates at a 

density of 10
3
 cells per well. Next day, the media was replaced with 160 µl of 

fresh media and 40 µl of a solution containing different concentrations of the 

different treatments (double dilutions from 100 µM till 0.4 µM), then incubated 

for 48 h at 37 ºC. Cell survival assay was performed by discarding the medium, 

then adding 20 μL MTT solution (5 mg/mL in cell media) and 100 μL cell 

medium to each well and incubate for 4 hr. The media was then discarded and 200 
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µl of DMSO were added to dissolve formazan crystals. The absorbance of each 

sample was measured at 570 nm. The results of the cytotoxicity assay were used 

to calculate the IC50 relative to a control of non-treated cells.  

A competition experiment was performed to prove that the conjugate enter 

the cells through endocytosis mechanism.  We preincubated 5 X 10
3
 MDA-MB-

435 cells with free peptide 18-4 (200 µM, 20 µl).  After 10 min, the conjugate was 

added and incubated for 48 h followed by the MTT assay as directed before. 

 

6.2.4. Peptide Cellular Uptake 

Since MccJ25 peptide lacks an amino functional group for fluorescent 

labelling, cell uptake studies were carried out using RP-HPLC. Exponentially 

growing MDA-MB-435 cells were centrifuged and resuspended in RPMI 1640 

medium at a concentration of 2 × 10
6
 cells/mL, 250 μL of the cell suspension was 

distributed into a 48-well tissue culture plate for 24 h to adhere.  Then, MccJ25-

18-4, or MccJ25 solutions (100 μM, 250 μL) were added, and the cells were 

incubated in a humidified atmosphere with 5% CO2.  After specific time periods 

(0, 2, 8 and 48 h) the cells of three wells at each time point were transferred to 2 

mL centrifugation tube, and acetonitrile (500 μL) was added, samples were 

vortexed for 2 min followed by sonication at 37 ºC for 30 min.  After sonication, 

the samples were vortexed again for 2 min and centrifuged at 14 000 rpm for 10 

min.  Aliquots from the cell solutions, as well as supernatant (20 μL) were mixed 

with 20 μL of solvent (52: 48 ratio of acetonitrile and water in the presence of 
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0.05% TFA).  Each sample was then injected into the analytical reverse-phase 

HPLC system with a C18 column and detected at an absorption wavelength of 

480 nm.  The elution was performed using a gradient program involving 55-80% 

methanol/water (0.05% TFA each) in 45 min with a flow rate of 1 mL/min.  

 

6.2.5. Detection of Apoptosis Using Annexin V and PI Staining  

To detect apoptosis, double staining with FITC-Annexin V (green) and 

propidium iodide (red) was used.  MDA-MB-435 cells (1X10
5
) were seeded onto 

a 24-well plate and incubated for 24 h. The next day after medium was removed, 

cells were treated with two concentrations of MccJ25-18-4 conjugate IC50, and 2x 

IC50 (20, and 40 µM) for 24 h at 37º C. After incubation, cells were collected, 

harvested by trypsinization, washed with PBS and resuspended in a 100 µl 

binding buffer (10 mM HEPES buffer, 140 mM sodium chloride solution, 2.5 mM 

CaCl2.H2O pH 7.4). 5 µl of Annexin V-FITC (0.15 mg/ml) and 5 µl of PI (500 

µg/ml) were added to 0.5 ml of the cell suspension and incubated at room 

temperature for 15 min, in the dark. The cell-associated fluorescence was 

determined immediately using flow cytometry (FACS experiments were 

performed on a Beckman Coulter QUANTA™ SC Flow Cytometer. The data was 

analyzed by CellQuest software, excitation at 485 nm, emission at 525 nm using a 

green channel for detecting Annexin V-FITC staining, and a red channel for 

detecting PI staining).  Cells stained with FITC-Annexin V alone (Annexin 

V+/PI–) were considered an early apoptosis, whereas those stained with both 
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FITC-Annexin V and PI (Annexin V+/PI+) were considered in the advanced 

stages of apoptosis or necrosis. The FITC-Annexin V and PI double-negative 

(Annexin V–/PI–) cells were considered alive. 

 

6.3. Results and Discussion 

 

6.3.1. Design and Synthesis of Conjugate 

 Peptide 18-4 is a promising vector for specific targeting and selective 

delivery of bioactive compounds such as Doxorubucin to the inside of breast 

cells.
36

  Peptide 18-4 was used to guide MccJ25 to target cancer cells, allowing its 

internalization and consequently enhancing its cytotoxicity.  Our designed 

conjugate is composed of two functional domains, one is a homing motif 

(peptide18-4), and the other is a proapoptotic peptide sequence (MccJ25). This 

conjugate was designed to be nontoxic outside cells, but toxic when internalized 

into targeted cells by the disruption of mitochondrial membrane. 

MccJ25-18-4 conjugate was constructed using fragment condensation as 

depicted in Figure 6.1. This conjugation was performed in DMF using 

DIC/HOBT as activating agents. The introduction of beta alanine between the 

peptide and MccJ25 acts as a spacer to give flexibility for both peptides to interact 

with their putative receptors.  It is noteworthy to mention that peptide MccJ25 has 

no further reactive groups that would interfere in the coupling reaction. The 

identity of MccJ25-18-4 conjugate was verified using RP-HPLC and MALDI-
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TOF, [M+H]
+
 3457.2. RP-HPLC purification furnished MccJ25-18-4 conjugate 

with good yield (50% overall yield from native MccJ25).  

 



251 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ‎6.1. (A) Synthesis of MccJ25-18-4 conjugate using on resin fragment 

condensation. Peptide 18-4 synthesized on a chlorotrityl resin was coupled to 

MccJ25 peptide using DIC/HOBT for 24 h, and then cleavage from resin and 

deprotection was done using DCM/TFA mixture. (B) RP-HPLC of purified 

conjugate compared to native MccJ25. Insert of MALDI-TOF of purified 

conjugate showing [M+H]
+
 3457.2.  

 

(A) 

(B) 
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6.3.2. Cytotoxicity assay 

Previously, MTT cytotoxicity of MccJ25 peptide with various cell lines 

did not show any noticeable antiproliferative activity for concentration reaching 

100 µM.  On the other hand, MTT assay showed that MccJ25-18-4 conjugate 

inhibited the growth of breast cancerous cells in a dose-dependent manner, with 

an IC50 of 14.2±1.5 µM for MCF-7 tumor cells, and 20±0.5 µM for MDA-MB-

435 tumor cells. (Figure 6.2)  More interestingly, the conjugate showed good 

inhibition for MDA-MB-435MDR resistant cell line with IC50 of 23±2.6 µM 

similar to that of nonresistant cell line, suggesting that the conjugate can escape 

the p-glycoprotein resistance pathway in the cells.  This cytotoxic effect was also 

reflected in the morphology of the cells.  After exposure to MccJ25-18-4 

conjugate for 48 h, a significant fraction of treated cells had become rounded and 

detached, whereas cells spindle shape was maintained after treatment with the free 

MccJ25 (data not shown).  To determine whether noncancerous cells were also 

affected by MccJ25-18-4 conjugate, the cytotoxicity was assessed against normal 

endothelial HUVEC cells.  Results showed that MccJ25-18-4 conjugate caused 

very slight cell inhibition of normal cells at 100 µM concentration compared to 

that of cancer cells, indicating that non-cancerous cells are less sensitive to our 

conjugate. (Figure 6.2) 
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Figure ‎6.2. (A) In vitro MTT cell cytotoxicity of MccJ25-18-4 conjugate, 

compared to native MccJ25, and free peptide 18-4 in MCF-7, MDA-MB-435, 

MDA-MB-435-MDR cancer cells, and in normal HUVEC cells. Doxorubucin was 

used as positive control. Treatments were applied at various concentrations for 48 

h in serum free media. (B) Mean IC50 values in comparison with doxorubicin. The 

results shown are the mean values ±SD of three independent experiments, in 

triplicates.  

Cells  IC
50

 (μM) 

MccJ25 -18-4                    Dox 

MCF-7 14.2±1.5 1.5±0.5 

MDA-MB-435 20±0.5 1.1±0.2 

MDA-MB-435-

MDR 

25±0.5 20±0.5 

HUVEC ND 1.4±0.5 

(A) 

(B) 
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To prove that the improved cytotoxicity of MccJ25-18-4 conjugate was 

merely due to the targeting peptide, a competition experiment was carried out 

using MDA-MB-435 cells.  The cells were preincubated with free peptide 18-4 

for 10 min, followed by incubation with MccJ25-18-4 conjugate for 48 h, and 

then cell viability was evaluated using MTT assay. We observed that addition of 

10 fold excess of free peptide 18-4 (200 µM) caused increase in cell viability to 

90% compared to 46% without preincubation. Figure 6.3. These results confirm 

that cell uptake was specifically induced by the peptide. 

 

Figure ‎6.3. MDA-MB-435 cells was incubated with 10 fold excess of free peptide 

18-4 for 10 min at 37 ºC, followed by incubation with MccJ25-18-4 conjugate (20 

μM) for 48 h, then cell viability was measured using MTT cytotoxicity assay. The 

results shown are the mean values±SD of three independent experiments, in 

triplicates. 

6.3.3. Peptide Cellular Uptake 

To prove that the MccJ28-18-4 enhanced antiproliferative activity is due 

to improved MccJ25 cellular uptake and internalization, the amount of 

internalized peptide was assessed using RP-HPLC at specific time points after  
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Figure ‎6.4. Cell uptake of MccJ25 (A), and MccJ25-18-4 conjugate (B) in MDA-

MB-435 cells analyzed by RP-HPLC. Cells were incubated with 20 µM peptide 

for 48 h and the amount of peptide or peptide conjugate in the cell supernatant and 

cell lysate was assessed. 

 

incubation with the cells. Figure 6.4 HPLC results showed that the level of 

MccJ25 in the supernatant measured by the peak area did not change after 

(A) 

(B) 
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incubation with cells for 48 h, which indicates that no cellular binding or uptake 

took place with free MccJ25 peptide.  On the contrary, the level of MccJ25-18-4 

conjugate showed marked decrease in the supernatant as evidenced by decrease in 

the peak area corresponding to the peptide conjugate, and the conjugate was also 

detected in the cell lysate, indicating that the conjugate was internalized into the 

cells.   

6.3.4. Detection of Apoptosis  

Most of the pro-apoptotic antimicrobial peptides preferentially disrupt 

prokaryotic membrane and eukaryotic mitochondrial membrane rather than 

eukaryotic plasma membrane.
14

  This preferential activity could be due to their 

similar composition, where, both prokaryotic membranes and eukaryotic 

mitochondrial membrane maintain large transmembrane potentials, and have a 

high content of anionic phospholipids.
37,38

 In contrast, eukaryotic plasma 

membrane generally has low membrane potential, and is almost exclusively 

composed of zwitterionic phospholipids.
38,39

  To test whether apoptosis was 

indeed the mechanism of MccJ25-18-4 conjugate cell death, cells were treated for 

24 h with the conjugate and then they were stained with FITC-annexin and 

propidium iodide and then analyzed using flow cytometry.  FITC-annexin V binds 

to phosphatidylserine, which is exposed on the outer leaflet of the plasma 

membrane of cells in the initial stages of apoptosis, whereas propidium iodide 

preferentially stains the nucleus of dead cells, but not living cells.  Annexin 

V
+
/PI

+
 cells were considered necrotic cells or apoptotic cells at an advanced stage 
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of apoptosis. Annexin V
+
/PI

-
 cells were considered apoptotic cells at an early 

stage of apoptosis. 

 Results showed that cells treatment with MccJ25-18-4 following 24 h 

drug exposure triggers significant apoptosis in MDA-MB-435 cells (annexin V 

positive, propidium iodide negative).  The percentage ratio of apoptotic/necrotic 

cells resulting from 0, 20, and 40 µM conjugate was 2.2/4.0, 21.2/18.1, and 

22.1/21.8, respectively (Figure 6.5). These data support the conclusion that 

MccJ25-18-4 kills cells mainly by apoptosis. The results obtained from the 

Annexin V assay clearly support the toxicity of the MccJ25-18-4 as determined 

by cell-viability MTT assay. 

Peptides capable of invading the mitochondria of mammalian cells and 

triggering apoptosis have been employed in numerous studies directed at the 

development of new targeted therapeutics for cancer therapy.
40-42

  The 

mitochondria-disrupting peptide D(KLAKLAK)2, a 14-amino-acid cationic and α-

helical forming peptide, has been shown to induce apoptosis in cancer cells.
43

  

This peptide does not disrupt the zwitterionic plasma membranes of eukaryotic 

cells, but when internalized, D(KLAKLAK)2 can disrupt the negatively charged 

mitochondrial membrane,
43

 resulting in cell death by mitochondrial-dependent 

apoptosis.
40

  Chemical conjugates of the D(KLAKLAK)2 with the RGD peptide,
40

 

the NGR motif,
40

 the protein transduction domain (PTD-5),
41

 have been 

previously used for intracellular and extracellular targeting.  These targeted 

D(KLAKLAK)2-peptide conjugates effectively induced apoptosis of endothelial 
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cells following internalization, indicating that the peptide itself can escape intact 

into the cytosol from endosomal and lysosomal compartments to target 

mitochondria.  

 

Figure ‎6.5. Flow cytometry analysis of cell death induction in MDA-MB-435. 

Cells were incubated for 24 h with 20, and 40 µM MccJ25-18-4 conjugate. The 

left-upper quadrant represents cells stained by PI, while the right bottom quadrant 

cells stained mainly by Annexin V (early apoptosis). The top right quadrant 

represents cells stained by both PI and Annexin V (late apoptosis/necrosis).  

 

6.4. Conclusions 

In conclusion, this study proved that conjugation of MccJ25 peptide to 

breast cancer homing peptide 18-4 significantly enhanced the cytotoxicity of 

MccJ25 in breast cancer cells through improved cell uptake.  Moreover, the 

MccJ25-18-4 conjugate selectively induced cell death in cultured cancer cells, as 

well as, it can overcome p-glycoprotein multidrug resistant pathways.  Apoptosis 

was the major mechanism for induction of cell death following exposure to the 

conjugate. The specificity of our conjugate to breast cancer cells makes it a good 

candidate for further investigation as an antitumoral agent.  
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7.1. Conclusions 

Over the past two decades, peptides have shown encouraging results as 

therapeutics since they offer remedies to different diseases with unmet medical 

needs.  Moreover, peptide drug candidates offer numerous advantages over small 

molecules in treating a wide variety of diseases, such as high specificity, potency, 

and low toxicity. The number of peptides entering clinics is increasing every year, 

and a rise in the number of marketed ones is expected.  In the current dissertation, 

we were interested in exploring the applicability of two classes of peptides which 

have been extensively studied in the past two decades; the first class is cancer 

targeting peptides, and the second class is antimicrobial peptides. These two 

classes are believed to fill in the gaps in two vital therapeutic areas, which are 

cancer therapy, and antimicrobial therapy.  The use of cancer targeting peptides in 

chemotherapeutic tumor targeting will assist in the development of more 

selective, less toxic agents for cancer therapy, which in turn would have a positive 

impact of the quality of cancer patients lives and on the health system in general.  

On the other side, antimicrobial peptides are considered as an alternative for 

currently used antibiotics in the treatment of infectious diseases to overcome the 

emergence of antibiotic resistance, as well as, their promising proapoptotic 

anticancer activity open a new research avenue for using them as anticancer 

agents with novel mechanism of action. 

As mentioned in Chapter 1, current cancer therapies suffer from low 

tumor specificity and serious toxic side effects. These side effects are due to the 

non-specific delivery of the cytotoxic drugs to both normal and cancer cells.  
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Along with that, the administration of cytotoxic drugs at suboptimal doses to 

decrease the side effects led to the emergence of tumor resistance, and both 

problems greatly affect the patient quality of life. Targeting drugs to the cancer 

cells can help improve the outcome of existing cancer therapies. This can be 

achieved by using targeting ligands that could bind selectively to an 

overexpressed receptor on tumor tissue. This would sequentially increase the 

specific delivery of current therapies to the tumor site with decreased side effects.  

Antibodies are commonly used targeting ligands, but there are some limitations 

for their clinical use, such as, their large size, poor stability and their non-specific 

uptake by reticuloendothelial cells (liver and spleen) and their immunogenicity.  

Recently, several peptides have been identified by phage display for targeting 

different tumor types.  These peptides displayed favorable results for their 

application in drug delivery to tumors and tumor diagnosis.  Despite the 

encouraging results, we can still find that the number of cancer targeting peptides 

entering clinics is very low. This is presumably due to the practical hurdles that 

limit peptides therapeutic applications such as poor serum stability, low affinity, 

poor biological membranes penetration.  In future studies, it will be important to 

increase the binding affinity of lead peptide sequences identified using phage 

display and chemically modify them to increase their proteolytic stability, as well 

as, screen and identify peptides that would target other tumor overexpressed 

receptors.  Thus, our main goal in the first part of the thesis was the structure 

optimization of two promising lead peptide sequences identified using phage 

display, namely, NGR (cCVLNGRMEC),
1
 and p160 (VPWMEYPAQRFL)

2
 for 
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identification of analogues with enhanced binding affinity to tumor vasculature 

and breast cancer cells respectively, besides increasing their proteolytic stability. 

This will be followed by assessing the targeting competency of our new peptide 

variants in chemotherapeutic drug delivery to cancerous and multidrug resistant 

breast cells.  The newly identified sequences are believed to have a clinical impact 

in functional diagnosis and tumor-specific drug delivery. 

Towards this goal, a library of forty five NGR peptide sequences based on 

a 9-mer lead sequence (cCVLNGRMEC) was synthesized on cellulose membrane 

in an array format, followed by library screening against a panel of CD13
+
 and 

CD13
-
 cell lines (Chapter 2).  Peptide-array cell binding assay was able to screen 

for cyclic and acyclic NGR peptides that bind to CD13
+
 cell lines.  Screening 

allowed identification of at least five new NGR peptides that display higher 

binding to CD13
+
 cells with negligible binding to CD13


 cell lines compared to 

the lead sequence.  Membrane cell binding results, as well as in vitro binding 

experiments including co-culture fluorescence microscopy suggest that the 

identified NGR peptides bind selectively to CD13 receptor in CD13
+
 cell lines.  

Interestingly, peptide 21 (CNGRC) identified in our study is a well-known NGR 

peptide that has been widely used as a CD13 tumor vasculature targeting peptide.  

Among the newly identified sequences presented in this study, peptide 5 offer 

additional advantages to the previously reported NGR sequence. Peptide 5 

(YNGRT) showed a significant increase (up to 13-fold) in uptake by the CD13
+
 

cells compared to the lead peptide 1.  Peptide 5 is a linear peptide that can be 

cyclized to further enhance its binding properties toward CD13
+
 cells.  In 
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addition, peptide 5 displays better APN enzyme inhibition and selectivity toward 

CD13
+
 cells.  We proved in our study that peptide array library screening method 

is a powerful research tool for analyzing peptide-cell interactions with rapid and 

efficient screening of potent peptides, and quickly fast-track the structure-activity 

relationship.  Screening peptide libraries using this method on intact cells is more 

likely to enrich for peptides that bind to cell surface receptors in their native 

conformation.  In addition, the NGR peptides identified herein closely resemble 

NGR sequences present in human fibronectin most likely will have low 

immunogenicity, making them ideal candidates for the development of ligands for 

targeting loaded delivery systems and imaging agents to tumor angiogenic blood 

vessels with reduced side effects. 

Peptide p160 (VPWMEYPAQRFL) is a 12-mer peptide that has been 

identified using phage display, it binds specifically to breast cancer tumors. We 

were interested in studying this peptide, because when it was studied in vivo it 

displayed higher tumor accumulation versus normal organs, relative to the well-

known RGD-4C integrin targeting peptide.  We followed a two-step strategy for 

optimization of p160 peptide sequence to develop breast cancer specific peptide 

analogues with high binding affinity plus high proteolytic stability.  First, a 

synthetic library based on peptide p160 was screened for specific binding to 

breast cancer cells, through which a 10-mer peptide 18 (WXEYAAQRFL) was 

identified.  Peptide 18 displayed 3-fold higher binding affinity for MDA-MB-435 

and MCF-7 breast cancer cell lines compared to lead p160 peptide, with a 

negligible affinity for HUVEC normal cells.
3
  Second, analogues of peptide 18 
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were engineered for improved proteolytic stability while maintaining high 

specificity for breast cancer cells.  Enhancing the in vivo proteolytic stability 

would preserve the targeting efficacy of these peptides in the development of 

clinically useful products.  In Chapter 3, we designed and synthesized stable 

analogues of peptide 18 by chemical modification of their structure.  Our design 

strategy involved the replacement of two or three amino acids in the sequence of 

18 with D-residues or β3-amino acids. The beta amino acids used in the current 

study were derived from L-aspartic acid, compared to the commercially available 

β-amino acid, our β- amino acids are readily synthesized during peptide assembly 

and they are cheaper in price.  Furthermore, the addition of β-amino acid side 

chain on the α-carboxylate of L-Asp during peptide assembly allows introduction 

of a variety of unnatural side chains. This provides flexibility to control 

physicochemical properties of peptides and modulate binding affinity and 

selectivity.  In the current investigation, three analogues of peptide 18 (18-4, 18-9, 

and 18-10) with high specific binding to breast cancer cell lines were discovered.  

These new analogues are capable of cellular internalization through receptor-

mediated endocytosis; they exhibit resistance to proteolytic degradation in human 

serum and in liver homogenate, as well as they impart no cell cytotoxicity. These 

peptides have a high degree of secondary structure that correlates with their 

binding affinity and internalization.  In conclusion, the stepwise procedure 

delineated here may be adapted for the optimization of other targeted peptides for 

targeting other cancer cell types.  Hence, the peptides reported here are useful, 

proteolytically stable peptides that can either be directly coupled to an anticancer 
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drug, decorate a drug carrier that encapsulates the drug or it can be conjugated to a 

diagnostic moiety such as a fluorophore for use in cancer drug targeting or 

diagnosis.  

Next, we examined the cancer drug targeting efficacy of one of the stable 

peptide analogues of p160 (peptide 18-4, WxEYAAQrFL) toward breast cancer 

cells in vitro by generating novel peptide Dox conjugates (Chapter 4).  In this 

context, two peptide 18-4 Dox conjugates with variable conjugation chemistry, 

and variable rates of drug release were synthesized. Our results demonstrated that 

peptide 18-4 conjugation to Dox through an ester linkage maintained the peptide 

targeting affinity and selectivity towards breast cancer cells.  The peptide drug 

ester conjugate was able to internalize into the breast cells to deliver the drug 

selectively with equipotent cytotoxicity to that of free Dox.  Besides, the ester 

conjugate was able to circumvent multidrug resistance mechanism in Dox 

resistant cell lines.  Peptide 18-4 holds a promise as a drug delivery agent, it is a 

short peptide (10 aa), it can be easily synthesized with low cost, and it can be 

easily conjugated to different agents without affecting its targeting affinity. 

Altogether, our results suggest that our breast cancer stable peptide carrier 18-4 is 

a promising targeting ligand for tumor targeted delivery of not just Dox, but it can 

be used for the selective delivery of different cargos to breast cancer tumors either 

for prognostic or therapeutic applications. These data lay the foundations for the 

development of other peptide-conjugates with antitumor potential.  

In Chapter 1, we also shed light on the ongoing research for the 

development of AMPs as human therapeutics for antimicrobial and cancer 
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treatments.  As we know that resistance to conventional antibiotics is a global 

public health problem, and that the need of new antibiotics has stimulated interest 

in the use of AMPs. Moreover, some of these peptides showed promising 

anticancer activity against different tumors and cell lines, which open a new path 

in research for using them as novel anticancer agents.  In Chapter 5, and 6 we 

studied antimicrobial peptide microcin J25.  MccJ25 peptide has a characteristic 

folded lasso structure which confers several properties to it, such as, resistance
 
to 

proteolytic degradation stability towards chaotropes, organic solvents, and 

extreme temperatures. Such properties amplify its potential applicability for a 

number of applications including food preservation and treatment of food-borne 

diseases. Because the lasso scaffold is a promising architecture for bioactive 

peptide development, we explored the possibility of chemically synthesizing 

active analogues of MccJ25 peptide (Chapter 5).  The characteristic lasso 

structure of MccJ25 is formed with the help of two processing enzymes McjB and 

McjC that are expressed from the producing plasmid. All attempts for producing 

active analogues of MccJ25 were carried out using site directed mutagenesis. 

Chemical synthesis of lasso peptides has always been a challenge, and no 

successful attempt has been reported. 

Our design strategy was based on designing MccJ25 derived sequences 

with specific amino acid substitutions. The purpose of these substitutions was that 

they would enhance peptide folding using a combination of intra-peptide disulfide 

bond formation and electrostatic or hydrophobic interactions. Two MccJ25 

peptide mimetics 1 and 6 displayed good activity (low micromolar range) against 
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Salmonella newport with MIC values of 25 and 30 µM, respectively were 

synthesized. To our knowledge, peptides 1 and 6 are the first synthetic derivatives 

of MccJ25 that display antibacterial activity. Peptide 1 also displayed activity 

against several (five) other Salmonella strains including two MccJ25 resistant 

strains. For all of these strains, MIC of 1 was in the range of 75–90 µM.  Our 

results suggest that both the active peptides (1 and 6) may adopt a constrained and 

compact folded structure, however, they do not adopt the true lasso structure as 

observed in MccJ25. The reduced activity of 1 and 6 compared to the native 

MccJ25 could be due to the loss of characteristic lasso conformation.  The CD and 

resistance to proteases experiments suggest that the active peptides (1 and 6) do 

not fold into a lasso conformation, and peptide 1 displays antimicrobial activity by 

inhibition of target cell respiration. Finally, the synthetic peptide derivatives of 

MccJ25 display minimal toxicity to mammalian cells and act specifically on 

bacterial cells. This study paves the way for further exploration of chemical 

synthetic ways to develop potent derivatives of lasso structures peptides.  

In addition to MccJ25 antimicrobial activity, studies have shown that 

MccJ25 can interact with mitochondrial membrane in isolated rat mitochondria 

causing a cascade of events which ends up causing apoptosis.  Peptides capable of 

invading the mitochondria of mammalian cells, and triggering apoptosis have 

been employed in numerous studies directed at the development of new targeted 

therapeutics for cancer therapy.
4-6

  So our aim was to explore the possibility of 

using MccJ25 as a potential anticancer agent.  MTT cytotoxicity studies showed 

that MccJ25 did not cause any cytotoxicity when incubated with different panel of 
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cell lines. So our hypothesis was that the diminished anticancer activity of 

MccJ25 is due to its inability to enter the cell, and conjugating MccJ25 to one of 

our cancer targeting peptides 18-4 would enhance its intracellular delivery as well 

as its cytotoxicity.  This was addressed in Chapter 6; in this study an efficient 

synthetic approach was developed to conjugate the MccJ25 peptide to the carrier 

peptide 18-4.  The conjugate showed in vitro improved cytotoxicity in different 

breast cancer cell lines, with very low toxicity to normal cells.  RP-HPLC uptake 

studies showed that peptide 18-4 has dramatically enhanced MccJ25 uptake into 

human cancer cells. Apoptosis was the major mechanism for induction of cell 

death following exposure to conjugate.  In conclusion, conjugation of MccJ25 to a 

peptidic carrier is a promising approach to enhance its cellular uptake and in vitro 

selectivity. As developing new anticancer drugs with a new mode of action is a 

prerequisite to face tumor resistance towards current anticancer therapy.  

Overall, the work presented in this dissertation supports the use of 

synthetic peptides as a mean of developing novel therapeutics in cancer targeted 

therapy, and as antimicrobial therapy. By using peptide libraries and innovative 

design strategies to carry out structure–activity studies, we are confident that a 

wealth of peptide leads can be generated to be used for the development of new 

promising targeted delivery agents of therapeutics and diagnostics. 

 



273 

 

7.2. Future directions 

 The encouraging in vitro results for the ester peptide 18-4 Dox conjugate 

would stimulate its further testing in vivo. Calculating the tumor volume and mice 

survival rate are good prognostic indicators for the therapeutic efficacy of the 

conjugate in mice. In addition, the in vivo biodistribution experiments will detect 

the conjugate preferential tumor targeting compared to other normal tissues. This 

could be carried out in a mouse breast cancer model, where a fluorescently labeled 

peptide Dox conjugate is injected in mice followed by assessing the amount of 

fluorescence in the different isolated organs. Following the therapeutic efficacy 

testing, further bioavailability studies will be helpful to clarify if the conjugate is 

ready to be tested in the clinical arena which is our ultimate goal.    

Similarly, for further optimization of peptide-Dox conjugates, other Dox 

peptide constructs can be synthesized and evaluated in vivo.  For instance, an acid 

sensitive conjugate having hydrazone linkage between the peptide and the Dox 

through attachment at the carbonyl group at C14 can be synthesized. This acid 

sensitive conjugate is believed to be relatively stable in the physiological pH 

(blood), and capable of liberating the attached drug at low pH such as at tumor 

site or intracellularly in lysosome (pH 4-5).   
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Another avenue that needs to be explored is using our newly discovered 

peptides (peptide 5, Chapter 2, and peptide 18-4, Chapter 3) to construct a dual 

targeted delivery system (liposome, polymeric micelles) for drug delivery. 

Compared to using a single peptide decorated drug carriers, carriers bearing 

multiple tumor targeting peptides (dual targeting) display increased tumor 

specificity and interaction as well as tumor internalization which would in turn 

allows improving the total accumulation of drug in the tumor.
7-9

  Therefore, our 

promising refined peptide sequences that were discovered in through the NGR 

peptide library screening (peptide 5, YNGRT), and the stable analogue of peptide 

p160 (peptide 18-4, WxEYAAQrFL) can be used to construct a dual targeting 

drug delivery system (micelle) for breast cancer targeted delivery. (Figure 7.1)  

This delivery system would target the tumor vasculature and tumor cells 

simultaneously, so enhance the active-targeting ability via targeting two receptors.  

This limits the ability of the cancer cells to escape cell death mediated by only one 

14 
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receptor. This work will be done in collaboration with Dr. Afsaneh Lavasanifar, 

Faculty of Pharmacy, University of Alberta.  

 

 

 

 

 

Figure ‎7.1. Dual targeting nanocarrier decorated with NGR peptide as well as 

p18-4 peptide. 

 

In addition to the previously postulated future experiments, the generation 

of multivalent peptide ligands of peptide 18-4 to enhance its tumor binding 

affinity is highly encouraged.  Monomeric peptide ligands showed efficient tumor 

targeting, but still they lack the high binding affinity to their receptors 

(micromolar range) due to the small size.  One approach to compensate for the 

low binding strength is to attach many of peptide ligands to a single molecule to 

form a multivalent ligand.  Researchers reported that synthesis of peptides in 

branched multimeric form results in molecules with improved targeting by 

preferentially binding to cells overexpressing the intended receptor.
10,11

  There are 

two major modes by which multivalent ligands may improve binding: first, they 

can provide a second ligand moiety in close proximity to the first bound ligand 

moiety, improving the chances of the multivalent construct as a whole remaining 

bound to the cell; second, they can bridge multiple receptors, keeping the 
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multivalent construct tightly bound to the cell.  In this context, for synthesizing 

more efficient targeting moiety based on peptide 18-4, multimeric peptide drug 

conjugates of peptide 18-4 can be designed to improve the tumor uptake/retention 

as well as the in vivo kinetics compared to monomeric peptide drug conjugates. 

This would result in improved tumor drug delivery and drug uptake in breast 

cancer in vivo models. This multimeric construct can be synthesized on the 

maleimido tetrameric core as reported.
12

 

 Another area that remains to be explored is to uncover the identity of the 

receptor for p160 peptide.  This could be approached in several ways.  First, the 

membrane fraction of the breast cancer cells MCF-7 could be harvested and run 

on a 2D protein gel.  The biotin peptide of interest could be panned across these 

proteins, and then streptavidin-conjugated horseradish peroxidase (HRP-

streptavidin) is added, which binds to the biotin-labeled peptide. The detected 

zones could be cut out of the gel and their identity determined using mass 

spectrometry.  Identifying the receptor can also be done by using a peptide 

affinity column, where a peptide is synthesized onto an affinity resin, then an 

affinity chromatography was run with a breast cancer cell lysate to separate the 

desired protein of interest, then after its elution with concentrated peptide, the 

sequence is identified using mass spectrometry.
13 

Also it would be interesting to 

confirm that the receptor for the newly identified sequences peptides 18-4 or 18-9 

is the same receptor as p160. Identification of the receptor would be very 

interesting for further construction of chemically modified structures.  
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The promising anticancer activity results obtained from the microcin J25 

peptide 18-4 conjugate against breast cancer cell lines, will allow for further in 

vivo studies to examine the conjugate antitumor efficacy and tumor selectivity in a 

mouse model. These studies will broaden the applicability of using proapoptotic 

peptides as anticancer agents.  Therefore, employing these proapoptotic peptides 

in cancer therapy might be beneficial in chemo-sensitizing tumor cells, as well as 

overcome apoptosis resistance which is one of the major causes of 

chemotherapeutic treatment failure. Studies can be further expanded for 

conjugating MccJ25 to other cancer targeting peptide sequences that would target 

other tumor types.  

Such above mentioned studies will certainly increase the potential use of 

cancer targeting peptides as well as apoptotic antimicrobial peptides in cancer 

therapy and diagnosis to establish efficient and reliable delivery of therapeutics 

into cancer cells. 
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Figure A.1.  MALDI-TOF mass spectra [M+H]
+
 of FITC-β-Ala-peptides 1, 5, 14, 

21, 22, 34, and FITC-β-Ala-43. 
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Figure A.2.  Analytical RP-HPLC chromatograms of the pure FITC-β-ala-

peptides 1, 5, 14, 21, 22, 34, and FITC-β-Ala-43.  Inset shows zoom-in for the 

peaks.  The HPLC method used was 15-55% ACN/water in 35 min with a flow 

rate of 1 mL/min (Vydac C18 analytical column).  
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Table A.1. Peptide degradation in the presence of human serum (A) and liver 

homogenate (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time (h)  % Intact Peptide
a
 

 18 18-4 18-9 18-10 

0 100 100 100 100 

0.5 5 99.86 99.52 97.85 

1 0 99.71 98.33 98.6 

5 0 99.63 98.41 97.91 

24 0 99.68 98.22 99.7 

a
Percent intact peptide was calculated based on the area under 

the HPLC peak for the parent peptide. 

Time 

(min/h) 

 % Intact Peptide
a
 

 18 18-4 18-9 18-10 

0 100 100 100 100 

5 min 35 98.35 100.2 98.8 

15 min 3 99.6 99.54 99.6 

30 min 0 98.36 97.86 99.12 

1 h 0 97.91 95.65 100.4 

6 h 0 98.25 98.33 97.5 

24 h 0 100.3 97.96 98.31 

48 h 0 97.5 100.56 99.56 

a
Percent intact peptide was calculated based on the area under 

the HPLC peak for the parent peptide. 

(A) 

 

Time (h)  % Intact Peptide
a
 

 18 18-4 18-9 18-10 

0 100 100 100 100 

0.5 5 100 100 100 

1 0 100 100 100 

5 0 100 100 100 

24 0 100 100 100 

a
Percent intact peptide was calculated based on the area under 

the HPLC peak for the parent peptide. 

 

(A) 

(B) 
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Table A.2.  Chemical shift assignments for peptide p160 in water and TFE, and 

peptide 18 in TFE/water (4:1). 

 

 

 

P160 Chemical Shifts, TFE, 15ºC, referenced to TFE at 3.88 ppm 

Residue NH H H Other 

Val 1 - 3.83 1.23 CH3 0.46, 0.85 

Pro 2 - 4.33 2.06, 

2.34 
CH2 2.06, 2.17, CH2 3.38, 3.56 

Trp 3 6.71 4.68 3.28, 

3.48 

2H 7.09, 4H 7.50, 5H 7.32, 6H 7.22, 

7H 7.59, NH 9.41 

Nle 4 6.94 4.46 1.43 CH2 1.76, CH2 1.13, CH3 0.94 

Glu 5 7.43 4.54 2.06, 

2.14 
CH2 2.52 

Pro 6 - 4.31 1.81,2.30 CH2 2.03,2.09, CH23.65, 3.78 

Ala 7 7.41 4.15 1.45  

P160 Chemical Shifts, H2O, 15ºC, referenced to H2O at 4.868 ppm 

Residue NH H H Other 

Val 1 - 4.13 2.06 CH3 0.87, 1.02 

Pro 2 - 4.48 1.90, 

2.30 
CH2 1.99, 2.00, CH2 3.72, 3.54 

Trp 3 8.16 4.58 3.30, 

3.21 

2H 7.22, 4H 7.50, 5H 7.26, 6H 7.16, 

7H 7.61, NH 10.25 

Nle 4 7.58 4.17 1.44, 

1.56 
CH2 1.08, CH2 1.19, CH3 0.80 

Glu 5 8.12 4.29 1.86, 

1.99 
CH2 2.29 

Pro 6 - 4.28 1.78, 

2.23 
CH2 2.0, CH23.71, 3.79 

Ala 7 8.49 4.21 1.30  

Tyr 8 7.99 4.51 3.01 2,6H 7.09, 3,5H 6.81 

Gln 9 8.10 4.14 1.89, 

1.84 
CH2 2.15, NH2 7.50, 6.89 

Arg 10 8.11 4.19 1.63 CH2 1.44, CH23.11, NH 7.17 

Phe 11 8.29 4.68 3.24, 

2.95 

2,6H 7.28, 3,5H 7.33 

Leu 12 7.85 4.29 1.58 CH 1.58, CH30.90, 0.86 
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Tyr 8 7.52 4.49 3.20 2,6H 7.10, 3,5H 6.84 

Gln 9 7.98 4.14 2.08, 

2.14 
CH2 2.42, NH2 7.09, 6.14 

Arg 10 7.52 4.15 1.70 CH2 1.35, 1.45, CH23.06, NH 

6.66 

Phe 11 7.66 4.70 3.03, 

3.30 

2,6H 7.30, 3,5H 7.24 

Leu 12 7.56 4.50 1.73 CH 1.69, CH30.96 

 

 

Peptide 18 Chemical Shifts, 80% TFE, 20% H2O 15ºC, referenced to 

TFE at 3.88 ppm 

Residue NH H H Other  

Trp 1 - 4.32 3.41, 

3.52 

2H 7.28, 4H 7.47, 5H 7.24, 6H 7.15, 

7H 7.63, NH 9.74 

Nle 2 7.89 3.98 1.50, 

1.71 
CH2 0.96, CH2 1.22, CH3 0.82 

Glu 3 8.97 4.22 2.03, 

1.96 
CH2 2.41 

Ala 4 7.82 4.10 1.39  

Ala 5 7.76 4.22 1.38  

Tyr 6 7.55 4.44 3.07, 

3.12 

2,6H 7.09, 3,5H 6.81 

Gln 7 7.77 4.10 2.04 CH2 2.23, 2.30, NH2 7.14, 6.38 

Arg 8 7.66 4.18 1.666 CH2 1.35, 1.43, CH23.05, NH 

7.01 

Phe 9 7.77 4.69 2.98, 

3.28 

2,6H 7.28, 3,5H 7.21 

Leu 10 7.50 4.14 1.66 CH 1.72, CH30.89, 0.91 
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Table A.3.  Structure calculation statistics for peptides p160 and 18. 

 

 P160 in H2O P160 in TFE P18 in 

TFE/H2O 

(8:2) 

No. of NOE upper 

distance limits 

109 175 176 

Intra-residue 41 53 55 

Sequential 57 71 72 

Medium range (i to i-2 

or i+3) 

11 51 49 

Long range (i to i+4) 0 7 13 

Final CYANA structures    

CYANA target function 6.0x10
-2

 ± 1.74x10
-

3
 Å

2
 

0.13 ± 0 Å
2
 0.21 ± 2.9x10

-

2
 Å

2
 

Average backbone 

RMSD to mean  

1.81 ± 0.47 Å (1-

12) 

0.41 ± 0.10 Å 

(1-12) 

0.61 ± 0.36 Å 

(1-10) 

Average heavy atom 

RMSD to mean  

3.10 ± 0.53 Å (1-

12) 

0.82 ± 0.10 Å 

(1-12) 

1.32 ± 0.64 Å 

(1-10) 

Distance restraint 

violations 

1 0 0 
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FigureA.3.  Solid phase peptide synthesis of FITC-βA-18 or FITC-18. 
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Figure A.4. Analytical RP-HPLC chromatograms of the pure FITC-β-ala-

peptides (18-1 - 18-10) and parent peptide 18 (FITC-β-ala-18) in two solvent 

systems,  namely, (A) IPA/water or solvent 1 and (B) acetonitrile/water or solvent 

2.  The HPLC method used for solvent 1 was 15-50% IPA/water in 35 min with a 

flow rate of 1 mL/min and for solvent 2 was 15-55% acetonitrile/water in 35 min 

with a flow rate of 1 mL/min (Vydac C18 analytical column). 

 

 

 



295 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18-1 

 

18-1 

18-3 

 

18-3 

18-2 

 

18-2 



296 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18-6 

 

18-6 

18-5 

 

18-5 

18-4 

 

18-4 



297 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.5.  MALDI-TOF of β-ala-peptides showing [M+H]
+
 peaks. 
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Figure A.6.  Fluorescence of the cells observed after uptake of the FITC-labeled 

peptides using flow cytometry.  The FITC-labeled peptides (10
-5

 mol/L) were 

incubated with breast cancer cell lines MDA-MB-435, MCF-7, and MDA-MB-
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231, or control cell lines MCF-10A and HUVEC for 30 min prior to FACS 

analysis. Bars represent the percent number of fluorescent cells bound with the 

peptide as mean (SD of data obtained from three separate experiments). 

 

 

 

 

Figure A.7.  FACS analysis for the competitive binding of the peptides 18-4 (A) 

and 18-9 (B) to MDA-MB-435 cells, showing autofluorescence of MDA-MB-435 

cells (grey), fluorescence (blue) of the cells after incubation with 10
-5

 mol/L 

FITC-18-4 (A) or FITC-18-9 (B), and fluorescence (red) of cells after incubation 

with the FITC-peptides in the presence of 50-fold excess unlabeled 18-4 (A) or 

18-9 (B). Experiments were done using Beckman Coulter QUANTA SC flow 

cytometer. 
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Table A.4. Cytotoxicity of conjugates 1 and 2 versus free Dox on different cancer 

cell lines after 2 h treatment then further 48 hr incubation. Mean IC50 values from 

three experiments in comparison with doxorubicin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatments 

 
Cell lines IC50 ± SD (M) 

MCF-7 MDA-

MB-435 
MDA-MB-

435- MDR 
MCF-10A HUVEC 

Free Dox 5.5±0.6 3.6±0.4 45±3.5 12±1.8 15.5±0.7 

Conjugate 1 9.6±1.2 8.7±1.3 12.5± 1.6 80±7.2 >100 

Conjugate 2 48.3±5.1 55.4±2.5 69.7±8.1 >100 >100 
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Figure A.8.  MALDI-TOF mass spectra.  
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Figure A.9. Analytical RP-HPLC chromatograms of pure conjugates1 and 2.  The 

HPLC method used was 15-55% ACN/water in 35 min then till 100 in 15 min 

with a flow rate of 1 mL/min (Vydac C18 analytical column).   
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Figure A.10.  Analytical RP-HPLC chromatograms of the pure peptides 1-6.  The 

HPLC method used was 15-55% IPA/water in 40 min with a flow rate of 1 

mL/min (Vydac C18 analytical column). 
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Figure  A.11.  MALDI-TOF-MS of pure peptides 1-6 and MccJ25 showing the 

[M+H]
+
 as major peaks. 
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Figure  A.12.  Cell viability as a function of peptide concentration.  MccJ25 and 

peptide analogues 1-6 were incubated with MDA-MB-435 (top) or MCF-7 

(bottom) cells for 24 h at 37 ºC. 
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