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ABSTRACT 

Protein and peptide materials with a defined conformation are increasingly used in a 

wide area of applications. Advantages that characterize proteinaceous biomaterials are 

their inherent biocompatibility, biodegradability and flexibility of their design and 

fabrication.  

The present thesis is focused on the design and study of such biomaterials using as model 

system a natural fibrous protein the adenovirus fiber. The Adenovirus fiber protein is a 

homotrimer consisting of an N-terminal tail, a long shaft, and a C-terminal knob region 

that is responsible for high-affinity receptor binding. The fiber adopts a trimeric nanorod 

conformation of 30nm length. This protein with specific modifications can be used as an 

efficient carrier in the area of gene transfer and therapy.  In the present thesis  a series of 

constructs were designed having as template the Ad2 fiber protein and inserting 

functionalities through molecular cloning techniques. These constructs were based on the 

fibrous shaft segment (residues 61-392) while the globular head of the fiber was replaced 

by the small (27 aa) trimerization domain of the bacteriophage T4 fibritin, termed 

“foldon”. Moreover, the protein constructs were modified with metal binding sites, a His-

tag tail for improving purification, a biotinylation site for streptavidin-biotin conjugation 

of molecules and cysteine residues at exposed positions for linkage of molecules through 

disulfide bonds. The chimeric proteins were rendered more stable and were targeted for 

potential use as delivery agents and gene therapy applications. The shaft segment 

consists of pseudo amino acid sequence repeats, of which the sequence GAITIG was 

previously identified as a minimal building block that self-assembles into amyloid-type 

fibrils. 
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Amyloid fibrils, derived from the studied adenovirus sequences and from a common 

sequence to Alzheimer’s Aβ peptide and HIV-1 V3 loop, due to their intrinsic mechanical 

properties are excellent candidates for use as scaffolds. By applying computational 

methods, the peptides can be rationally designed through mutation of regions amenable 

to modification aiming at the fabrication of biomaterials with ‘on demand’ functionalities. 

An essential part of this PhD study was focused on the experimental study of two cell 

penetrating peptides that were rationally and computationally designed by the group of 

Asst. Prof. Phanourios Tamamis at Texas A&M University. The peptide sequences 

comprised natural beta-sheet cores that can self-assemble into amyloid fibrils. The 

peptides were designed to contain positively charged and aromatic residues exposed at 

key positions in order to additionally promote DNA condensation and cell 

internalization. The results demonstrate that these designer peptide fibrils can efficiently 

enter mammalian cells while carrying packaged luciferase encoding plasmid DNA and 

act as a protein expression enhancer. Interestingly, the peptides exhibited strong 

antimicrobial activity against the enterobacterium Escherichia coli. 

In another aspect of this study instead of exploiting amyloid fibrillization advantages, we 

sought to inhibit or hinder the process of amyloid fibril formation. The GAIPIG sequence 

was inspired from the beta-sheet key determinants found in the Ad2 fiber shaft, the 

Alzheimer’s alpha beta peptide and HIV-1 V3 loop. This peptide despite its similarity 

with amyloid forming sequences, contains the beta breaker residue (proline) and as a 

result fails to self-assemble into amyloid fibrils as verified by X-ray diffraction and 

electron microscopy studies. The structural and experimental information provided in 

this study could serve as the basis for structure-based design of potential inhibitors of 

amyloid formation. 



a 

 

 

ΠΕΡΙΛΗΨΗ 

 

Τα πρωτεϊνικά και πεπτιδικά υλικά με καθορισμένη μορφολογία χρησιμοποιούνται 

όλο και περισσότερο σε μια ευρεία περιοχή εφαρμογών. Τα πλεονεκτήματα που 

χαρακτηρίζουν τα πρωτεϊνικά βιοϋλικά είναι η έμφυτη βιοσυμβατότητα τους, η 

βιοαποκοδομησιμότητα τους και η ευελιξία του σχεδιασμού και της κατασκευής 

τους. Η παρούσα διδακτορική εργασία επικεντρώνεται στο σχεδιασμό και τη μελέτη 

τέτοιων βιοϋλικών χρησιμοποιώντας ως πρότυπο σύστημα μια φυσική ινώδη 

πρωτεΐνη, την ίνα του αδενοϊού τύπου 2. Η ίνα του αδενοϊού είναι μια ομοτριμερής 

πρωτεϊνη που αποτελείται από ένα Ν-τελικό άκρο, ένα λεπτό κεντρικό μίσχο και ένα 

C-τελικό άκρο, το οποίο είναι υπεύθυνο για τη προσκόλλησης του ιού στους 

υποδοχείς των κυττάρων. Έχοντας ως εκμαγείο το μίσχο της Ad2 ίνας και 

εισάγοντας λειτουργικά χαρακτηριστικά μέσω τεχνικών μοριακής κλωνοποίησης, 

σχεδιαστηκε μια σειρά νέων υβριδικών πρωτεϊνών. Οι χιμαιρικές αυτές πρωτεΐνες 

καθίστανται πιο σταθερές και δυνητικά θα μπορούσαν να βρουν χρήση ως 

μεταφορείς φαρμάκων καθώς επίσης και σε εφαρμογές γονιδιακής θεραπείας.  

Τα αμυλοειδή ινίδια που προέρχονται από τις μελετημένες αλληλουχίες του μίσχου 

της ίνας του αδενοϊού και από μια κοινή αλληλουχία στο Αβ πεπτίδιο του Alzheimer 

και στον V3 βρόχο του HIV-1, λόγω των εγγενών μηχανικών τους ιδιοτήτων είναι 

ιδανικά για χρήση ως ικριώματα. Με την εφαρμογή υπολογιστικών μεθόδων, τα 

πεπτίδια μπορούν να σχεδιαστούν ορθολογικά με την μετάλλαξη συγκεκριμένων 

επιδεκτικών σε τροποποιήσεις περιοχών, με απώτερο στόχο την κατασκευή 

βιοϋλικών με «κατ 'απαίτηση» λειτουργίες. Ένα σημαντικό μέρος της διδακτορικής 

αυτής μελέτης επικεντρώνεται στην πειραματική μελέτη δύο ορθολογικά και 
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υπολογιστικά σχεδιασμένων πεπτιδίων που είναι θετικά φορτισμένα και έχουν την 

ικανότητα να δεσμεύουν DNA και να εισέρχονται στο  κύτταρο ενώ μεταφέρουν το 

‘πακεταρισμένο’ πλασμιδιακό DNA. 

Όσον αφορά μια άλλη πτυχή αυτής της διδακτορικής μελέτης, αντί να 

εκμεταλλευτούμε τα πλεονεκτήματα της αμυλοείδωσης, επιδιώξαμε να 

αναστείλουμε ή να παρεμποδίσουμε τη διαδικασία σχηματισμού αμυλοειδών 

ινιδίων. Το πεπτίδιο που σχεδιάστηκε ήταν εμπνευσμένο από τις προαναφερθείσες 

φυσικές αλληλουχίες. Αυτό το πεπτίδιο, παρά την ομοιότητά του με τις αλληλουχίες 

που σχηματίζουν αμυλοειδή ινίδια, περιέχει το αμινοξύ προλίνη, το οποίο θεωρείται 

αναστολέας της δημιουργίας των β-φύλλων. Το σχεδιασμένο αυτό πεπτίδιο δεν 

αυτό-οργανώνεται σε β-φύλλα και επιπλέον καθυστερεί ή διακόπτει την αυτό-

οργάνωση του Aβ πεπτιδίου σε αμυλοειδή ινίδια. Επομένως παρέχει πληροφορίες 

που θα μπορούσαν να χρησιμεύσουν ως βάση για -δομικά βασιζόμενο- σχεδιασμό 

πιθανών αναστολέων της αμυλοείδωσης. 
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THESIS RATIONALE 

Background 

Gene and cell-based therapies hold a great potential to revolutionize the clinical 

management of human diseases. A common limiting factor is the poor gene delivery for 

most of in vivo gene therapies. Viral vectors and especially adenoviral vectors hold much 

promise as platforms for targeted therapeutic delivery and are considered the most 

efficient gene delivery systems for a broad range of cell and tissue types and applications 

in clinical and preclinical studies with an emphasis in the areas of cancer treatment, 

regenerative medicine and vaccination.1 Advantages of using adenovirus-based 

applications include well-defined biology, genetic stability, high gene transduction 

efficiency and ease of large-scale production. However, a significant barrier of using 

recombinant adenovirus systems for gene therapy is the strong immune response to 

virus-infected cells detected under certain circumstances. Moreover, another 

disadvantage is the lack of native adenovirus receptor expression in a variety of cell types, 

since the adenovirus fiber targets predominantly cells with CAR (Coxsackievirus 

Adenovirus Receptor) and/or integrin receptors.  

Adenovirus (Ad) is a non-enveloped, linear double-stranded DNA virus and is 

comprised by structural proteins like the hexon, the penton base and the fiber proteins; 

the fiber proteins protrude from the twelve vertices of the viral capsid and mediate cell 

attachment 2. Alternative non-viral transfer carriers can be fabricated by using adenoviral 

proteins, such as the dodecahedron particles, that are comprised by the adenovirus 

penton (ie penton base protein + fiber protein) complex or penton base proteins alone. 

The penton is a complex assembled by two oligomeric proteins, the penton base protein 

and the fiber protein. It is involved in the cell attachment via the RGD motif present in a 
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loop of the penton base protein and the virus transportation into the cytosol. When these 

two proteins are co-expressed in cells3, they self-assemble into dodecahedron particles4 

that are considered as a safer alternative transfer vehicle in contrast to the entire 

adenovirus virion that is comprised by eleven proteins. Moreover, the dodecahedron 

retains the gene transfer advantages of the entire virion such as: efficient cell entry, 

protection and release of the DNA from the endosomes and a range of cell and tissue 

targeting3, 5-6. 

The adenovirus fiber utilizes its globular head (knob domain) to trigger the trimerization 

of the fiber protein and initiate cell attachment through the CAR receptors. To further 

overcome the CAR cell target specificity of the fiber transfer vehicles in order to 

independently target other cell lines, the knob should be removed. In that case, the fiber 

could not be able to acquire its trimeric conformation which will lead to the loss of the 

fiber protein structural functionality. Therefore, certain approaches have been developed 

consisting in the engineering of virion particles that comprise modifications of the fiber 

protein either by incorporating cell targeting peptide sequences or by substituting the 

knob motif 7. Structural inspection of the knob domain region of the fiber have pointed 

to two separate locations within the knob that can be exploited for genetic peptide 

presentation, the C-terminal end, and a region termed the HI loop. Incorporated cell 

targeting sequences comprise the RGD motif, polylysine, a vascular endothelial cell- 

targeting peptide, SY-GYLPLP or other cell targeting epitopes.8-11 However, in certain 

cases structural conflicts have emerged as a result of the knob modifications.12 Therefore, 

alternative approaches have been developed that include the deletion of the entire knob 

domain of the fiber protein and subsequent replacement with moieties that provide a 

trimerization function for the knobless fiber. The substitution motif could be a α-helix 

trimerization domain from MoMuLV(Moloney Murine Leukemia Virus) envelope 

glycoprotein13 or the foldon trimerization motif from the bacteriophage T4 fibritin.14-15 
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Additionally, cell-targeting motifs have to be included in the constructs that should 

mediate specific attachment to selected cell lines.  In order to rationally insert such motifs, 

structural insight is absolutely necessary.  Detailed structural information on the 

adenovirus hexon and penton proteins exists 2; moreover, the structures of the entire 

capsid have been recently revealed at atomic scale resolution both by cryo-electron 

microscopy 16 and X-ray 17 methods. However, the fiber remains the virion protein part 

for which no full structural information exists to date 2. This is due to its assymetric, thin 

and flexible nature that renders difficult the visualization by EM methods and results in 

no detectable electron density in X-ray studies. Previous studies conducted in our group, 

initiated the study of the adenovirus type 2 fiber as a model for fibrous proteins structure 

and assembly 18. The crystal structure of the a stable domain of the  fiber comprising the 

head and four repeats of the shaft segment was solved at 2.4 A and revealed  the “triple 

beta spiral” conformation of the fiber protein19. This homo-trimeric and beta-structured 

fiber protein is an extremely stable protein that is resistant to high temperature, pH and 

denaturants.18 Having as template this adenovirus type 2 fiber system, resulted in the 

design and fabrication of a fiber protein where the globular head was substituted with 

the foldon trimerization motif of bacteriophage T4 fibritin. The substitution was 

performed for the fiber construct comprised by 4 repeats in the shaft and yielded 

promising results, since the foldon chimeras could fold into trimers, with high 

overexpression efficacy and enhanced stability that lead to the solving of their crystal 

structure14, 20-21.  The single crystal structure confirmed that the shaft repeats were 

adopting their native triple spiral fold within the hybrid constructs 14. Moreover, the full-

length protein constructs comprising residues 61-319 of the shaft segment with the foldon 

domain at their C-terminus were fabricated by Dr. Papanikolopoulou in the framework 

of her thesis, however they have not been further studied. 
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It was reported that the Ad5 fiber alone mediated non-viral gene transfer in the absence 

of the whole virus6.  The internalization ability seemed to proceed through the knob 

domain, since the fiber-mediated transduction was inhibited by a free soluble knob6. 

Moreover, other internalization mechanisms seem to participate in the fiber entry into the 

cells, as assessed in ref6 where the sequence KKTK which lies within the third 

pseudorepeat of the fiber shaft matches the consensus sequences for binding HS-GAGs 

(Heparan Sulfate Glycosaminoglycans) and subsequently could act as a HS-GAG-

binding site for cell entry. This prompted us to investigate the internalization potential of 

the fiber protein alone, trimerized with the fibritin trimerization motif, and in the absence 

of the globular head. 

As a result, in this PhD thesis, by combining the knowledge acquired by the 

aforementioned studies, we elaborated on designing and fabricating a series of stable and 

chimeric full-length shaft-foldon constructs with enhanced functionalities for potential 

use as non-viral transfer biomaterials. 

In another aspect inspired by the adenovirus fiber protein self-assembly ability in the 

absence of the C-terminal globular head, small peptide sequences corresponding to shaft 

sequences were examined for their potential use as biomaterials. The reductionist 

approach was previously followed in our group by Dr Papanikolopoulou22 and the 

peptide GAITIG and the longer peptide NSGAITIG were identified as the shortest 

amyloid forming sequences. More specifically, a number of peptide sequences 

corresponding to the fold of the native adenovirus fiber structure were synthesized and 

examined for their eventual ability to self-assemble in the absence of a trimerization 

motif. They were found to form amyloid fibrils with a number of techniques, including 

electron microscopy, x-ray fiber diffraction and Congo Red binding. Moreover, by using 

implicit-solvent replica-exchange simulations conducted by Assistant Professor 

Phanourios Tamamis, it was further confirmed that the octapeptide NSGAITIG and its 
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hexapeptide counterpart, GAITIG form readily intermolecular β-sheets. Additionally, the 

Asn and Ser residues at the N-terminal part remain disordered in the sheets, suggesting 

that these amino acids are exposed at the exterior of the fibrils, accessible and therefore 

amenable to modifications.23 

Computational studies can identify suitable positions for rational modification of the 

peptide building blocks in order to fabricate novel biomaterials with specific functions. 

On the basis of this insight provided by molecular dynamics simulations, cysteine 

residues were substituted at positions 1 and 2 of the NSGAITIG sequence to promote 

metal binding attachment of metal nanoparticles such as: gold, platinum and silver.24 

Furthermore, the bioactive motif Arg-Gly-Asp (RGD) was incorporated at the amyloid 

forming sequence NSGAITIG, aiming for the development of a cell-attachment and 

biodegradable scaffold25. By mimicking the cesium binding properties of proteins, 

amyloid scaffolds were also computationally and rationally designed in order to fabricate 

amyloid scaffolds with cesium binding abilities for potential application in the removal 

of cesium ions from nuclear waste or blood26.  

In this PhD thesis, the assumption that rationally designed amyloid scaffolds could also 

find uses in the gene transfer areas, was investigated. By having a stable fibril forming 

core such as the GAITIG or GAIIG core, we postulated that adding cationic and aromatic 

residues at flexible positions could convey DNA binding and cell penetrating propensity.  

An advantage of the amyloid peptides compared to the studied protein constructs as gene 

transfer vehicles, could be the protein charge dependence as a function of pH. The 

proteins studied in this thesis under physiological pH conditions are usually negatively 

charged due to their pKa and therefore unable to bind the negatively charged DNA. That 

implies that protein solution pH should be decreased to the acidic range with potential 

implications in the protein structural conformation and stability. Thus, the 
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aforementioned engineered protein constructs could be more suitable as drug, protein or 

nanoparticle cargo carriers. 

 

Thesis outline 

The present PhD thesis focuses on the design, engineering, production and 

characterization of novel protein and peptide materials derived from the adenovirus type 

2 fiber and natural fibril-forming peptides from Alzheimer’s Amyloid beta and HIV-1 V3 

loop sequences. This approach aims at taking advantage of their unique self-assembling 

properties and with the help of molecular dynamic simulations to develop functional 

biomaterials for use in the area of biomedicine. These biomaterials can be used as vectors 

or scaffolds for the insertion of additional functionalities, such as cell penetrating gene 

carriers, tissue-targeting motifs, enzymatic subunits, or for the fabrication of materials 

with potential amyloid inhibition properties. Furthermore, optimum protein and peptide 

self-assembling conditions were validated depending on the application of interest and 

the characterization of these biomaterials with electron microscopy and X-ray fiber 

diffraction techniques. Such self-assembling proteins and peptides offer open-ended 

possibilities towards multifunctional bionanomaterials of the future. 

This thesis is divided into three chapters which correspond to two different but 

converging approaches for material fabrication. More specifically,  Part 1 (Chapter 2) 

focuses on the production and characterization of adenovirus-based protein materials 

and their use as scaffolds. In this part, fiber-shaft based proteins were modified with 

genetic engineering: a histidine tag was inserted so as to enable efficient purification and 

attachment of metal nanoparticles ; a biotinylation site was inserted to enable 

functionalization via biotin-streptavidin chemistry; and finally, a cysteine was 

engineered by site-directed mutagenesis at an exposed loop, in order to enable 

functionalization through thiol chemistry. All these approaches were followed for 
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constructs that comprise almost the full-length shaft domain (residues 60-392) joined with 

the fibritin foldon, which is necessary for correct trimerization. Seeking to reduce the 

complexity of these constructs, we also created shortened versions of these proteins, that 

comprise residues 260-392 of the shaft segment plus the trimerization motif.  All 

modification approaches described above were also followed for this shortened 

construct.   

However, the ultimate thesis goal was to follow a reductionist approach, and identify 

minimal self-assembling building blocks that could serve as functionalization scaffolds. 

Part 2 (Chapter 3) focuses on the identification of the GAIIG peptide from the Alzheimer’s 

Aβ peptide and the HIV gp120 V3 loop, as minimal self-assembling block and an amyloid 

designable scaffold YATGAIIGNII.  Part 2 also comprises (Chapter 4) and epitomizes this 

approach with the rational design of this designable scaffold to endow it with cell-

penetrating and DNA condensing properties, targeted for intracellular DNA delivery. 

 

PART 1 (Chapter 2):  

Production and Characterization of Protein Materials and their Use as Scaffolds 

Stable, artificial fibrous proteins that can be functionalized open new avenues in fields 

such as bionanomaterial design and fiber engineering. The fibrous parts of viral proteins 

usually adopt trimeric β-stranded structural folds and are appended to globular-receptor 

binding domains. The globular domains are essential for correct folding and 

trimerization and can be successfully substituted by a very small 27-amino acid 

trimerization motif from phage T4 fibritin. The registration motif from phage T4 fibritin, 

a 27-amino acid C-terminal domain termed “foldon” serves as a registration motif for the 

segmented, triple coiled coil motif of the fibritin27. This small domain in a β-propeller 

conformation can fold and trimerize autonomously.   
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Having as template the adenovirus fiber shaft sequence and by exploiting molecular 

cloning techniques,  chimeric proteins were previously created that consist of the foldon 

trimerization domain, positioned at the C-terminus of the fibrous shaft (residues 61-392) 

with or without the use of a natural linker 21. Based on these proteins, we were able to 

create improved scaffolds using molecular cloning techniques. These include the 

following: a) insertion of a His-tag at the N-terminus b) a biotinylation site at the N-

terminus, c) a cysteine residue at an exposed loop position at the shaft segment. 

These stable chimeric adenovirus fiber proteins were  further validated for their ability 

to trimerize into stable nanorods. Their intrinsic properties include their attachment to 

nanoparticles coated with Nickel-Nitrotriacetic acid through their His-tag, their 

attachment to streptavidin coated nanoparticles, therapeutic molecules and scaffolds 

through their additional biotinylation site and finally, the capability of initiating 

polymerization and gold nanoparticle adhesion due to their exposed cysteine. They were 

created with the perspective of enhancing protein stability, purification effectiveness, and 

functionality as carriers.  

One of their basic advantages is their method of heterologous production in E.coli cells. 

Heterologous production of chimeric protein constructs which bear engineered 

functionalities is considered a cost-effective method for producing large  quantities of the 

protein material. 

 

PART 2 (Chapter 3):  

A Novel Amyloid Designable Scaffold and Potential Inhibitor Inspired by GAIIG of 

Amyloid Beta and the HIV-1 V3 Loop 

In this chapter the sequence GAIIG which is common to the amyloid beta peptide 

(residues 29–33) and to the HIV-1 gp120 (residues 24–28 in a typical V3 loop) is detected, 
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along with the longer YATGAIIGNII sequence from the V3 loop, as key beta sheet 

determinants in the aforementioned protein/peptide sequences. These peptides can 

independently self-assemble into amyloid fibrils as observed under TEM, FESEM and X-

ray diffraction studies. The sequence GAIIG with its homologous sequence GAITIG, also 

a key determinant peptide in Ad2 fiber in the absence of the trimerization motif, inspired 

the design and use of the GAIPIG peptide as a potential peptide with amyloid inhibitory 

action. Molecular dynamic simulations and experimental studies focus on the structure 

deciphering of the GAIPIG sequence and its binding to the Alzheimer’s alpha beta and 

HIV-1 V3 loop corresponding sequences and its capability of slowing down the amyloid 

fibrillization process.  

This study was published in the FEBS Letters Journal ‘A novel amyloid designable 

scaffold and potential inhibitor inspired by GAIIG of amyloid beta and the HIV-1 V3 

loop. Kokotidou et al. Febs Letters 2018, 592 (11), 1777-1788. DOI: 10.1002/1873-

3468.13096.’ and is presented in this thesis as per se. 

 

 

Part 3 (Chapter 4): 

Designer Amyloid Cell Penetrating Peptides for Potential Use as Gene Transfer 

Vehicles 

Cell-penetrating peptides (CPP) provide an efficient strategy for the intracellular delivery 

of bioactive molecules in various biomedical applications. They are characterized by their 

ability to spontaneously access the cell membrane, non-cytotoxicity and efficiently 

binding and protecting and releasing their cargo into the cytoplasm. The majority of CPPs 

are cationic which enables the interaction with the mammalian cell membrane and the 

conjugation with nucleic acid molecules for gene therapy purposes. In this thesis we 
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investigated the potential of amyloid forming materials to act as cell penetrating peptides 

and gene transfer agents. Amyloid materials have been used for enhancing retroviral 

transfer by acting as electrostatic bridges between the viral particles and the cell 

membrane28-29. However, there is no evidence so far that they could act as gene transfer 

enhancers by penetrating the cell membrane while carrying a gene encoding plasmid. 

Additionally some cell penetrating peptides and aggregation prone region sequences 

(APR) exhibit antimicrobial activity against various bacterial and fungal strains, by 

disturbing the microorganism’s protein homeostasis.30 

In the current thesis we focused on the beta-sheet peptide sequences GAITIG from 

adenovirus type 2 fiber and the common peptide sequence GAIIG of Aβ peptide and HIV 

gp120 V3 loop, thoroughly studied in the previous chapter and in ref 22, for their potential 

to act as cell penetrating peptides with gene transfer and antimicrobial activity. Our 

strategy was based on the following :  we selected longer previously studied sequences 

which contain exposed residues, outside the β-sheet GAITIG or GAIIG core, that are 

accessible and available for suitable selected modifications. These sequences were used 

as frameworks for rational and computational designed peptides for use as cell 

penetrating gene transfer carriers. The designer peptides were tested for their self-

assembling  ability into amyloid fibrils, charge, cell penetration, cytotoxicity, DNA 

binding and condensing ability, gene transfer inside the nucleus and transfection efficacy. 

Additionally, their potential activity as antibacterial agents was investigated. 
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Chapter 1: General Introduction 

 

1 . 1. Proteins, peptides and their amyloid folding state 

The assembly of proteinaceous supramolecular structures is common in all living 

organisms. The level of molecular organization plays a pivotal role in the functionality of 

each protein. Proteins and peptides self-assemble into a variety of unique structures with 

the ability to perform a variety of essential functions for the biological world. Basic 

cellular components like protein enzymes adopt a quaternary structure, where the 

correctly folded subunits further fold into a tertiary structure retained by non-covalent 

interactions. Usually proteins and peptides need to reach their well-defined soluble fold 

in order to execute their natural processes. While in a specific conformation many 

proteins, when ‘decorated’, could be used as gene or drug delivery agents6, 31-33. Protein 

materials are biocompatible and suitable for rational design through the fine-tuning of 

their biophysical and biological properties. Such configurations include the regulation of 

their architectural features to promote attachment of molecules of interest through 

bonding mechanisms (disulfide bonds, biotin-streptavidin and electrostatic interactions) 

and the biological interaction with the environment such as incorporation of cell receptor 

recognition and binding motifs, nuclear targeting domains and cell penetration 

sequences. For intracellular drug or gene delivery, important parameters that should be 

considered are the capability of the carrier for DNA condensation, intracellular 

trafficking, endosomal escape, nuclear transport and the carrier’s stability against 

protease action. 
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1. 2. Cell penetrating peptides as carriers 

Apart from proteins and protein fragments, also small peptide sequences have been 

explored for their potential as functionalizing and efficient delivery vectors of 

nanoparticles, nucleic acids, therapeutic and diagnostic molecules.34-37 Among others are 

the cell penetrating peptides which usually consist of 5-30 amino acids. They are typically 

positively charged due to their high lysine and arginine residues, a feature that allows 

their interaction with negatively charged nucleic acids or molecules and the interaction 

with the negatively charged phospholipids of the cell membrane, which they can 

eventually penetrate with their transporting cargo. Characteristic examples are the TAT 

peptide38 and the polyarginine peptides 39-40. 

 

1. 3.  Amyloid fibrils 

 Under various circumstances proteins or peptides fail to assemble correctly and reach 

their well-defined quaternary structure and consequently convert into aggregates of 

highly ordered fibrillar assemblies, termed amyloid fibrils. Those fibrillar assemblies can 

differ greatly from the native and functional folding of the protein and can self-assemble 

spontaneously while being thermodynamically favorable. Not only proteins or long 

sequence peptides can self-assemble into amyloid structures but also small peptides of 

less than four residues can adopt these conformations exhibiting similar properties. They 

are considered as supramolecular configurations in the nanometric scale that give rise to 

pathological disorders raging from neurodegenerative diseases to systemic amyloidosis 

such as Alzheimer’s,41-42 diabetes type II,43,44 and Parkinson’s45 disease. However, there is 

a variety of living organisms that take advantage of their endogenous proteins inherent 

tendency to form amyloid fibrils for specific functional rather that pathological purposes 
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-such examples as the Pmel melanosomes46-47-48, A-bodies for storing protein and peptide 

hormones49-50 and chorion eggshell proteins.51-52  

Amyloid fibrils can self-assemble spontaneously or under environmental stimulation 

(alterations in temperature, pH, ionic strength). They are arranged in a crystal-like, one-

dimensional way comprised of thousands of protein or peptide molecules. They are 

uniquely characterized by the cross-β-sheet motif, where individually inter-molecular 

beta strands are formed and aligned perpendicular to the fibril axis. The repetition of this 

motif and the lateral binding of another β-strand through hydrogen bonding, constitutes 

the beta sheet which proceeds throughout the fiber’s entire length. The formed beta 

sheets are connected with a dense hydrogen bonding network and are running parallel 

to the fibril axis.53 The first cross-beta pattern describing this architecture occurring in 

amyloid forming proteins was reported in 1935 for the stretched poached egg white 

which was studied by X-ray diffraction.54 The protofilament consists of two β-sheets 

closely interacting in a sequence depending manner. The steric zipper-like interface, as 

viewed when looking down the axis of the amyloid fiber, is densely packed, water 

depleted and relies on the interaction between the side chains of β-strands that belong to 

opposing beta-sheets.55-56 The cross-beta pattern is the core of the protofilaments which 

further laterally associate to fold into mature fibrils.57 

To successfully characterize and verify the amyloid nature of an assembled moiety, a 

series of experimental and computational methods have been developed to analyze, 

verify and study the formation of amyloid fibrils. Macroscopically, the amyloid fibril 

structure appears as long, intertwined and unbranched fibrils that have a width that 

ranges in the area of 7-20nm, as imaged in vitro by electron microscopy observations such 

as Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) and 

Atomic Force Microscopy (AFM) and depends on the self-assembly parameters and the 

sequence of the moiety. Fibrils are defined by a common X-ray diffraction pattern with a 
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4.7 Å reflection in meridian and a 10 Å reflection in equatorial, which correspond to the 

distances between the strands and the stacking distances between beta-sheets, 

respectively.58 Moreover, they have the ability to bind specific amyloid dyes like 

Thioflavin T and Congo Red dye. Thioflavin T (ThT)  when bound with amyloids and 

excited at 440-450nm, emits a strong fluorescence signal at 480nm.59 Congo Red(CR) 

staining of amyloids is detected, in the amyloid’s spectrum analysis, by the increase in 

the Congo Red absorption pattern and a red shift of the 490nm absorbance peak to 512nm 

as well as by the production of a new shoulder peak at around 540nm. Moreover, CR 

binding to the fibrils gives a yellow-green birefringence when observed under a crossed-

polarizer.60 Generally, it was considered easier to characterize a short peptide’s amyloid 

structure rather than the structure of larger protein and peptide sequences that are not 

always amenable to crystallization. Recently the aforementioned problem was surpassed 

by utilizing cryo-transmission electron microscopy (cryo-TEM) and solid-state NMR 

spectroscopy. These techniques apart from revealing the basic structure of the amyloid 

core, they offer insight into much more structural complexity level 61-63 (Figure 1).     
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Figure 1: Characterization of the amyloid fibrils by various methods: Transmission 

Electron microscopy (upper left), and characteristic X-ray fiber diffraction pattern (upper 

right) recorded from fibrous stalks  formed between two glass rods (upper center). The 

cross-beta model is illustrated at the middle center. Congo Red staining of amyloid fibrils 

as visualized under an optical microscope without (bottom left) and with (bottom right) 

the use of a crossed polarizer. The yellow/green birefringence is a common characteristic 

of amyloids. 

 

1. 4. Amyloid peptides as biomaterials 

Self-assembled beta structured peptide aggregates, either natural or synthetic have 

emerged as attractive candidates for the fabrication of biomaterial structures in a wide 
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application field. Their unique fold and structure endows them with advantageous 

mechanical properties such as high stability, shear modulus, bending rigidity, tensile 

strength and enhanced kinetic and thermodynamic stability. They are considered 

outstandingly strong and stable on one hand but on the other hand quite flexible. These 

mechanical properties in combination with their biocompatibility and the ease of 

introducing favorable mutations into their sequence, convey -to these assemblies- 

potential advantages over organic or inorganic counterparts. Areas that can find 

application are in tissue engineering and regenerative medicine as scaffolds for cell 

growth,64, 65 as scaffolds for cell attachment for the delivery and controlled release of 

therapeutics,66-67 in nanocircuits and electronics as metal nanoparticle templates,68-69 or in 

biomineralization with inorganic materials (Ca2+ binding),70, in environmental 

applications26, 71 (Cs or CO2 capture) or as minimal  versions of enzyme catalysts.72  

 

1. 5. Adenovirus type 2 model system 

Natural or synthetic assemblies as potential biomaterials were inspired by the 

Adenovirus type 2 fiber due to its unique fold and characteristics that combine both a 

stable trimeric protein fold and an alternative fold into a beta-structured fibrillar 

assembly, under specific circumstances. The Ad2 fiber protrudes from the viral capsid 

and mediates cell attachment of the virus to the cell receptor, CAR (Coxsackie and 

Adenovirus Receptor73-74) and subsequent infection. The globular head located at the C-

terminal end acts both as cell attachment organelle and as trimerization motif, which 

enables the trimerization and self-assembly of the fiber protein into a nanorod 

conformation (Figure 2). Similar morphologies for the fiber have been detected also in 

Adenoviruses Type 3 and 5. Constructs derived from the fiber sequences could be further 

manipulated with the addition or alteration of their sequences with extra functionalities 

for use in gene therapy of drug delivery areas. The fibers with the globular head can 
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interact with the CAR receptors in order to mediate docking with the cells. Replacing the 

head with another trimerization motif will seize the interaction with this receptor, 

however it was discovered that these trimeric proteins are still able to internalize the cell 

through other temperature-independent mechanisms and distribute to the cytoplasm 

and nucleus.13 A potential route could be through the heparan sulfate 

glycosaminoglycans (HS-GAGs) receptors found in cell lines.6 These alternative 

endocytic entry mechanisms eliminate the constraining need to use the globular 

trimerization motif that specifically binds to CAR cell receptors. Moreover, it was 

reported that the isolated fiber protein,  in the absence of the penton base, can enter the 

cells. The globular head by itself cannot enter the cells and accumulates in the CAR 

receptors located in the cell surface. This report suggested for the first time a potential 

role of the shaft domain in cell entry.6   

                                     

Figure 2: Adenovirus virion (https://microbewiki.kenyon.edu/index.php/adenovirus-

based_gene_therapy:_a_promising_novel_cancer_therapy). 
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In Ad2 fiber, the loss of the globular head, and in the absence of  another trimerization 

motif, leads to the self-assembly of the entire fiber shaft segment into amyloid fibrils and 

the loss of the fiber structure and conformation. In order to decipher the specific sequence 

that triggers this self-aggregation, a reductionist approach was followed. The initial fiber 

shaft sequence was dissected into smaller peptides, whose propensity for amyloid self-

assembly was studied.22  It was found that the minimal self-assembling into amyloid 

fibrils building blocks are the octapeptide NSGAITIG and the GAITIG hexapeptide 

(Figure 3). The NSGAITIG sequence was also studied with molecular dynamic 

simulations and apart from confirming its beta strand configuration,23 rational designs 

were also suggested and experimentally applied for the peptide use as a biomaterial for 

a wide range of applications.25, 68-69, 75 

 

Figure 3: Studies on the detection of the minimal amyloid forming building block in the 

Adenovirus type 2 fiber shaft. Ref. 22 

 

Moreover, a homologous with the peptide GAITIG sequence, the peptide GAIIG was 

proven that is also a key beta sheet determinant and can spontaneously self-assemble into 

amyloid fibrils. The sequence GAIIG corresponds to residues 29-33 of the amyloid beta 

peptide associated with the Alzheimer’s disease. This aggregating sequence is also 

common to the HIV-1 gp120 protein  and is located at residues 24–28 in a typical V3 loop 

of gp120.76 The longer peptide sequence YATGAIIGNII in the same V3 loop can also self-

assemble into amyloid fibrils and since its terminal residues do not participate in the beta-
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sheet core and are exposed, the sequence is amenable to suitable selected modifications 

towards its use as a functional scaffold. 

 

1. 6. Amyloid Formation Inhibitors 

By identifying the “hot regions” of amyloid self-assembly, short synthetic peptides 

designed as beta-sheet breakers interact with these regions in order to inhibit amyloid 

fibril formation and propagation. Moreover, designing beta-breaker sequences based on 

beta-sheet key determinant sequences through mutating of specific amino acids that are 

actively involved, could “trick” the amyloid fibril accumulation mechanism and 

eventually arrest it. Proline residues placed in key positions impair the amyloid 

aggregation and this inhibition is attributed to the steric hindrance created by the proline 

substitution, which results in disruption of the β-sheet formation process.77 
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Chapter 2- Adenovirus fiber as biomaterial 

2. 1. Introduction 

Adenovirus system and Fiber Protein’s Structure and Properties 

Human Adenovirus type 2 (Ad2) is a non enveloped, icosahedral-shaped DNA virus that 

is associated with respiratory and gastrointestinal infections. The adenovirus capsid is 

comprised by 12 vertices and from each of them protrudes a trimeric protein that is 

responsible for the viral cell attachment and entry. Moreover, the coat protein of the 

adenoviral ‘face’ is called hexon which forms hexagonal structures and constitutes the 

main structural protein of the viral capsid. The trimeric fiber protein is attached to the 

viral capsid through a penton protein that serves as a base connector for the fiber (Figure 

4). These fiber proteins that protrude from the vertices of the adenovirus particles are 

homotrimeric and contain a N-terminal end, through which they bind to the penton base 

of the viral capsid, a C-terminal globular head that attaches to as the Coxsackievirus and 

Adenovirus Receptor (CAR)78 and a central fibrous shaft consisting of 22 pseudo-

sequence repeats ( 

Figure 5).  
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Figure 4: The Adenovirus Type 2 A) Presentation of the Adenovirus structural proteins. 

B) TEM picture of the adenovirus capsid and fiber protein in its trimeric and nanorod 

conformation. 

 

 

Figure 5: Model for the full-length fiber based on the single crystal structure of a stable 

fragment comprising four sequence repeats 

      

Each shaft repeat is built from a repeating sequence motif with hydrophobic amino acids 

alternating with hydrophilic ones and glycines or prolines at conserved positions (Figure 

8). This results into a beta structured repeat fold that consists of two beta strands, one 

almost parallel to the fiber axis and the other at an angle of 45o. The two strands are 

connected by a turn. An exposed loop follows each repeat and joins repeats together. 
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Additionally, the C-terminal globular part acts as a trimerization motif that initiates the 

self-assembly of the fiber into nanorods of specified length, depending on the number of 

repeats (30nm for 22 repeats of Ad2 fiber).18 The crystal structure of a stable fragment of 

the fiber (four shaft repeats and the head domain) was solved at 2.4 A resolution19 (Figure 

9).  The basic framework of the fiber’s structure is sustained by inter- and intra- chain 

hydrogen bonds and salt bridges involving side-chains.  

The fiber protein is an extremely stable protein. The fiber structure is intertwined with a 

high proportion of buried surface. One third of the solvent accessible residues when in 

the monomer state of the protein are buried and become inaccessible upon trimerization. 

Trimerization enhances the fiber rigidity and stability of the shaft.19 Additionally, the 

protein is resistant to SDS, temperature, proteases and denaturants (remains a trimer in 

2% SDS at ambient temperature).18 This resistance to SDS allows easy distinction of the 

native form of the protein from any misfolded or partially folded forms, that get 

denatured by SDS and migrate in the monomer position in SDS-PAGE gels. This is 

depicted in the cartoon that follows. Interestingly, any trimeric, partially unfolded forms 

migrate higher than the native trimer, since they are more expanded (the so-called 

“umbrella” effect) Figure 6 and Figure 7.   
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Figure 6: Representation of the protein migration on a SDS-PAGE, depending on its 

folding. 

       

 

Figure 7: Effect of SDS in solution at various temperatures.  Adapted from ref.18  
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Figure 8: Each fiber monomer contains 582aa.  

1.(Left) The 22 pseudo-repeats in the Ad2 shaft. The fibrous shaft is built from a repeating 

sequence motif with a hydrophobic amino acids (ORANGE and GREEN residues) 

alternating with hydrophilic ones and glycine or proline at conserved positions (PURPLE 

residues). At the bottom the consensus sequences are presented, φ standing for 

hydrophobic and X being any amino acid. Adapted from ref 19. 

2.(Right) The basic repeat fold contains a beta-strand almost parallel to the axis of the 

fiber followed by a beta turn and another beta strand which runs at an angle of 45ο relative 

to the fiber axis. The repeats are joined by a solvent exposed loop. Adapted from ref22. 

Abbreviations for amino acids are as follows :  A: alanine; R: arginine; N: asparagine; D: 

aspartic acid; C: cysteine; Q: glutamine; E: glutamic acid; G: glycine; H: histidine; I: 

isoleucine; L: leucine; K: lysine; M: methionine; F: phenylalanine; P: proline; S: serine; T: 

threonine; W: tryptophan;  

Y: tyrosine; V: valine 
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Figure 9: The triple b‐spiral in the adenovirus fiber shaft. The triple b‐spiral domain alone. 

Shown are amino acids 319–392 of each of the three chains, forming four triple beta‐spiral 

repeats. Adapted for ref79.  

 

Trimerization Motifs and Fibril Formation 

As mentioned above, the globular head of the fiber acts both as the trimerization but also 

as a receptor-binding domain. The principal conformation of the adenovirus monomer of 

the globular head is an antiparallel, eight stranded ‘beta-sandwich’. The three monomers 

interact and form a three bladed propeller80 (Figure 10).  The C-terminal head acts as a 

registration motif that triggers the folding and correct alignment of the three chain 

monomers into stable trimers.  
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Figure 10: The C-terminal domain of Adenovirus fiber. Each monomer of the adenovirus 

globular head forms a ‘beta-sandwich’. By further interaction of the three monomers, a 

distinct ‘beta-propeller’ is formed. Loops at the side of the moieties contain information 

for binding with the cell’s CAR receptors. 

 

 

When recombinant production of proteins that adopt the native triple beta-spiral fold is 

desired,  the presence of a trimerization motif is necessary. When the globular head is 

present, the fiber fibrous sequences fold and assemble into a trimeric beta spiral 

conformation, whereas in its absence they adopt a completely different conformation. In 

the absence or by mutating the sequence parts of the C-terminal globular head in the 

adenovirus fiber, the correct trimerization of the fiber protein is hindered and the protein 

self-aggregates into an amyloid fibril formation, characterized by the cross-beta 

conformation (Figure 11). The self-assembly into amyloid fibrils is mediated by “out-of-

register” or “strand-swapping” interactions between strands belonging to different 

peptide molecules. 
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Figure 11: Schematic representation of Adenovirus Type 2 fiber. It comprises The N-

terminal domain (thick grey lines), the shaft domain  (rectangles joined together) and the 

globular head (circle) which acts as a trimerization motif for the folding into trimeric 

nanorods (TEM picture on the left adapted from ref 19). In the absence of the globular 

head, the shaft segment fails to adopt its native trimeric fold and aggregates into amyloid 

fibrils (TEM picture on the right, adapted from ref 18 with permission from  © the 

American Society for Biochemistry and Molecular Biology). 

 

An alternative registration motif that can trigger the trimerization of proteins is the 

‘foldon’ motif  from phage T4 fibritin that consists of 27 amino acids and can fold and 

trimerize spontaneously, initiating the assembly of fibritin into a triple coiled coil motif81 

(Figure 12). When this motif substitutes the globular head at the C-terminus of the 

adenovirus fiber protein, new hybrid structures can be produced recombinantly20 that 

can fold into a trimeric nanorod conformation. One such example are the shaft sequences 

that adopt their native triple beta-spiral conformation within the chimeric constructs as 

revealed by X-ray crystallography.14 They also exhibit improved stability, such as easier 

crystallization, enhanced overexpression levels and resistance to extreme conditions 

(SDS, temperature,  denaturants).20 
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Figure 12: The ‘foldon’ motif. The C-terminal domain of the fibritin’s T4 bacteriophage is 

comprised by two sheets with three strands each that form a ‘beta sandwich’. The foldon 

domain does not have a cell binding specificity and can act solely as a trimerization and 

registration signal.82  

  

The Fiber Protein through binding to CAR receptors mediates  Adenovirus infection. 

The Adenovirus infection starts with the interaction of the trimeric Ad fiber protein with 

a membrane glycoprotein that is exposed on the cell surface and is referred as CAR 

(Coxsackie Adenovirus Receptor). The binding of the CAR receptor with the elongated 

fiber protein is mediated by the C-terminal domain CAR binding domain also referred to 

as knob or globular head. Each fiber knob can support the attachment to three CAR 

molecules. The binding occurs through amino acid residues that are located in extended 

loops in the knob lateral surface.83 Subsequently the fiber protein undergoes a 

conformational change in order to enable the optimal association of the RGD motif 

located in the penton base protein with the αv integrins on cell surface. Following this 

attachment step, adenovirus particles are internalized through clathrin mediated 

endocytosis84 ( Figure 13 ).   
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Figure 13: . Representation of adenovirus capsid (inset) and the early stages of adenovirus 

infection (A) Binding of the virus to the primary receptor, CAR, which initiates infection. 

This is immediately followed by (B) secondary binding of the virus to integrins, which 

triggers receptor-mediated endocytosis. CAR: Coxackievirus adenovirus receptor.31 

Adenovirus proteins are used for gene therapy and the targeting of specific cell types is 

often desirable. If the native globular head of the fiber is present, all the cells expressing 

the CAR receptor are going to be targeted.1 However, if the globular head is deleted, the 

shaft sequences cannot adopt their native fold and they will form amyloid fibrils as 

mentioned above. The use of another, neutral trimerization motif such as fibritin is  

necessary, along with a motif that attaches specifically to the cell type targeted.15, 85 

Therefore, the aforementioned shaft- foldon chimeric proteins can be further 

functionalized for applications in tissue engineering, drug delivery and gene therapy 

fields. 
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Adenovirus proteins as drug or gene carriers 

Intracellular delivery of proteins or nucleic acids through a protein carrier is potentially 

a game-changing approach for therapeutics. However, common challenges  associated 

with this strategy are the effective uptake of the protein-cargo carrier into the cell, the 

vector’s stability, release of the cargo into the cytosol and the risk of the vector’s 

cytotoxicity. To develop a protein into a delivery agent for therapeutics several important 

steps should be taken into account such as: an initial cell-surface binding followed by 

receptor mediated endocytosis, the efficient release  from the endosome into the cytosol 

and intracellular trafficking towards the nucleus.86  

Various engineered adenovirus capsid proteins have been developed thereof for drug 

delivery or gene therapy purposes.1, 7, 12, 31 Soluble penton base of Ad2 and Ad5 has been 

shown to facilitate the entry of various membrane-impenetrable molecules87 including 

genes,88 siRNA89 and corroles.90 Moreover, the adenoviral hexon protein when fused into 

a polyethylenimine-plasmid complex can enhance the nuclear delivery of DNA, due to 

its nuclear homing capability.91 The soluble full-length fiber (with the C-terminal knob) 

of Ad5 demonstrated high uptake levels into mammalian cells in the absence of the whole 

viral capsid, utilizing an actin-mediated and temperature independent entry pathway. 

The fiber protein can assemble into a complex with protamine-condensed plasmid DNA 

and facilitate gene transfer.6 To target vectors to specific cell types except from the CAR 

receptor, the knob CAR-binding domain should be substituted with other cell targeting 

motifs. However, by removing the knob, the Ad fiber loses its trimerization ability. In the 

study in ref 13 the entire knob domain of the Ad5 fiber was deleted and replaced by an α-

helix trimerization motif from MoMuLV envelope glycoprotein, a Myc-epitope and a 6x-

His-tag. Knobless recombinant Ad5 fibers were capable of efficient trimerization and 

internalization through their His-tag interaction with the anti-His single chain antibody 

variant displayed on the cell surface.  Bifunctional adapter molecules have been 
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engineered that enable the targeting of the mosaic adenovirus fiber to alternative cellular 

receptors distinct from CAR. A metabolically biotinylated fiber mosaic Ad was fabricated 

through incorporation of a biotin acceptor peptide in the sequence of the fiber protein. 

The hybrid protein containing a luciferase expressing gene was effectively complexed 

with an epidermal growth factor (EGF) – streptavidin. The fiber mosaic virus was then 

retargeted to EGF receptor (EGFR) expressing cells and exhibited increased infectivity.92  

 

Our approach for designing Ad2 fiber proteins for therapeutic delivery. 

  As mentioned above, when the non-cell target specific foldon domain replaces the native 

globular head, the hybrid adenovirus fiber protein adopts its correct folding and 

trimerization into nanorods as was verified by solving the crystal structure of this 

chimeric protein (Figure 14). The hybrid protein is stable and can withstand extreme 

conditions. Additionally, functional specificities can be engineered into the hybrid fiber 

protein such as: cell- targeting motifs and metal-binding sites that will improve their 

properties and biomedical application use.93 

In this study we aimed to fabricate a series of protein fiber constructs in order to optimize 

the hybrid protein materials for each potential application.  The work conducted in this 

thesis has as source of inspiration the Ad2 fiber and stems from its hybrid construct, 

where the globular head was substituted by the foldon trimerization motif14 (Figure 15). 
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Figure 14: Crystal structure of the foldon fusion protein. Fusion construct consisting of 

human adenovirus type 2 fiber shaft residues 319–392 (bottom), a Gly-Ser linker, and 

bacteriophage T4 fibritin residues 457–483.93  

 

2. 2. List of chimeric proteins studied and modified:  

Linker and NoLinker proteins [L and NoL] : Chimeric protein with shaft residues Met61-

Gly392 of the natural fiber and with the foldon trimerization domain (Gly457–Leu483) 

substituting the globular head at the C-terminal end. The natural linker sequence (Asn-

Lys-Asn-Asp-Asp-Lys residues 393-398) that connects the globular head to the shaft was 

used to connect the shaft sequences to the fibritin foldon domain. (Figure 15B). A 

construct without the natural hexapeptide linker was also fabricated (Figure 15C) 



40 

 

 

Figure 15: Schematic representation of the A) natural stable adenovirus fragment 

(residues 61-582). Residues belonging to the shaft domain (Met61-Gly392) are symbolized 

with blue squares and residues belonging to the globular head (Leu399-Glu582) are 

symbolized with a circle and residues 393–398 (Asn-Lys-Asn-Asp-Asp-Lys) form the 

linker that connects the two parts. B) Chimeric protein Linker [L] that is comprised by 

the fibritin foldon domain (fibritin residues Gly457–Leu483, red triangle) fused to the C 

terminus of the shaft domain with use of the natural linker between the two domains. C) 

Chimeric protein NoLinker [NoL] without the natural linker. 

 

Linker-His and NoLinker-His [L-H and noL-H]: Chimeric protein with fragment 

residues Met61-Gly392 of the natural fiber and with the foldon trimerization domain 

(Gly457–Leu483) substituting the globular head at the C-terminal end. A 6xHis-tag was 

added to the N-terminal end of both Linker and NoLinker constructs. The His-tag was 

inserted in order to simplify the purification procedure by using a Ni-NTA column. From 

previous studies it was identified that degradation by proteases usually occurs at the N-

terminal part of the protein94 and not in the C-terminal, most presumably due to its 

folding (knob or foldon) that protects it from the protease action at the C-terminus. The 

His-tag was therefore inserted at the N-terminus with the rationale that could eventually 

stabilize the frail N-terminal ends. Moreover, even if degradation products should occur, 

only the intact protein would be collected by the nickel column. Furthermore the histidine 

tags can act as metal-binding sites and facilitate endosomal escape of the protein 

following the internalization into mammalian cells95 (Figure 16). 
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Figure 16:  Schematic representation of the chimeric protein A) [L-His]. A His-tag was 

added at the N-terminal end. The same procedure was followed for the construct B) 

without the linker [NoL-His]. Residues belonging to the shaft domain (Met61-Gly392) are 

symbolized with blue squares and residues and the foldon domain (Gly457–Leu483) with 

a red triangle. 

 

Protein Stable-Linker-His [StabL-His]: Chimeric protein with natural shaft sequence 

starting from Methionine 259 until Glycine 392 with the foldon trimerization motif 

(Gly457–Leu483). To stabilize and facilitate the purification of the construct a His-tag was 

added to the N-terminal end. The designed construct consists of less amino acids than 

the previously studied proteins starting from methionine 60, it is therefore a ‘shortened 

version” of the previously described constructs. It was anticipated to be more stable, with 

less degradation products and could also be obtained in soluble form. These properties 

could increase the chances for solving its crystal structure. Also, a soluble protein 

construct facilitates the production and purification processes as there is no requirement 

to be extracted from its aggregated form within inclusion bodies through denaturation – 

renaturation cycles. (Figure 17 ) 
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Figure 17: Schematic representation of the chimeric protein StabLH. The construct 

comprises the part of the natural shaft starting from Methionine 259 until glycine 392 

(blue rectangles), the foldon motif (red triangle) connected with the natural linker 

sequence plus a His-tag in the N-terminal end. 

 

Protein Foldon-Linker-Foldon [FLF]:  Chimeric protein with fragment residues Met61-

Gly392 of the natural fiber and with the foldon trimerization domain (Gly457–Leu483) 

incorporated at both the N- and C-terminal ends. The foldon motif was previously 

demonstrated that has a protective and stabilizing role.96 The new construct has also an 

additional foldon and a His-tag on the N-terminal end and the natural linker sequence 

(Asn-Lys-Asn-Asp-Asp-Lys residues 393-398) connects the fibritin foldon domain to the 

shaft (Figure 18). 

 

 

Figure 18: Schematic representation of the chimeric protein FLF (Foldon-Linker-Foldon) 

that is comprised by two fibritin foldon domains (fibritin residues Gly457–Leu483, red 

triangles) fused to the N- and C- terminus of the shaft domain. Residues belonging to the 
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shaft domain (Met61–Gly392) are symbolized with blue rectangles, and residues 393–398 

(Asn-Lys-Asn-Asp-Asp-Lys) form the linker that connects the two parts (shaft and foldon 

at the C-terminal end).  

 

Protein Linker-His-Biotin [LHB]. Chimeric protein with fragment residues Met61-

Gly392 of the fiber shaft, the natural six amino acid linker and the foldon trimerization 

domain (Gly457–Leu483) at the C-terminal end. A His-tag was added to the N- terminal 

end followed by a 14-peptide biotinylation site. The biotinylation site will enable the 

binding of cell targeting motifs, biotinylated nucleic acids and therapeutic molecules by 

exploiting the strong non-covalent biotin-streptavidin bond (Figure 19). 

 

 

 

Figure 19: Schematic representation of the chimeric protein [LHB]. His-tag was added at 

the C-terminal end followed by a 14- peptide biotinylation site. These two sequences were 

connected via a sequence coding for a thrombin cutting site.  

The in vivo biotinylation system 

Due to its extremely high binding constant, the interaction between biotin and 

streptavidin has been exploited for a large number of biotechnological applications. 
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Protein biotinylation in vivo can be achieved by co-expressing in bacterial cells the protein 

of interest fused to a 14 amino acid biotinylation sequence, (G-L-N-D-I-F-E-A-Q-K-I-E-

W-H)  and the BirA ligase that specifically biotinylates the lysine side-chain of the protein 

biotinylation sequence by joining it with the carboxyl group of the biotin molecule. 

Advantages that are associated with the in vivo biotinylation in contrast to the in vitro 

biotinylation are the uniform modification of the protein that excludes the use of 

intervening chemistry. Additionally, there is no need to separate modified products from 

unreacted chains and moreover avoids the purification of the ligase enzyme from the 

overexpressed protein97-98(Figure 20). 

 

Figure 20: BL21 cells with the two IPTG inductive plasmids. The plasmid pBirAcm 

contain the gene of BirA biotin ligase(orange). The other plasmid contains the gene of the 

protein of interest to be biotinylated (blue) along with its biotinylation sequence (orange). 

Adapted from www.avidity.com. 
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Protein Linker-His-Cysteine [LHCYS]:  The Linker-His [L-H] construct, as mentioned 

before, contains the shaft sequence (61-392), a His- tag on its N-terminal part and the 

natural six amino acid linker. In this construct a replacement mutation was designed 

where serine 350 was substituted with a cysteine. The specific position for the mutation 

was selected due to its location on an exposed loop (Figure 23). The insertion of a cysteine 

offers to the protein additional functionalities: formation of disulfide bonds, gold 

nanoparticle adhesion and  interaction with maleimide initiators through the sulfydryl 

group of cysteine. The latter would allow the initiation of polymerization for example 

with polystyrene of responsive polymers (Figure 21). Additionally, the same replacement 

mutation was inserted to the LHB construct to enable also the binding of biotinylated 

molecules through the 14-peptide biotinylation site of the protein (Figure 22). 

 

 

 

 

 

Figure 21: Schematic representation of the chimeric protein LHCYS. The new construct 

comprises the natural shaft starting from Methionine 60 until Glycine 392 (blue 

rectangles), the foldon motif (red triangle) connected with the natural linker sequence 

plus a His-tag in the terminal end. The exposed serine in position 350 was replaced with 

cysteine (yellow rectangle). 
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Figure 22: Schematic representation of the chimeric protein LHBCYS. The new construct 

comprises of the natural shaft starting from Methionine 60 until Glycine 392 (blue 

rectangles), the foldon motif (red triangle) connected with the natural linker sequence 

plus a His-tag and a 14-peptide biotinylation sequence at the N-terminal end. The 

exposed serine in position 350 was replaced with cysteine (yellow rectangle). 

 

 

Figure 23: Representation of the Serine to Cysteine residue substitution via site directed 

mutagenesis. The replacement occurred in a presumably exposed loop of the adenovirus 

shaft sequence. The structure of the protein presented here is based on the 

crystallographic studies of the chimeric adenovirus fiber–fibritin foldon protein (residues 

319-392).14 
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2. 3. MATERIALS AND METHODS 

Materials 

All reagents were purchased by Sigma unless otherwise stated. 

Methods 

Polymerase chain reaction (PCR) 

 PCR was conducted in order to amplify the gene of interest by simultaneously 

incorporating the essential restriction enzyme sites at its 5’ and 3’ ends, through the 

primers. Plasmid DNA or linear DNA containing the nucleic acid sequence of the protein 

of interest,  is used as a template.  

 

General Reaction for PCR : 

5 μL 10x polymerase buffer 

1 μL 100 mM MgSO4 

1 μL 10 mM dNTP mix 

1 μL 20 μM Forward primer  

1 μL 20 μM Reverse primer  

0.5μL of Deep Vent polymerase  

0.5-2μL of DNA 

H2O up to 50μL 
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Table 1: PCR Thermocycling Conditions: 

Protein 

Construct 

Initial 

Denaturation 
Cycles 

Final 

Extension 

L-H 95oC-5min 95oC-30s 59oC-30s 72oC-1min 72oC-5min 

N-H 95oC-5min 95oC-30s 59oC-30s 72oC-1min 72oC-5min 

StabL-H 95oC-5min 95oC-30s 55oC-30s 72oC-1min 72oC-5min 

FLF-H 95oC-5min 95oC-30s 58oC-30s 72oC-1min 72oC-5min 

LHB 95oC-5min 95oC-30s 59oC-30s 72oC-1.5min 72oC-5min 

LHCYS 98oC-30s 98oC-10s 62oC-30s 72oC-30s 72oC-3.5min 

LHBCYS 98oC-30s 98oC-10s 62oC-30s 72oC-30s 72oC-3.5min 

 

Reaction for Site-directed Mutagenesis(Q5 NEB kit): Site Directed Mutagenesis is used 

for the insertion, deletion or substitution of up to 6 nucleotides. 

1 μL PCR product  

5 μL 2x KLD Reaction Buffer 

1μL 10x KLD Enzyme Mix 

3Μl Nuclease-free water 

 

Double digest (cut) reaction 

For a 50 μL reaction: 

10 μL DNA 

33 μL water 

The mixture was heated at 70 οC for 10 min, then cooled on ice for 1 min and spun down 

before the addition of the remaining reagents. 
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5 μL of a 10x buffer for optimal performance (usually CutSmart® Buffer-New England 

Biolabs) 

1 μL of each restriction endonuclease 

 

Dephosphorylation reaction 

18 μL vector 

2.1 μL 10x Antarctic phosphatase buffer 

1 μL Antarctic phosphatase (New England Biolabs) 

Dephosphorylation was conducted at 37 οC for 15 min and the enzyme was heat-

deactivated at  

70 οC for 5 min. The mixture was then cooled on ice for 1 min and spun down. 

 

Ligation reaction 

50 ng dephosphorylated vector 

37.5 ng insert gene 

1 μL T4 ligase (New England Biolabs) 

2 μL T4 ligase buffer 

water was added to a final volume of 20 μL 

The reaction was conducted overnight at 16 οC 

Plasmid isolation with mini-preps 

The DH5a E.coli cells were transformed with 10μL of the ligation products. The produced 

colonies were inoculated O/N at 37oC in 5ml LB. Plasmid isolation followed with mini-

preps. Successful cloning of the gene into the plasmid was verified by the digestion of the 

plasmid with the corresponding restriction enzymes and the existence of a band at the 

specific kb in an agarose gel. 

Table 2: Protein constructs fabricated in this study 
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Protein 

Construct 

Vector Modification Primers Restriction 

Enzymes 

L-H pet28a Addition of a 

6xHis-tag at 

the N-

terminus 

FW:TATACCCGGGGAATGCTTGCGCTTAAAATG 

SmaI/ClaI 
RV:CCGCATCGATCTATAAAAAGGTAGAAAGGAATACC

CA 

N-H pet28a Addition of a 

6xHis-tag at 

the N-

terminus 

FW:TATACCCGGGGAATGCTTGCGCTTAAAATG 

SmaI/ClaI 
RV:CCGCATCGATCTATAAAAAGGTAGAAAGGAATACC

CA 

StabL-H pet28a Construct start 

at Methionine-

259 

FW: GCGGCATATGCGTATAAATAACAACTTGTTAATTC 

XhoI/NdeI 
RV: CGGGCTCGAGTCTATAAAAAGGTAGAAAGGAA 

FLF-H pet28a Addition of a 

foldon motif at 

the N-

terminus 

FW:GCGCCATATGGGTTATATTCCTGAAGCT 

SmaI/ClaI 
RV: CGGGCTCGAGTCTATAAAAAGGTAGAAAGGAA 

LHB pet28a

-biotin 

Addition of a 

biotinylation 

site 

FW:GGCCGAATTCATGCTTGCGCTT XhoI/eCoRI 

RV: CGGGCTCGAGTCTATAAAAAGGTAGAAAGGAA 

LHCYS pet28a Substitution of 

a Serine with 

Cysteine 

FW: TACAAACACATGTGAGTCTCCAG - 

RV: TCAAACTCCAGACCCTTTC 

LHBCYS pet28a

-biotin 

Substitution of 

a Serine with 

Cysteine 

FW: TACAAACACATGTGAGTCTCCAG - 

RV: TCAAACTCCAGACCCTTTC 

 

Agarose gel electrophoresis 

Agarose gel electrophoresis is a method used for the separation of DNA fragments 

according to their size99 and is used in order to evaluate and isolate the desired products 
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from PCR and cut reactions. A 1% w/v or 4% agarose in TAE buffer mixture was 

prepared. The mixture was heated in a microwave until agarose was dissolved. Gel red 

stain (GelRed™ Nucleic Acid Gel Stain, 10000x in water – BIOTIUM) was  also diluted 

10000-fold. The agarose gel was deposited in a horizontal electrophoresis apparatus and 

the apparatus was filled with 1x TAE buffer. A DNA sample was mixed with Gel Loading 

Dye (New England Biolabs) and loaded into the wells of  the  gel. A 2-log DNA ladder 

(New England Biolabs) was also mixed with the loading dye and loaded in the gel. An 

electric field of 90 V was applied until the samples entered the gel and then the voltage 

was increased to 120 V. Agarose gels were viewed using a UV-lamp. UV light excites the 

gel red stain which is bound to DNA, rendering the samples visible.    

Tris-Acetate-EDTA (TAE) Buffer (50x stock): 242 g/L Tris,    18.61 g/L EDTA, pH is adjusted 

to 8 using Acetic Acid  

 

Competent cell preparation (for E. coli DH5α and BL21(DE3) and BL21(PG-KJE8) 

 E. coli cells were prepared in order to yield transformed colonies. A variation of the 

protocol described by Sambrook100 was followed. For the preparation of competent cells, 

5 ml of LB medium were inoculated with the desired strain and the cells were incubated 

overnight at 37 οC. Then 50-100 ml LB medium were inoculated with 0.5-1 mL of the 

overnight cultures. The cells are incubated at 37 οC with shaking at 250 rpm until the 

optical density at λ=600 nm (O.D.600) was 0.4-0.6. The cultures were then centrifuged in 

falcon tubes at 2500 rpm for 10 min at 4 οC. Cells were gently resuspended in 15-30 ml 

TfbI buffer and incubated on ice for 30 min. The suspension was centrifuged again at 3500 

rpm for 10 min at 4 οC and the cells were resuspended gently in 2-4 ml TfbII buffer. 

Aliquots of 100 μL were transferred in pre-cooled eppendorf tubes tubes, frozen in liquid 

N2 or dry ice and stored at -80 οC. 
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TfbI buffer:  30mM CH3COOK,   50mM MnCl2,   100mM KCl,  10mM CaCl2,  15% glycerol. 

water was added to reach the final volume (usually a 100 mL stock solution was 

prepared) 

TfbII buffer: MOPS pH:7 10 mM,  75mM CaCl2,  10mM KCl,  15% glycerol 

water was added to reach the final volume (usually a 100 mL stock solution was 

prepared) 

 

Transformation of competent E. coli cells with plasmid DNA 

The competent cells prepared were transfected with the plasmid DNA. A variation of the 

protocol described by Sambrook100 was followed. An aliquot of competent cells (~100 μL) 

was thawed on ice and mixed with 1-10 ng of plasmid DNA. For the biotinylation of the 

LHB protein, an equal quantity of the pBirAcm plasmid, coding for biotin ligase, was also 

added. The mixture was left on ice for 30 min. A heat-shock was induced by incubation 

at 42 οC for 90 sec and then on ice for 2 min. After the heat-shock, 900 μL of LB medium 

were added and the cells were incubated for 1 h at 37οC with shaking at 250 rpm. 

Subsequently, the suspension was centrifuged at 2000 rpm for 2 min and most of the 

supernatant was removed. The pelleted cells were resuspended in the remaining 

supernatant (ca. 100 μL) and plated onto LB/agar plates containing the selection 

antibiotic(s). The plates were incubated at 37οC overnight.  

 

Recombinant Protein Overexpression 

E. coli BL21(DE3) and E.coli BL21 PG-KJE8 (strain with the chaperones dnaK, dnaJ, grpE, 

groES, groEL - for enhancement of protein folding) cells were used for recombinant 

protein overexpression. Precultures were prepared by resuspending a single colony from 

the LB/agar plates in liquid LB medium with antibiotic(s). Precultures were incubated 

overnight at 37 οC with shaking at 250 rpm. LB medium with antibiotic(s), ca. 25 times 
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the preculture volume, was then inoculated with the preculture and incubated at 37οC 

with shaking at 250 rpm until the optical density at λ=600 nm (O.D.600) was 0.5-0.8 . For 

the biotinylation of the LHB protein, a solution containing 1.2mg biotin in 10ml of 10mM 

Bicine buffer pH:8  is added in the culture to reach a final biotin concentration of 12 

μg/mL. Protein expression was induced with IPTG at a final concentration of 1 mM and 

cells were incubated at 37 οC for 4 h or 16 οC, 30 οC overnight, aerated by shaking at 250 

rpm. Cells were harvested by centrifugation of the culture at 7000 rpm for 15 min. For a 

long-term storage of the bacterial strains, bacterial stab cultures were prepared by mixing 

500 μL of a grown preculture with an equal volume of 80% glycerol. The stab cultures 

were stored at -80 οC. 

Antibiotics used, depending on E.coli strain and plasmid vector used 

Ampicillin (Sigma-Aldrich) in water (100 mg/mL)  

Kanamycin (Sigma-Aldrich) in water (50 mg/mL) 

Chloramphenicol (Sigma-Aldrich) in ethanol (34 mg/mL) 

were diluted 1000-fold in Luria Bertani (LB) medium or LB-agar for negative selection. 

 

Cell Lysis 

After harvesting, the cell pellet was resuspended in four volumes of lysis buffer (buffer 

depending on the construct-Table 3 ). The lysis method includes three freeze-thaw cycles 

at -80 οC and 37 οC respectively, the addition of 2 mg/mL lysozyme with 1h incubation at 

37oC and the addition of 1x protease inhibitor cocktail. Three more freeze-thaw cycles 

followed and the cell suspension  was incubated  for 30 min at room temperature while 

shaking with DNase I (Roche) at a final concentration of 100 μg/mL as well as MgSO4  at 

a concentration of 100 mM. The cell lysate is compressed in French press at 1000 psi 

followed by 10 x sonication cycles on ice each of 30 s sonication pulse followed by cooling 

intervals of 30 s. French press could only be used for culture volumes above 1L. After 
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lysis, the lysate is centrifuged at 7000 rpm for 30 min and the supernatant was separated 

from the pellet. The pellet (this step should be applied only if the protein aggregates into 

inclusion bodies) is ‘washed’ under shaking for 10min and a following centrifugation, 

with Urea 1M then Triton 1% and Tris-HCl pH: 9, to remove unspecific bound impurities. 

The resultant pellet is resuspended in the initial volume in resuspension buffer. For 

cultures where the protein aggregates into inclusion bodies (IB) the resuspension buffer 

for the pellet contains 6 M of urea to unfold the IB and  is mixed overnight at 4 οC. After 

mixing, the remaining insoluble products were separated by centrifugation at 7000 rpm 

for 30 min.  
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Table 3: Table of Buffers 

Lysis buffer Resuspension buffer -

Native -for purification 

into a Ni-NTA column 

Resuspension 

buffer for 

inclusion 

bodies 

unfolding 

Dialysis 

buffer 

50mM   

Tris-HCl pH 9 

20mM Tris-HCl pH 9 20mM Tris-

HCl pH 9 

20mM  

Tris-HCl pH 9 

or Phosphate 

buffer pH:9 

2mM EDTA Imidazole 10mM 6M Urea NaCl 0.2M 

Triton 4% NaCl 0.5M NaCl 0.5M  

Glycerol 5% *For purification in a non 

Ni-NTA column, NaCl 

0.2M, and no Imidazole is 

used. 

Imidazole 

10mM 

 

NaCl 30mM  *  

 

 

Protein purification (Ni-NTA column, streptavidin column, Q-Sepharose column ) 

Cytosoluble proteins were purified from the supernatant obtained after the lysis, whereas 

insoluble proteins were purified from the supernatant obtained after resuspension of the 

pellet in 6M urea. The proteins that contained a C-terminal 6x His-tag were purified using 
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a Ni-NTA affinity purification column. 2 ml of bulk Ni-NTA beads was used. The beads 

were deposited in a gravity-flow column and the supernatant was passed three times. 

Then, the beads were washed with 8 volumes of two washing buffers with increasing 

imidazole concentration (10 and 30 mM). The protein was eluted with increasing 

imidazole concentration (50, 75, 100,150,250 and 500 mM). 

Elutions and washing buffers should also contain 0.5M of NaCl to reduce binding of 

unspecific proteins.  

Biotinylated proteins could also be purified using a streptavidin column (Streptavidin-

Sepharose™ High Performance affinity column-Amersham Biosciences AB). The column 

was equilibrated with 10 volumes of binding buffer and the protein solution was passed 

three times. Subsequently, the column was washed with 10 volumes of binding buffer 

and with 20 volumes of elution buffer. Every 2 mL of the eluate were gathered in 2 mL-

eppendorf tubes and were neutralized with 200 μL 1M Tris-HCl pH 9.  

Elution buffer: 8 M guanidine-HCl (GdnCl), pH 1.5 

Binding Buffer: 20 mM sodium phosphate, 0.15 M NaCl, pH 7.5 

 

Proteins that do not contain any functional group were purified by a Q-Sepharose 

column. This column is comprised by positively charged beads, so only the negatively 

charged proteins are being bound to the column. The proteins to be purified should be 

resuspended in a buffer with a pH>pI in order to render them negatively charged. The 

bound proteins are eluted with increasing concentrations of NaCl (50, 75, 100, 250, 

500mM). This method is not protein specific and usually another purification method is 

needed in combination, to get rid of impurities unspecifically bound to the column. 
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Dialysis 

A buffer exchange was achieved using dialysis. After the purification, the elution 

fractions were pooled and sealed in a dialysis tubing cellulose membrane (14 kDa 

molecular weight cut-off). The membrane was transferred in 2 L of the desired buffer (50 

mM sodium phosphate pH 9 or 50 mM Tris-HCl pH 9 and NaCl 0.2M) and dialyzed for 

1h, for an exhaustive dialysis the membrane was immersed into a fresh dialysis buffer 

and left to additionally dialyze overnight at 4 οC. The dialyzed samples were concentrated 

using an Amicon centrifugal filter (10 or 30 kDa molecular weight cut-off) in order to 

achieve increase to protein’s concentration. 

 

Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis(SDS-PAGE) 

SDS-PAGE is a method used for the separation of proteins according to their molecular 

weight.101 In this study, it was used to monitor the expression of the proteins as well as 

their condition after each processing step (e.g. possible impurities, degradation 

products). SDS, boiling, and β-mercaptoethanol are used in order to denature the protein. 

SDS binds to the linear protein molecule and confers a uniform negative charge. Then, 

the proteins are loaded on the SDS polyacrylamide gel and migrate across the gel in the 

presence of an electric field. The migration is size-dependent; larger proteins migrate less 

than smaller proteins, since they cannot fit easily into the pores of the gel. In this study, 

the separating and stacking polyacrylamide gels were used with an acrylamide content 

of 7.5% or 12% and 4.5% respectively. The separating gels were prepared by mixing 

acrylamide with water and separating buffer. Polymerization was induced when APS 

and TEMED were added and the mixture was deposited between glass plates for 

electrophoresis. Isopropanol was added on top and the mixture was left to harden for 

approximately 1h. After gel polymerization, isopropanol was removed and the stacking 
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gel mixture was deposited on top of the separating gel. Gel combs were placed on top of 

the stacking gel mixture for the formation of wells. The stacking gel was also left to 

polymerize for 30 min and the gel was transferred in the electrophoresis apparatus, which 

was filled with running buffer (1x). The samples studied were mixed with loading buffer 

for SDS-PAGE, boiled for 5 min at 100 οC and loaded in the wells. Protein molecular 

weight marker (Precision Plus Protein™ Dual Color Standards – BIORAD) was also 

loaded in a well and electrophoresis was performed at 200 V for ca. 1h. For samples 

containing GdnCl, a precipitation protocol was followed before loading in the gel. An 

aliquot of 25 μL from each sample was transferred in 225 μL cold 100% ethanol, vortex-

mixed, and left at -20 οC for 10 min. The mixture was centrifuged at 15000 g for 5 min and 

the supernatant was removed. The pellet was vortex-mixed in 90% cold ethanol and 

centrifuged at 15000 g for 5min. The supernatant was removed and the pellet was mixed 

in 25μL 1x loading buffer, boiled at 100 οC for 5 min, and loaded in the gel. The gels were 

stained with Coomassie Blue stain, which binds to protein molecules. After destaining 

the gels, only the protein bands remained colored. 

Lower Separating buffer: 187 g/L Tris-HCl pH 8.8, 0.4% w/v Sodium Dodecyl Sulfate 

Upper Stacking buffer: 60.5 g/L Tris-HCl pH 6.8, 0.4% w/v Sodium Dodecyl Sulfate 

Running buffer 10x: 30.3 g/L Tris, 144.1 g/L glycine, 10 g/L SDS 

Loading buffer for SDS-PAGE (For 100 mL stock 3x solution): 18.8 mL 1 M Tris-HCl pH 6.8, 

6 g SDS, 15 mL β-mercaptoethanol, 30 mL glycerol, a pinch of Bromophenol blue  

 

Western Blot 

Western blot is a technique that involves the immunological recognition of a protein 

using monoclonal antibodies. In the present study, monoclonal anti-His and anti-biotin 

antibodies were used. A PVDF membrane (Westran S - Whatman) was activated by 

submerging in methanol. An electrophoresed polyacrylamide gel and the membrane 
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were sandwiched between paper and sponges soaked in Transfer buffer 1x. All these 

were tightly packed and submerged in the transferring apparatus, which was filled with 

Transfer buffer 1x. An electrical field of 35 V was applied for ca. 2.5 h for the protein 

transfer onto the PVDF membrane. The membrane was blocked by mild shaking in 5% 

w/v skimmed milk in 1x phosphate-buffered saline (PBS) for 1 h at room temperature. 

After blocking, the PBS-milk was removed and the membrane was soaked in a solution 

of PBS-milk containing the primary antibody, mouse anti-His (Qiagen) or streptavidin 

alkaline phosphatase from Streptomyces avidinii diluted 2000-fold. The membrane 

remained in this solution overnight at 4 οC under mild shaking. The next day, the 

membrane was washed three times by shaking for 15 min in a solution of 1x PBS with 

0.04% Tween 20. Then, the membrane was washed again with PBS-milk and soaked in a 

solution of PBS-milk containing the secondary antibody (anti-mouse IgG-alkaline 

phosphatase) diluted 20000-fold. The membrane remains in the solution of the secondary 

antibody for 2 h at room temperature under mild shaking. After the addition of the 

secondary antibody, the membrane was washed three times by shaking for 15 min in  

PBS-Tween 20 and then quickly washed with 1x alkaline phosphatase buffer. The protein 

bands detected by the antibodies were colored when 176μλ/10ml NBT-BCIP in 1x 

alkaline phosphatase buffer was added. Alkaline phosphatase dephosphorylates BCIP 

which in turn reacts with NBT to form an indigo-blue precipitate. For biotin identification 

the antibody  streptavidin alkaline phosphatase needs only one hour incubation in room 

temperature and subsequent wash with PBS-Tween 20 and 1x alkaline phosphatase 

buffer, followed by the NBT-BCIP color detection. 

Transfer buffer 1x (18.8g/L glycine, 3g Tris). 
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Dot Blot 

In a strip of a PVDF membrane, are blotted 10 µl  of different concentrations of 

recombinant protein or 10 µl of 100 µg/ml of primary antibody onto membrane. The 

membrane is incubated 1 hour at room temperature. The membrane and the spots should 

be dry before proceeding to the next step. The membrane is blocked with 5% dry milk in 

TTBS (50 mM Tris, 0.5 M NaCl, 0.05% Tween-20, pH 7.4) for 1 hour at room temperature. 

Block buffer is removed after this period but the membrane should be kept wet at all 

times for the remainder of the procedure. Incubation of the membrane with primary 

antibody for 1hr at RT in TTBS (anti-His or streptavidin alkaline phosphatase). The 

membrane is washed 3 times (10 minutes each) in TTBS on rocker. Incubation of the 

membrane with secondary antibody(anti-goat-alkaline phosphatase) for 1 hour at room 

temperature in TTBS.(for streptavidin-AP this step and the following are skipped). 3 

times washes (10 minutes each) of the membrane in TTBS on rocker. Chemiluminescent 

detection with the 176μl/10ml of BCIP-NBT. 

 

Cell internalization of the proteins and protein conjugates  

All cell lines were cultured at 37oC, 5% CO2 in DMEM (Gibco) supplemented with 10% 

fetal bovine serum (Gibco) and 50μg/ml gentamycin. 5x104 HeLa, HEK293T or fibroblast 

NIH3T3 cells were seeded for 24h in a 24 well plate after addition of a 13mm TC Coverslip 

at the bottom of the well. The culture medium (DMEM) was replaced and 50-100μg of 

the protein or  protein-conjugate, diluted in 0.5ml DMEM, was added for overnight 

incubation. Culture media was aspirated and the cells were carefully washed two times 

with PBS 1x. The cells were fixed with 4% formaldehyde for 15min, washed with PBS 1x 

and permeabilized for 5 min with 0.1%Triton X-100. After washing twice with PBS 1x and 

incubating for 30min with BSA2%-PBS 1x, the cells were treated with the staining 
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solution containing the AlexaFluor 680 Phalloidin dye. Two additional washing steps 

with PBS 1x followed before the coverslip was mounted on a microscope coverslip 

containing a drop of the DAPI nuclear staining dye. The internalization and subcellular 

localization of the stained pDNA was assessed in a Leica SP8 inverted confocal 

microscope at ex/em 679/702 nm for the AlexaFluor 680 Phalloidin dye, ex/em  488/520nm 

Fluorescein-protein conjugate and ex/em 360/460nm for DAPI nucleus stain. 

 

MTT cell proliferation assay 

Cell viability in the presence of the peptides was studied by monitoring the conversion 

of Thiazolyl Blue Tetrazolium Bromide reagent (MTT) into formazan by the 

mitochondrial dehydrogenases of the living cells. Fibroblast cells with concentrations of 

7x103 cells/well were cultured in a 96-plate for 24h. Removal of the medium was followed 

by treatment of the cells with increasing concentrations (10-800 μg) of the protein, 

suspended in a total volume of 200μl of culture medium. Cells which were not treated 

with the peptide, served as control. After 48h incubation, the medium was carefully 

removed and replaced with 100μl of fresh medium and 10μl of MTT (5mg/ml) was 

dissolved in PBS 1x. The cells were incubated for 4 h to allow the development of the 

purple formazan products and the MTT-culture medium was substituted with 100μl of 

isopropanol-DMSO 1:1 solution. The formazan crystals were allowed to dissolve for 

15min at 37oC. The absorbance was measured at 570nm in a Synergy HTX BioTEK Plate 

Reader. 

 

TEM 

Transmission Electron Microscopy was used to observe protein molecules after 

purification as well as protein nanostructures. A sample solution of 8 μL was deposited 
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onto a copper grid covered with formvar or carbon/formvar. The sample solution was 

left onto the grid for 2 min and the excess solution was removed using a filter paper. 

Subsequently, 8 μL of 1% Uranyl acetate (for sample pH≤7) or Phosphotungstic acid (for 

sample pH>7) negative stain was applied, left for 2 min and the excess solution was 

removed using a filter paper. 

Protein labeling with NHS-fluorescein 

N-Hydroxysuccinimide (NHS)-ester Fluorescein is a simple and common labeling 

reagent for labeling proteins. It reacts efficiently with primary amino groups (-NH2) in 

pH 7-9 buffers and forms stable amide bonds. Proteins generally have several primary 

amines in the side chain of lysine (K) residues that are available as targets for NHS-ester 

reagents. Buffers that contain primary amines (e.g., Tris or glycine) are not compatible 

with NHS-Fluorescein because they react with the NHS-ester moiety and compete with 

the intended reaction. When conjugating antibody with NHS-Fluorescein, a 15- to 20-fold 

molar excess of the fluorescent dye is optimal. 

Labeling Reaction: 

1. Dissolve 1mg of NHS-Fluorescein with 100μL of DMF or DMSO.  

2. Calculation of the appropriate amount of Fluorescein and protein. 
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3. Mixing  and incubation at room temperature for 1 hour or on ice for 2 hours. 

4. Removal of the non-reacted NHS-Fluorescein by dialysis and storage of the labelled 

protein at 4oC. 

 

Protein conjugation with Nanoparticles NPs 

Protein conjugation with Ni-NTA NPs through the His-tag 

The 5 nm Ni-NTA NPs (Nanogold) are designed for the detection or localization of 

Histidine (His)-tagged recombinant proteins in multisubunit protein complexes, tissue 

or cell samples using transmission electron microscopy (TEM). The labelling can occur 

under both non-denaturing and denaturing conditions. 

 

Figure 24: Interaction between a His-tagged protein and 5 nm Ni-NTA-Nanogold® 
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Labelling Reaction: 

1. The protein should be prepared ideally at pH:7-9   (20 mM Tris at pH 7.6 with 150 mM 

NaCl).  

2. Incubation of the protein with 10 molar excess of 5 nm Ni-NTA-Nanogold® for 30 

minutes at room temperature or 4°C.  

3. Remove the unbound gold nanoparticles from labeled protein conjugates 

centrifugation or dialysis.  

4. Load gold labeled protein complex on a carbon coated EM grid and observe under 

TEM 

 

Protein Labelling with Alexa Fluor® 594 Fluoronanogold-Streptavidin NPs 

AlexaFluor594  FluoroNanogold-Streptavidin  consists  of  a streptavidin protein 

conjugated to AlexaFluor 594 dye (red) and the 1.4 nm Nanogold® particle. The 

combination of the fluorescent and the gold nanoparticle, allows imaging of the  same  

exact  structure  in  both  TEM and confocal microscopes. 

 

Figure 25: Streptavidin covalently conjugated to AlexaFluor®594 and Nanogold® to give 

Alexa Fluor® FluoroNanogold™ - Streptavidin.   
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Labelling process: 

Incubation with the appropriate concentration of biotinylated protein for 1 hour at room 

temperature. The biotinylated protein can also be stained with NHS-fluorescein(green). 

Removal of NPs excess with dialysis in Amicon concentration tubes. Incubation with the 

cell line of interest for 24h hours and a final stain of the cells with nuclear dye Hoechst 

33342, fixation with paraformaldehyde and observation of the protein-NP conjugate with 

confocal microscopy.  
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2. 4. RESULTS  

All protein constructs were designed with molecular cloning techniques and produced 

with bacterial overexpression. The purification was performed for the majority of the 

proteins under denaturing conditions that were followed by refolding through dialysis. 

Each protein construct was modified to improve specific protein properties like stability,  

reduced degradation products or high protein production, or serve a specific purpose 

and application. Results will be recited according to each protein construct. 

 

Proteins Linker [L] and NoLinker [NoL] 

 

The chimeric proteins with fragment residues Met61-Gly392 of the natural fiber and with 

the foldon trimerization domain (Gly457–Leu483) substituted at the C-terminal end 

instead of the native globular head were designed and cloned by Dr. Papanikolopoulou 

(ref20) The proteins were overexpressed and purified in order to verify their  ability to 

self-assemble into the  stable trimeric form and adopt a  nanorod conformation.  
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Overexpression of the chimeric proteins 

                

Figure 26:  Overexpression of chimeric proteins [L] and [NoL] before and after induction 

with IPTG. Lanes: M: protein markers, 1+2: proteins[L] and [NoL] accordingly before 

induction with IPTG, 3+4: proteins [L] and [NoL] after 4 hours of the induction. The 

samples are boiled at 100oC for 5min before loading. At ~40kD a discrete band is observed 

for both proteins which confirms that the proteins are overexpressed. The red asterisk 

indicates the band of L which is slightly higher that the band of NoL (black  asterisk). The 

mobility difference of the two bands which is due to the presence of the linker, is clearly 

observed. 6+8: Protein [L] and [NoL] after 4h of induction without boiling the sample. 

The monomeric bands disappear and two new bands appear at around 150 and 250kD. 

In the presence of SDS and upon boiling at 100oC, the full length protein starts to unfold 

from its N-terminus end.18 This result  suggests that the two proteins [L] and [NoL] must 

adopt a trimeric form and unfold to the monomer form only upon boiling. Therefore, the 

foldon functions successfully as a trimerization motif for these constructs.  

  

Inclusion bodies lysis and purification under denaturing conditions. 

After cell lysis the proteins are located in the remaining pellet, indicating that they were  

folded, aggregated and stored into inclusion bodies. 
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Figure 27: Cell lysis and Inclusion bodies’ washes. Left Gel for the Linker protein and 

Right Gel for NoL protein. 

Lanes 

M: protein markers  

1: 0h before IPTG induction  

2: overexpressed 4h after IPTG induction  

3: protein lysate  

4: supernatant after centrifugation of the lysate 

5: pellet after centrifugation of the lysate 

6: supernatant after pellet washes  

7: pellet after washes 

 

Cell lysis is complete and protein is clearly located into the inclusion bodies pellet. To 

retrieve the proteins in their trimeric form, the inclusion bodies aggregates comprised by 

the protein should be denatured by Urea, purified and refolded after dialysis to remove 

the denaturing agent. 

Striking observation: although in the pellet, the proteins remain in their trimeric form 

which means that partial unfolding and aggregation probably drives the partially 

trimeric chains to aggregate and form a pellet. This hypothesis is further corroborated 

from the observation of lower molecular mass bands than the monomer, indicating that, 
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to some extent, the partially unfolded chains get digested by proteases during the 

expression and / or post lysis steps (see below). 

 

Purification of the protein with a Q-Sepharose column  

           

 

Figure 28: (Left) Purification of protein [L] with Q-sepharose column. Elution of the 

protein with increasing concentrations of NaCl. The protein was eluted at 50-100mM 

NaCl. Lanes: M: protein markers, 1: Supernatant of the protein after cell lysis with Urea 

6M.   2-5: elution fractions of the protein at 50mM NaCl. 6-9:  elution fractions of the 

protein at 100mM NaCl. 

(Right) Purification of protein [NoL] with Q-sepharose column. Elution of the protein 

with increasing concentrations of NaCl. The protein was eluted at 50-100mM NaCl. 

Lanes: M: protein markers, 1: Supernatant of the protein after cell lysis with Urea 6M.   2-

8:  elution fractions of the protein at 100mM NaCl. 

 

Dialysis and protein refolding into its trimeric state 

Exhaustive  dialysis followed the purification for both proteins in order to remove urea 

and to change the buffer to 20mM phosphate pH:7. Excess of protease inhibitors was used 

in order to inhibit protein degradation due to possible recovery of the protease activities  

during the removal of urea-which keeps them unfolded and inactive.  
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Figure 29: Refolding of the proteins after Dialysis. Protein [L](red asterisk) is detected 

higher than [NoL](black asterisk), at 38.3kDa and 37.5kDa accordingly. The partially 

unfolded trimer migrates higher in the SDS-PAGE gel than the correctly trimerized 

protein. Below the monomer protein bands are detected the degradation products of the 

same proteins which must be a result of the protease activity during protein 

overexpression and cell lysis. 

Lanes:  

1: protein markers  

2: protein[L] dialysed, boiled   

3: protein[L] dialysed, unboiled  .  

4: protein[NoL] dialysed, boiled   

5: protein[NoL] dialysed, unboiled   
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The difference in molecular mass between the two constructs is attributed to the presence 

or absence of the six amino acid natural linker that connect the shaft segment with the 

trimerization motif. At lower molecular weights between 15-20kDa one extra band is 

detected that corresponds to a shorter version of the protein, whose amino acid sequences 

were most probably truncated by proteases (degradation products). Furthermore, at 

lanes 3 and 4 two bands are detected at 250 and 150kDa that represent the folded and 

trimeric version of the proteins (arrows). The presence of the highest band at 250kDa is 

attributed to a partially unfolded and expanded conformation of the folded protein due 

to SDS (termed “umbrella effect”).  

 

Proteins L and NoL are adopting a nanorod conformation. 

Both proteins seem to form rods as was observed with TEM observation  (Figure 30 and 

Figure 31). 
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Figure 30: TEM picture of concentrated, purified and folded protein [L]. Νanorods are 

distinguished indicating that the protein must adopt a trimeric conformation. 
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Figure 31: TEM picture of purified protein [NoL] diluted in water at 1:10. There are many 

visible nanorods (some of them are marked with black circles) indicating that the protein 

must adopt a trimeric conformation. Further observations should be made with more 

diluted protein samples for optimal pictures. 

 

The above TEM images suggest that the shaft sequences retain their capacity to fold into 

their native beta-spiral fibrous fold when fused to the fibritin C-terminal trimerization 

motif.  

Through the foldon addition at the C-terminus, we achieved increased overexpression of 

the protein compared to the native fiber protein with the globular head, although the 

production of degradation products could not be avoided even if protease inhibitors were 

used throughout the protein manipulation. It was deducted that the protein may be 

affected by proteases and being truncated at the very beginning or during the protein 
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overexpression. The same problem was noted with the shaft segment alone which 

contained no trimerization motif (Met61-Leu392)- in Ariadni Prigipaki’s  PhD Thesis102 . 

The extra bands migrating below the monomer molecular mass were confirmed with 

amino acid sequencing to be a shorter version of the protein processed  in its N-terminus. 

Taking this into account, we hypothesized that inserting a Histidine – tag at the N-

terminus might convey decreased sensitivity to proteases, therefore proceeded to 

fabricate these constructs. 

 

 

Linker-His [L-H] and NoLinker-His [NoL-H]  

 

 

Overexpression of the chimeric proteins L-His and NoL-His 

 

 

 

 

Figure 32: Overexpression of the chimeric proteins [L-

His] before and after induction with IPTG (boiled). 

Lanes: M: protein markers, 1: protein[L-His] before 

induction with IPTG, 2: protein after 4 hours of the 

induction (boiled sample at 100oC for 5min. Same 

results also apply for NoL-H. At ~40kD a discrete band 

is observed for both proteins [L-H & NoL-H] which 

confirms that the proteins are overexpressed.  
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Purification, refolding and trimerization control of the constructs Linker-His and NoLinker-His 

The stages that followed the protein overexpession were the following:  

a. Purification with the use of Urea in a Nickel-NTA column. 

b. Dialysis for the removal of Urea, Imidazole and salts.  

 

The results of the above procedures are summed up in the following polyacrylamide gel. 

 

Figure 33:  Linker-His and NoLinker-His refolding into their trimeric conformation after 

dialysis. 
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In Lane 1 and 3 is distinguished the purified protein at 40kDa after boiling at 100oC. (A 

procedure which in combination with SDS unfolds the protein to its monomers). No other 

proteins were detected which confirms the successful purification of the  protein. 

In Lanes 2 and 4 the band at 40kDa disappears with concomitant appearance of two 

thinner but higher molecular weight bands between 250 and 150 kDa. The same protein 

samples were loaded but without boiling. Therefore the successful trimerization of the 

proteins was confirmed. Moreover, no lower molecular mass bands are observed 

underneath the boiled samples, (in comparison to Figure 29). From these results it is 

evident that the chimeric proteins Linker-His and NoLinker-His are able to adopt their 

trimeric conformation with no proteolytic degradation products. Therefore, the addition 

of a His-tag at the N-terminus ends indeed stabilizes against “frailing” of this end and 

proteolytic degradation.  

 

Foldon-Linker-Foldon with 6xHis-tag (FLF-His) 

 

This construct was amplified with an additional “foldon” motif for potentially increasing 

its stability against unfolding and/or against proteases. 
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Overexpression of the chimeric protein FLF-H (Foldon Linker Foldon with His-tag) and cell lysis. 

 

 

Figure 34: Overexpression of the chimeric protein FLF-H before and after induction with 

IPTG (boiled and unboiled). Cell lysis of the FLF-H. Lanes: 1: protein markers, 2: protein 

[FLF-H] before induction with IPTG, 3: protein [FLF-H] after 4 hours of the induction 

(boiled sample at 100oC for 5min.4: protein [FLF-H] after 4 hours of the induction 

(unboiled sample). 5: pellet after cell lysis, boiled, 6: supernatant after cell lysis, boiled.7: 

supernatant after cell lysis, unboiled sample) 8: washed pellet, boiled. 9: washed pellet, 

unboiled. 10: supernatant,boiled.  

At ~40kD an intense  discrete band is observed which confirms that the protein is indeed 

overexpressed.  
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Purification of FLF-H protein with Ni-NTA column 

 

Figure 35: Affinity Purification of the protein through the interaction of its His-tag with 

the Ni-NTA beads 

Lane 1: Supernatant after cell lysis 

Lane 2: Protein markers 

Lane 3: Flow-through 

Lane 4&5: Wash 

Lane 6-15: Elution with increasing concentrations 50-250mM of Imidazole. 

 

Proper Refolding of FLF-H  

Chimeric protein FLF, (one foldon on each end) was tested whether it was able to 

trimerize properly following in vitro refolding. The protein FLF previously unfolded and 

in the monomeric state, was able to fold successfully in its trimeric state. 
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Figure 36: Refolding studies of FLF-H. SDS electrophoresis were  performed in the cold 

room with sample buffer containing 0.1% SDS. 1: Protein after purification and before 

dialysis 2: refolded protein after dialysis, boiled 3: refolded protein after dialysis, 

unboiled, M: protein markers 

The addition of an extra fibritin foldon at the N-terminal end seems therefore to have a 

protective and stabilizing role. 

 

 Protein construct StabL-H  

 

 

The designed clone consists of less amino acids starting from Met259 than the previously 

studied proteins starting from methionine 60. It was anticipated to be more stable and 

offers the following advantages that were confirmed after repetitive experiments: It can 

be obtained in soluble form as it is located partly in the supernatant after lysis. That 

increases the chances for solving the crystal structure of a construct. We obtain 

predominantly one band at approximately 100kDa for the trimer in the gel 



80 

 

electrophoresis and that may indicate that this construct may be more stable than the 

longer ones. Also, the fact that it is more soluble allows to remove some steps in the 

production and purification procedure as we no longer need to extract the protein from 

inclusion bodies through denaturation – renaturation cycles. Moreover, no harsh 

conditions are used for the manipulation of the protein such as denaturating agents (urea, 

guanidine hydrochloride).  

Overexpression of the chimeric protein StabLH and localization in the cell lysate 

The protein was coexpressed with the chaperones dnaK-dnaJ-grpE-groES-groEL that are 

encoding in the plasmids incorporated in BL21 strain PG-KJE8. These chaperones 

enhance the chances of a proper folding of the protein right after its synthesis in the cell.  

It was overexpressed at 30oC for 20h and inducted with 1mM IPTG. Overexpression at 

lower temperatures in combination with the help of chaperones increases the solubility 

ratio of the protein in the bacterial cell. 

Western Blot is performed for the protein in order to define its ability to retain its trimeric 

conformation and examine its solubility. 
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The protein is overexpressed at ~20kDa (lane 3). It adopts its trimeric formation as 

observed by the absence of the band in lane 4. Also, the protein with seems to exist both 

in soluble and unsoluble form after cell lysis (lane 5 and 6). Moreover, the His-tag could 

have a protective role since no degradation products are observed in lower molecular 

masses 

 

Figure 37: Western blot. Overexpression and lysis of the chimeric protein [StabLH] before and 

after induction with IPTG (boiled and unboiled). Protein is distributed in pellet and supernatant 

after lysis with French press and lysozyme.  

Lanes:  

1) protein markers  

2) protein[StabLH] before induction with IPTG  

3) protein after 4 hours of the induction (boiled sample at 100oC for 5min. At ~20kD a discrete 

band is observed which confirms that the protein is overexpressed.  

4) protein after 4 hours of the induction (unboiled sample) 

5) pellet after lysis, unboiled 

6) supernatant after lysis , unboiled 
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Purification, dialysis and trimerization of the construct StabLH 

The stages that followed the protein overexpession were the following:  

a. Purification with the use of Tris-HCl 50mM pH :9, NaCl 0.5M and increasing 

concentrations of imidazole in a Nickel-NTA column. 

b. Dialysis for the removal of Imidazole and NaCl. 

The results of the above procedures are summed up in the adjacent polyacrylamide gel. 

 

Figure 38: Refolding of StabLH 

Lane 1 :markers 

In Lane 2 and 5 is distinct the purified protein at 20kDa after boiling at 100oC,  procedure 

which in combination with SDS unfolds the protein to its monomers. No other proteins 

were detected which confirms the successful purification of the protein. The difference in 

those two lanes is that the stabLH protein is expressed in different E.coli strains, in the 

first case the protein is coexpressed with chaperones while in the second in their absence. 

Nonetheless the results after purification and dialysis are the same. 
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In Lane 3 and 6 the band at 20kDa is shifted in one higher molecular weight band at 

around 100kDa. The protein sample loaded is the same but without boiling.  Therefore, 

the trimerization of the protein was confirmed. 

From these results it is evident that the chimeric protein seems to keep its natural trimeric 

conformation and would form stable nanorods which ideally can be crystallized. This 

would subsequently lead to their structure analysis. 

Attachment of the stabLH with gold nanorticles coated with Nickel-Nitrotriacetic acid through its 

His-tag tail. 

The purified protein was incubated with the nanoparticles for 1 hour in the cold room 

(4oC) under smooth shaking. The sample was centrifuged in a concentration falcon with 

cut off of 30kDa for 30 min. In this way all the unattached nanoparticles (5nm) will be 

removed as well as all the protein molecules that are in their unfolded state (20kDa).  
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Figure 39: Transmission electron microscopy picture of the protein StabLH in conjugation 

with Ni-NTA nanoparticles. The black spots are the nanoparticles and the white parts are 

protein molecules attached to the nanoparticles. 

The binding of the  protein with the metal coated gold nanoparticles further suggests that 

the protein contains a functional metal binding site through its His-tag.   

 

Protein construct Linker-Histag-Biotinylation site (LHB) 

 

 

 

In this protein construct were engineered a combination of functional groups such as: a 

foldon domain at the C-terminus for enabling correct trimerization, a His-tag for 

stabilization of the N-terminus and a 14-peptide that enables binding with biotinylated 

molecules.  

Overexpression of the chimeric protein LHB  

 

Figure 40: Overexpression of LHB  

Lane M: Markers 

Lane 1: LHB before induction with IPTG/ boiled 

Lane 2: LHB after induction with IPTG/ boiled 

Lane 3: LHB after induction with IPTG/ unboiled 
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At approximately 43kDa in lane 2, a distinct band after induction is observed, confirming 

the overexpression of the construct. In lane 3 the band is absent which indicates that in 

the unboiled sample the protein is in its trimeric form and is located in higher molecular 

weight or unable to internalize the gel. 

 

Purification with Ni-NTA  

The cells were lysed with the French press method and since the protein is located in the 

pellet, a further solubilization procedure with urea was followed. The supernatant after 

the denaturation step of  inclusion bodies was incubated with Ni-NTA beads or, 

alternatively,  streptavidin coated beads for purification. 

 

Figure 41: Purification with a Ni-NTA column. His-tag  

Lane M: Protein markers 

Lane 1: supernatant of LHB after urea treatment 

Lane 2: Flow-through 

Lane 3-7: elutions with Imidazole 50-250mM  
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The “cleaner” elutions at Lanes 4 & 5 were kept for dialysis. Flow through and elution 

sample (Lanes 2 &3) were collected for an extra step of purification with the streptavidin 

column. 

 

Purification of LHB using a streptavidin column 

Previously collected samples were incubated with the streptavidin beads. The aim is to 

take advantage of the very strong non-covalent bond that forms between biotin and 

streptavidin.  

 

Figure 42: Purification of LHB with a streptavidin column 

Lane M: protein markers 

Lane 1: LHB sample for purification  

Lane 2: LHB sample for purification 

Lane 3: Flow-through 

Lane 4: Wash 

Lane 5 & 6: Elutions with GuHCl pH: 1.5 

 

The protein is clearly purified after strongly binding with the streptavidin coated beads 

through the biotin molecule. The resulting elutions contain no degradation products. 
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Dot Blot 

Dot Blot was used as an extra confirmation step for the effective biotinylation during 

protein overexpression and the ability of efficient conjugation with a streptavidin 

molecule. 

A drop of the protein was deposited onto a PVDF film (with 2 extra dilutions) and 

incubated with an alkaline phosphatase conjugated with streptavidin antibody. The 

successful binding with the LHB was confirmed by the chemiluminescence signal 

detection due to the addition of BCIP-NBT. 

 

 

Figure 43: Dot Blot for verifying successful biotinylation. From left to right: LHB protein 

drops at 1mg/ml, 0.5mg/ml, 0.2mg/ml. Alkaline Phosphatase-Streptavidin was used as 

control. 

 

LHB protein construct exhibits no cytotoxicity against the mammalian cell lines tested  

In order to ensure that the potential protein carrier does not affect the viability of 

eukaryotic cells, we conducted cytotoxicity experiments with the use of the MTT assay. 

No significant decrease of the viability of the cells was observed in lower protein 

concentrations. Thus, the protein constructs are non-cytotoxic and could be employed for 

delivery into mammalian cells. 
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Figure 44: LHB in phosphate buffer pH:9 . Incubation of fibroblasts with increasing 

protein concentrations for 48h.  

 

Intracellular localization 

We utilized immunostaining with DAPI (nucleus) and Phalloidin dye (actin) in confocal 

microscopy to visualize NIH3T3 fibroblasts, HEK293T and HeLa cells after treatment 

with the LHB-fluorescein protein. The stained proteins are able to effectively and 

spontaneously access the cells and are detected in the cytoplasm and the perinuclear area. 
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Figure 45:  Intracellular delivery of LHB-Fluorescein protein into NIH3T3 cells at 37C 

with c: 100 μg/ml. Protein is depicted with green since is bound to fluorescein. Actin is 

red. The nuclei are stained with DAPI (blue). 
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Figure 46: Intracellular delivery of LHB-Fluorescein protein into NIH3T3 cells at 37C with 

c: 100 μg/ml. Protein is depicted with green since is bound to fluorescein. Actin is red. 

The nuclei are stained with DAPI (blue). 
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Figure 48: Intracellular delivery of LHB-Fluorescein protein into HEK293T cells at 37C 

with c: 100ug/ml. Protein is depicted with green since is bound to fluorescein. Actin is 

red. The nuclei are stained with DAPI (blue) 

 

Efficient transfer of the streptavidin-gold-Nanoparticle into the cells by the LHB protein carrier 

and through the biotin-streptavidin bond.  

LHB protein molecules are incubated with the AlexaFluor®594  FluoroNanogold™-

Streptavidin (Nanoprobes) which consists of a streptavidin protein conjugated to 

Figure 47: Intracellular delivery of LHB-Fluorescein protein into Hela cells at 37oC with c: 

100μg/ml. Protein is depicted with green since is bound to fluorescein. Actin is red. The 

nuclei are stained with DAPI (blue) 
 



92 

 

AlexaFluor® 594 dye (red) and the 1.4 nm Nanogold® particle (Figure 25). The 

conjugation is achieved by the attachment of the biotinylated proteins to streptavidin 

coated nanoparticles which are also conjugated with Alexa Fluor® 594 FluoroNanogold 

allowing the localization of the protein e.g. in a human cell line. 

 

 

Figure 49: Cell internalization studies of the LHB protein-streptavidin gold NP in 

HEK293T cells. A) The protein construct is stained with fluorescein (green) and further 

conjugated with the streptavidin -gold NP which contains an exposed Alexa595 dye (red). 

Cell nuclei are stained with DAPI (blue). Z-stack measurements of the cells were also 

obtained to ensure that the protein conjugates localize inside the cells at the same level. 

A) only the nuclei (blue) and the fluorescein (green) filters are active in the confocal 

microscope B) only the nuclei (blue) and the AlexaFluor594 (red) filters are applied. C) 

All filters are applied and the green and red signals are co-localized, indicated the 

effective transport of the intact conjugate. 

The merged image (yellow) indicates that the fluorescein (green) and AlexaFluor594 (red) 

signal are co-localized, therefore the LHB protein acted as an effective carrier for the 

transportation of the streptavidin-NP into the cell and has the potential to act as a protein 

vector for cell internalization. 
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Protein constructs L-H and LHB with a serine to cysteine substitution (LHCYS and 

LHBCYS)  

 

Polymerization of styrene from the protein initiator (in collaboration with Prof. K. 

Velonia)6,7 

These protein constructs were fabricated in order to combine all the aforementioned 

advantages with an extra functionality for the interaction through disulfide bonds, 

binding with gold nanoparticles and the ability to trigger styrene or responsive molecule 

polymerization through a maleimide initiator. This could enable the fabrication of 

responsive protein polymers for use as a drug delivery carrier. 

 

Overexpression and Purification of the LHCYS protein construct 
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Figure 50:  Purification with Ni-NTA column of the bacterial lysate containing the 

overexpressed protein. The protein is purified at imidazole concentration 50-250mM. The 

purest samples (Lanes 5 & 6) are collected for dialysis and refolding.  

Lane M: Protein markers 

Lane 1: Bacterial lysate after treatment with Urea to denature the inclusion bodies 

Lane 2: Flow through 

Lane 3: Wash 

Lane 4: Elution at 50mM Imidazole   

Lane 5: Elution at 75mM Imidazole   

Lane 6: Elution at 100mM Imidazole 

Lane 7: Elution at 250mM Imidazole   

   

Trimerization of the LHCYS protein 

 

 

Lane M: protein markers 

Lane 1: LHCYS after dialysis, boiled 

Lane 2: LHCYS after dialysis, unboiled 

 

 

 

 

Figure 51: Trimerization of the LHCYS protein construct. The protein is overexpressed 

abundantly and after dialysis the protein is able to correctly fold into its trimeric 

conformation as depicted in the polyacrylamide gel (Lane 2). 
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Synthesis of the Bio-Initiator (Binding of the maleimide initiator)8 

The purified concentrated protein was incubated overnight in the cold room with excess 

of the maleimide initiator (20 times excess in DMSO, total DMSO content below 10%) 

under constant mild shaking. After the incubation, the sample was dialysed against Tris 

pH:9 buffer in order to remove the unbound initiator. 

 

Reactions 

 

Figure 52: Reaction of the protein LHCYS with the exposed sulfydryl group from the 

cysteine with the maleimide functionalized initiator, forming the protein macroinitiator. 

(The reaction representation is courtesy of Prof. Velonia) 
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The protein macroinitiator creation was furthermore confirmed by the MALDI (Matrix-

Assisted Laser Desorption/Ionization) technique (Figure 53). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53: MALDI results from the protein-maleimide initiator. The red trace indicated was 

the trace of the native protein (~ 40kDa) (i.e. without the attachment of the maleimide initiator) 

whereas the blue trace  (~41kDa) confirms that there is attachment of the initiator. 
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Polymerization of styrene from the protein macroinitiator 

Reaction 

 

Figure 54: Reaction of the protein macroinitiator (II) with the styrene monomers resulting 

in a hybrid protein-polymer (III) 

The reaction was performed under classical ATRP conditions, using copper (I) and a 

ligand in the absence of oxygen. A preliminary confirmation for the creation of this 

hybrid was obtained from the results of gel electrophoresis were the hybrid was unable 

to enter the pores of the 7.5% polyacrylamide gel indicating that both that the hybrid’s 

size increased drastically due to the polymerization and the amphiphilic character of the 

products. 

Addition of the maleimide macroinitiator and TCEP keeps the cysteines from creating 

disulfide bonds between protein molecules. TCEP (tris(2-carboxyethyl)phosphine) is a 

reducing agent and is particularly useful when labeling cysteine residues with 

maleimides. TCEP can keep the cysteines from forming di-sulfide bonds and unlike 

dithiothreitol and β-mercaptoethanol, it will not react as readily with the maleimide. 
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Figure 55:  LHCYS protein constructs after the addition of maleimide initiator and TCEP.  

Lane M: protein markers 

Lane 1: LHCYS protein after purification and dialysis, boiled 

Lane 2: LHCYS with the addition of initiator before dialysis, boiled 

Lane 3: LHCYS with the addition of initiator and TCEP before dialysis, boiled 

Lane 4: LHCYS with the addition of initiator after dialysis, boiled 

Lane 5: LHCYS with the addition of initiator and TCEP after dialysis, boiled 

Lane 6: LHCYS protein after purification dialysis, unboiled 

Lane 7: LHCYS with the addition of initiator before dialysis, unboiled 

Lane 8: LHCYS with the addition of initiator after dialysis, unboiled 

Lane 9: LHCYS with the addition of initiator and TCEP after dialysis, unboiled 

 

The protein was treated with the maleimide initiator and TCEP. Protein samples treated 

with the initiator and further dialysed to remove the excess of the initiator seem to have 

increased molecular weights as observed in the Lanes 4 & 5 (arrows). The increase is 

clearly  distinguishable at their degradation products (red arrow). Despite the treatments 
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the protein was able to trimerize correctly as observed from the migration  of protein 

bands at higher molecular weights  at lanes 6-9.  

 

Incubation with styrene monomers and polymerization 

 

Figure 56: Potential final polymerization product where the therapeutic molecules are 

encapsulated within the polymer and the protein is exposed on the surface, potentially 

guiding the polymer for cell internalization. 

 

The proteins with the initiator were treated with styrene monomers under optimal 

conditions at the laboratory of Prof. Kelly Velonia and dialysed for the removal of excess 

styrene. The protein-polymer was electrophoresed with SDS 2% sample buffer to 

examine its permeability of the polyacrylamide gel and stability. 
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Figure 57: 12% SDS-PAGE of the LHCYS-polymer.  From left to right: protein markers, 

Protein-polymer, protein-polymer with TCEP.  

The protein polymer was unable to internalize the polyacrylamide gel, due to 

accumulation of styrene monomers during the polymer assembly and the subsequent 

increase of its size and amphiphilicity. The stained protein-polymer is gathered between 

the stacking and separating gel parts (upper arrow) unable to migrate through the 

polyacrylamide pores of the separating gel. This indicates the effective grafting of the 

polymer from the protein macroinitiator. For the protein-polymer sample treated with 

TCEP (right) , an accumulation of protein material between the two gel parts is observed 

again but additionally a protein band is observed that was able to migrate through the 

gel(arrow below). This could correspond to protein molecules that were not co-

polymerized effectively but were connected  by disulfide bonds with other protein 

molecules. The polymerization efficiency certainly needs further investigation. 
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2. 5. CONCLUSIONS 

Stable and fibrous beta structured proteins forming nanorods are promising templates 

for protein biomaterial design and engineering. These proteins can be manipulated for 

exhibiting intrinsic functionalities useful for drug delivery, tissue engineering and gene 

therapy purposes. Materials fabricated for such applications should not trigger cytotoxic 

and immunological responses. Moreover, they should attain a well-defined conformation 

in addition to a stable and resistant to harsh conditions folding state. In this study the 

chimeric protein constructs were fabricated by substituting the natural -difficult to handle 

due to its size- globular head at the C-terminus with an alternative and smaller 

trimerization motif, the fibritin ‘foldon’ domain. The newly constructed proteins retain 

their ability to self-assemble into their trimeric and nanorod formation as observed under 

EM microscopy. Furthermore, they can be overexpressed in big quantities in 

heterologous E.coli bacterial stains, in contrast to the natural fiber sequence with the 

globular head, an advantage that renders the production of these materials cost-effective. 

The resulting degradation products most probably truncated from the fiber sequence due 

to the protease action, were eliminated by the addition of a 6x His-tag at the N-terminal 

end of the protein constructs (Linker-H and NoLinker-H) that additionally massively 

increased the efficiency of the purification process through a one-step Ni-NTA affinity 

column. The His-tag tails are also considered to facilitate the escape of the protein from 

the endosome entrapment that occurs shortly after cell internalization.95 The shorter 

version of the protein shaft with the foldon domain (StabL-H) enabled the localization 

after overexpression of part of the protein material in the cytosol and not its aggregation 

into the inclusion bodies. This facilitates even further the isolation of the protein by 

avoiding the handling process of denaturation of the inclusion bodies containing the 

aggregated protein with chaotropic agents such urea and the subsequent protein 

renaturation. The biotinylation site added in the chimeric protein Linker-His-Biotin 
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(LHB) enables the addition of a biotin molecule in the cell, during the overexpression 

process. The streptavidin-biotin strong non-covalent bond allows to carry and transfer 

biotinylated moieties into the cell for therapeutic applications. To this end, the chimeric 

protein LHB was chosen for internalization studies into mammalian cells. Although the 

protein does not contain the CAR receptor binding motif located in the natural globular 

head of the fiber, it can internalize cell lines such as HeLa, fibroblasts and HEK293T cells.  

This indicates that another mechanism is operating for cell internalization of the proteins 

that needs further investigation. The same protein construct LHB was able to transfer into 

mammalian cells a streptavidin conjugated gold nanoparticle with an attached 

fluorophore, therefore confirming its ability as a carrier. The insertion of a cysteine 

residue in an exposed loop of the protein renders it with the function of creating disulfide 

bridges with molecules or binding gold nanoparticles. In this study the designed LHCYS 

protein was used for the synthesis of a protein-polymer particle through styrene grafting 

from the relevant LHCYS macroinitiator. The resulting self-assembled nanoparticles is 

expected to bear proteins exposed at its surface for guiding the particle into cells. Such 

nanoparticles could potentially allow the encapsulation and delivery of therapeutic 

molecules into cells.  

Generally, a series of constructs were fabricated to examine possible parameters 

concerning the design and engineering of an optimal therapeutic molecule carrier. The 

experimental results show that the proteins designed are non-cytotoxic, stable and exhibit 

diverse functionalities that can be rationally engineered onto the initial protein structural 

framework. The work presented in this thesis aimed at establishing the proof-of-

principle. Future experimental avenues would also include the elucidation of the 

internalization mechanism and confirmation experiments for the transfection efficacy of 

the proteins into cells with potentially therapeutic biotinylated moieties. Moreover, 

crystallization studies could be undertaken for unravelling the newly constructed 
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proteins as well as further polymerization experiments with polymers responsive to 

environmental conditions such as temperature and pH (Figure 58). 

 

 

 

 

Figure 58: Outlook of polymerization experiments with responsive polymers 
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Chapter 3 

A Novel Amyloid Designable Scaffold and Potential Inhibitor Inspired 

by GAIIG of Amyloid Beta and the HIV-1 V3 Loop 

My own contribution in this paper consisted in consolidating and confirming previously scattered 

observations made during previous diploma theses in the Biomaterials Laboratory concerning the 

GAIIG and YATGAIIGNII building blocks, as well as the inhibition of fibrillization by the 

GAIPIG peptide.  

 

3. 1. Introduction 

Naturally occurring peptide sequences extracted from amyloid proteins or beta-sheet 

protein regions can self- assemble outside the context of the entire sequence into amyloid 

beta-sheets and can serve as scaffolds for novel materials.24, 68-70, 103-110 GAIIGL111  and 

NSGAITIG23 are two peptide sequences similar in sequence, which are part of the 

amyloid-b (Ab) peptide, linked to Alzheimer’s disease, and the adenovirus fiber shaft,112-

113 respectively. Both GAIIGL and NSGAITIG form amyloid b-sheets outside the context 

of the entire peptide or protein. According to experimental X-ray and computational 

molecular dynamics (MD) simulation studies, in both peptides, residues outside the 

GAIIG or GAITIG sequences are not part of the amyloidogenic b-sheet core: the C-

terminal leucine, and the N-terminal asparagine and serine residues in the two peptides, 

respectively, are exposed. The latter provided impetus23 for the discovery of a series of 

amyloid materials with several applications24, 68-70 by modifying the NS-residues. 

While aromatic residues are key components of amyloid self-assembly (as pioneered by 

Gazit and colleagues114-116), patterns of aliphatic residues are also key self-assembly 
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components,22, 117-118 contributing to the amyloid properties of GAIIGL.111 In this study, we 

carried out experimental and computational studies that show that the shorter GAIIG 

peptide (amidated at the C-terminus) self-assembles into amyloid b-sheets. This sequence 

is common to the amyloid-b (Ab) peptide (residues 29–33) and to HIV gp120 (residues 

24–28 in a typical 35-residue long V3 loop), according to the HIV sequence database 

(https://www. hiv.lanl.gov/). We also show that the longer YAT-GAIIGNII sequence from 

the V3 loop self-assembles into amyloid fibrils of which the first and last three residues 

are outside the amyloid GAIIG core. Finally, we report on the single crystal structure of 

the beta- breaker peptide GAIPIG and the computational investigation of its binding 

properties to Ab and the V3 loop. We discuss potential implications for material design 

and structure-based inhibitor design. 

3. 2. Materials and Methods 

Peptides and chemicals  

The following peptides were studied: NH3+-GAIIG-CONH2, NH3+-GAIPIG-CONH2, and 

NH3+-YATGAIIGNII-COO-. The peptides were purchased from Genecust (Luxemburg) 

and possessed a degree of purity higher than 95%. The Aβ1-40 peptide was purchased from 

Bachem (Switzerland). Phosphate-buffered saline and Thioflavin T were from Sigma, and 

sodium azide from Serva. 

Transmission Electron Microscopy (TEM): Samples for TEM analysis were prepared by 

depositing 8 µl of the sample on carbon-coated formvar copper grids (Agar Scientific), 

left aside for two minutes, dried with a filter paper and then the same procedure was 

repeated with the stain. The samples were negatively stained with 8 µl 1% (w/v) 

phosphotungstic acid for two minutes for GAIIG and with 8 µl 2% (w/v) uranyl acetate 

for YATGAIIGNII. The TEM experiments were performed using a JEOL JEM 2100 High 

Resolution microscope, operating at 80 kV. 



106 

 

X-Ray Fiber Diffraction: A droplet of a peptide fibril solution was placed between two glass 

rods that were supported by two plasticine balls and allowed to dry while pulling to 

induce shear alignment as previously described.119 The X-rays were focused on the 

aligned fibers at right angles and the diffraction patterns were recorded. 

Single-Crystal X-ray Diffraction 

Crystallization trials were carried out by sitting-drop vapor diffusion in MRC 

crystallization plates (Molecular Dimensions, Newmarket, Suffolk, England). Crystals 

were obtained in wells with different concentrations of ammonium sulfate and pH 

values. Optimization was performed using 50 μL of reservoir solution and drops 

consisting of 2 μL of GAIPIG peptide aqueous solution at 38 mg/mL mixed with 2 μL of 

reservoir solution. Crystals appeared after a period of more than 3 months, only after 

removing the covering tape in five occasions for 3 to 5 minutes during the month previous 

to appearance of the needle-shaped crystals. The dataset used for structure solution was 

collected from a crystal grown when 0.1 M Tris-HCl pH 7.5, 1 M ammonium sulphate 

was used as reservoir solution. A crystal was mounted in a LithoLoop (Molecular 

Dimensions) and vitrified in liquid nitrogen for native data collection at 100 K.  

The X-ray fiber diffraction pattern of the peptides GAIIG and YATGAIIGNII were conducted by 

Drs.  Estelle Mossou and Trevor Forsyth at ILL and ESRF, France.  The Single-Crystal X-ray 

Diffraction of the GAIPIG peptide were conducted by Mateo Seoane Blanco, Dr Antonio L. 

Llamas-Saiz and Dr Mark van Raiij at CSIC, Madrid. The experimental methods are extensively 

analyzed in the corresponding paper in ref 76. 

 

Thioflavin T assay 

Synthetic lyophilized peptide Aβ1-40 (Bachem) was dissolved in DMSO to a concentration 

of 100 μM, aliquoted and stored at -20oC. Aβ1-40 aliquots were thawed, sonicated in ice 



107 

 

cold water for 20 s to prevent pre-aggregation and immediately diluted with 10 mM 

phosphate-buffered saline containing 10% (v/v) DMSO and 0.05% (w/v) sodium azide 

[150mM NaCl (pH 7.4)] to a final concentration of 10 μM. The Aβ1-40 solution was 

immediately mixed with the GAIPIG stock solution (1 mM) to a final Aβ1-40 concentration 

of 5 μM and GAIPIG concentration of 50 μM. A 10 μM Aβ1-40 control solution was mixed 

with the equivalent amount of 10 mM phosphate-buffered saline to a final concentration 

of 5 μM. A solution of the GAIPIG peptide at the same final concentration (50 μM) 

without Aβ1-40 was also prepared. The samples were incubated without agitation at 37 oC, 

and the fibrillogenesis rate was monitored by using ThT fluorescence analysis. 40μl of 

each sample was taken and mixed with 360μL of 4 μM ThT. The respective excitation and 

emission wavelengths were 450 nm (5nm slit) and 480 nm (5 nm slit). The fluorescence of 

ThT was measured using a SPEX FluoroMax fluorimeter.  

Computational Methods 

Computational methods were conducted by the group of Asst. Prof. Tamamis at Texas A&M and 

are analyzed in the supplementary information document of the corresponding paper published in 

FEBS LETTERS. Ref 76  
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3 .3. Results and Discussion 

Self-assembly of the GAIIG and YATGAIIGNII sequences 

According to 16 μs replica exchange MD simulations and a subsequent computational 

analysis performed analogously to previous studies25, 120-123 GAIIG primarily self-

assembles into antiparallel off-register β-sheets which possess a high degree of order and 

alignment of peptides. The β-sheet core of the peptide is predominantly composed of the 

two isoleucine residues Ile3 and Ile4. A representative structure of a highly-ordered and 

well-aligned β-sheet composed by four peptide strands is presented in Figure 59A. 

Compared to the antiparallel β-sheets formed by GAIIGL, our analysis suggests that the 

presence of an additional leucine at the end of GAIIG is not necessary for self-assembly. 

The complete methods and analysis are included in the Supplementary Information of 

ref76. Experiments validated the amyloidogenic properties of GAIIG, revealing that the 

peptide forms non-branched fibrils with diameters of around ten nm and lengths 

reaching the order of microns as revealed by Transmission Electron Microscopy (Figure 

60A). Fibrous rods of the peptide display the characteristic cross-beta signature in X-ray 

fiber diffraction: a 4.6 Å meridional reflection that corresponds to the distance between β 

-strands, and a 10.1 Å equatorial reflection that corresponds to the distance between β-

sheets (Figure 60B).  
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Figure 59: Molecular graphics images of representative highly ordered and well aligned 4‐

stranded β‐sheet fibrils of A) GAIIG and B) YATGAIIGNII peptides and an example of the 

disordered structure of C) GAIPIG peptides. A) Residues Ile3 and Ile4, shown in licorice 

representation, form β‐bridge interactions, indicated with black dotted lines, and make up the 

β‐sheet core. B) β‐sheet interactions within the GAIIG motif of the YATGAIIGNII peptides, 

indicated using dotted black lines, are preserved while the N‐ and C‐terminal ends are exposed 

and flexible. The three N‐terminal residues, Tyr1, Ala2, and Thr3 as well as the two C‐terminal 

residues Ile10 and Ile11 are indicated with maroon spheres. C) Pro4 of the GAIPIG peptides 

prevents the formation of ordered β‐sheet structures Pro4 of the GAIPIG peptides prevents the 

formation of ordered β-sheet structures and disrupts the formation of extended β-sheet 

conformations (e.g., see the left and middle pairs of peptides forming single β-bridge 

interactions in contrast to the right pair of peptides where an extended β-sheet conformation is 

formed). 
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Figure 60: A) TEM micrograph of a 20 mg/ml solution of the GAIIG peptide following 62 

days of incubation in phosphate buffer pH 7, negatively stained with phosphotungstic 

acid 1%. B) X-ray fiber diffraction pattern of rods formed from a 7 mg/ml solution in 

phosphate buffer following aging for 40 days. 
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Figure 61: A) TEM micrograph of a 5 mg/ml solution of the YATGAIIGNII peptide 

following 5 days of incubation in water, negatively stained with uranyl acetate 2%. B) X-

ray fiber diffraction pattern of rods formed from a 3 mg/ml solution in water after 2 hours 

of incubation. 

 

The recent experimentally resolved structures of entire Aβ fibrils61, 63, 124 show that the last 

glycine of GAIIG introduces a turn into the amyloid β-sheets. The aforementioned 

information suggests that GAIIG can be a sufficiently short amyloidogenic core of larger 

amyloid forming peptides containing additional (e.g. 2-3) residues at both termini which 

can be outside the amyloid β-sheet, as glycine residues can act as β-turn promoters 

halting β-sheet elongation. The discovery of such amyloid peptide scaffolds can serve as 
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a source of inspiration for the discovery of amyloid materials with advanced properties, 

as the exposed residues can be modified accordingly depending on the desired 

application. 

Previous computational studies125-126 showed that the HIV-1 gp120 V3 loop adopts a 

structure in which the opposite stems of the loop form a β-sheet in its interaction with 

chemokine receptors CXCR4 and CCR5. Interestingly, we observed that a GAIIG 

sequence fragment (or other homologous fragments including GQIIG, GQIVG) is part of 

one of the two stems, comprising residues 24-28 in a typical 35-residue long V3 loop, 

according to the HIV sequence database (https://www.hiv.lanl.gov/). This observation 

further supported our aforementioned suggestion and led us to postulate that such 

variable sequences derived from the HIV-1 gp120 V3 loop containing GAIIG as an 

amyloid core and additional (e.g. 2-3) residues at both termini could serve as a source of 

inspiration for novel amyloid material scaffolds. Additionally, this led us to a second 

postulation that sequence fragments including GAIPIG, which are homologous to GAIIG 

but are not amyloidogenic due to the presence of a proline beta-breaker22, could 

potentially bind to GAIIG fragments of HIV-1 gp120 V3 loop and to Αβ. 

As for the first postulation, in this study, we focused on one such sequence: 

YATGAIIGNII derived from a V3 loop127 (without any modifications at the termini). 

Similarly to GAIIG, according to 16 μs replica exchange MD simulations and a 

subsequent computational analysis, which was performed analogously to previous 

studies23, 25, 120-123, the YATGAIIGNII peptide primarily self-assembles into antiparallel off-

register β-sheets, which possess a high degree of order and alignment of peptides. The β-

sheet core of the peptide is predominantly composed of residues Gly4 to Asn9, 

encompassing the GAIIG domain. A representative structure of a highly-ordered and 

well-aligned β-sheet composed by four peptide strands is presented in Figure 59B. 

Interestingly, we observe that both glycine residues act as β-turn promoters, which halt 
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the elongation of the β-sheet core outside the domain. Thus, N-terminal residues Tyr1, 

Ala2, Thr3, as well as C-terminal residues Ile10 and Ile11 are rarely involved in β-sheet 

formation and are outside the amyloid zipper-like region formed within the GAIIG 

domain and Asn9. As a result, the amyloid scaffolds formed by YATGAIIGNII can be 

considered as excellent designable scaffolds for the synthesis of functional amyloid 

materials. This can be achieved by introducing suitably selected mutations at the non β-

sheet forming terminal residue positions 1, 2, 3, 10 and 11, which would not disrupt the 

amyloid self-assembly properties and at the same time would allow the newly designed 

amyloid fibrils to bind to ions, molecules or surfaces. The complete methods and analysis 

are included in the Supplementary Information of ref76. Experiments validated the 

amyloidogenic properties of YATGAIIGNII. TEM micrographs of YATGAIIGNII fibrils 

reveal a typical amyloid-type conformation (Figure 61A) and X-ray fiber diffraction of 

rods display the characteristic cross-β signature with a 4.67 Å reflection at the meridian 

and 9.92 Å at the equator (Figure 61B). Additional computer simulation runs with a 

longer 13-residue peptide extracted from the same HIV-1 gp120 V3 loop with sequence 

AFYATGAIIGNII show that the inclusion of additional residues results in the  formation 

of U-shaped β-sheets (preliminary results not shown) similarly to β-sheets formed by 

LSFDNSGAITIG22, 122.On the contrary, 11-residue peptides containing 3 residues before 

and after the GAIIG domain can be optimal designable amyloid scaffolds containing the 

maximum number of mutable positions and at the same time comprising linear shaped 

peptides at which the non-β-sheet residues are exposed for functionalization purposes. 

Additional peptide sequences containing the GAIIG amyloid core plus 2-3 residues at 

both termini, and inspired by either the HIV-1 V3 loop sequence variability or other 

naturally occurring proteins encompassing the amyloid GAIIG, may also be designable 

amyloid scaffolds that could be further investigated. Interestingly, this can be supported 

by the fact that GAIIG domain can be found in amyloid or β-sheet rich regions of proteins 
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of known structure, including Αβ (29GAIIG33 in PDB ID: 5OQV124), α-tubulin acetyl 

transferase (91GAIIG95 in PDB ID: 4PK2128 Chain A), Mycobacterium smegmatis alpha-

ketoglutarate decarboxylase homodimers (275GAIIG279 in PDB ID: 2XT6129 Chain A), and 

Tryparedoxin from Trypanosoma brucei (120GAIIG124 in PDB ID: 1073)130. 

 

X-ray and computational analysis of the GAIPIG peptide 

While GAIIG is an amyloid peptide and as a domain it comprises the amyloid core of the 

larger peptide YATGAIIGNII, our previous experiments showed that the insertion of a 

proline between the two isoleucine residues (GAIPIG peptide) results in the disruption 

of amyloid formation22. Here, we performed additional X-ray and computational 

analyses on the structures formed by GAIPIG. A crystallographic structure reveals that 

two extended molecules of the GAIPIG peptide interact with each other to form an anti-

parallel dimer, reminiscent of a small beta-sheet. In the crystal, these dimers associate in 

helical fashion around a 31 symmetry axis. The center of the helix is hydrophobic, while 

the outside is hydrophilic (Figure 62 A, B, C, D). 
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Figure 62: A) Hydrogen bonded dimer formed by the two peptide molecules in the 

crystallographic asymmetric unit (AU). Single-letter amino acid code is displayed for one 

peptide. B) Same as A) including two additional symmetry related molecules (cyan and 

green) that extend the hydrogen bonded helical assembly. Hydrogen bonds for symmetry 

related molecules in orange. Water molecules omitted for clarity. C) Ribbon 

representation of the helical hydrogen bonded assembly of GAIPG molecules displayed 

along crystallographic a axis and D) along c axis. Side chains are showed in wireframe 

representation and solvent water molecules as red dots. The antiparallel β-strand 

corresponding with the crystallographic AU is colored in green; in cyan and purple are 

the 3-flod screw symmetry related ones. Figures were generated with MERCURY131 A) 

and B) and PyMOL C) and D) (PyMOL 1.9: The PyMOL Molecular Graphics System, 

Schrodinger, LLC.) 
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The computational analysis depicts that the peptide forms β-sheet rich structures and the 

interactions occur frequently within the AIPI moiety of the peptide which primarily 

involve β-isolated bridges formed between Ile5 residues, in line with our X-ray studies. 

Yet, the presence of proline at the middle of the core disallows the formation of highly-

ordered and well-aligned β-sheets (Figure 59C). This in contrast to GAIIG, providing 

evidence for the inability of the GAIPIG peptide to self-assemble into amyloid cross-β-

sheets. Additionally, in the simulations we observed the infrequent formation of complex 

conformations in which a peptide on one side forms nearly in-register antiparallel β-

sheets while, on the opposite side, its proline side chain disallows the formation of an in-

register β-sheet. Instead off-register antiparallel β-sheet interactions are formed, which 

result in breaking of the symmetry required for cross β-sheet interactions. These 

conformations, which are part of the complex conformations in our analysis123 (Figure 

63A), are reminiscent of the elementary structural units observed in the X-ray studies 

(Figure 63B). 

                                

Figure 63: Molecular graphics images of the elementary structural unit of GAIPIG 

peptides. (A) A snapshot extracted from the self-assembly simulations of GAIPIG 

peptides which reproduces features of the elementary structural unit as depicted in (B) 

the experimentally resolved X-ray structure of GAIPIG. 
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Computational investigation of binding properties of GAIPIG to Aβ and the V3 loop 

As for the second postulation, driven by the non-amyloid character of GAIPIG and our 

present results, we computationally investigated the binding properties to the 

sequentially similar GAIIG domains of Aβ and the HIV-1 gp120 V3 loop, and its ability 

to potentially inhibit Aβ fibril elongation or prevent the binding of the HIV-1 gp120 V3 

loop to chemokine receptors. Of note, according to experiments, in the presence of 

elevated concentrations of GAIPIG, an increase in the length of the lag phase was as well 

as a reduction in the quantity of fibril formation by Aβ was observed; a 10-fold molar 

excess of GAIPIG led to about 25-30 % reduction in fibril formation after 168 hours (7 

days) of incubation (Figure 66).  

Simulations of Aβ fibrils in the presence of GAIPIG peptides provide insights for the 

experimentally observed inhibition, depicting that GAIPIG peptides bind to and form β-

sheet interactions with 19FFA21 and 30AII32 of the VFFA and GAIIG motifs of Aβ 

respectively in such a way that the proline side chain is facing outwards from the fibril 

(Figure 64). Additional details are provided in Supplementary Information of ref76. In 

addition, according to simulations of a specific HIV-1 gp120 V3 loop in the presence of 

GAIPIG peptides, GAIPIG peptides predominantly bind and form β-sheet interactions 

with residues within the GAIIG motif of loop and, to a lesser extent, residues on the 

opposite site of the loop comprising the GIHIG motif (Figure 65). Furthermore, as 

GAIPIG peptides favor interactions to the II motif of GAIIG and the GXIIG motif is 

abundant (e.g. GAIIG, GQIIG, GEIIG, GKIIG, etc.) despite the high variability of the HIV-

1 gp120 V3 loop132, the future study and design of peptides acquiring a GAIPIG- based 

core and designed extensions (e.g., analogously to ref.133) targeting V3 loop sequences can 

be of interest. GAIPIG-based peptide analogues could constitute seeds for potential HIV-

1 gp120 V3 loop entry inhibitors, preventing its binding to chemokine receptors, similarly 

to polyanionic HIV-inhibitors134-135. 



118 

 

 

Figure 64: Molecular graphics images of representative structures of GAIPIG peptides, 

shown in blue cartoon representation, binding to Aβ fibrils, shown in red cartoon 

representation. GAIPIG peptides form β-sheet interactions, indicated with black dotted 

lines, with residues within the (A) GAIIG and (B) VFFA motifs. 

 

Figure 65: Molecular graphics images of representative structures of GAIPIG peptides, 

shown in blue cartoon representation, binding to V3 loop, shown in red cartoon 

representation. GAIPIG peptides form β-sheet interactions, indicated with black dotted 

lines. 
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Figure 66: Kinetics of the Aβ1-40 peptide fibril formation (5 μM) as assessed by Thioflavin-

T binding assay in the absence (full circles) or in the presence of 50 μM (open diamonds) 

GAIPIG peptide. Full squares, 50 μM of GAIPIG peptide alone. One representative 

experiment from four independent ones is shown. 

 

GAIIG as another Aβ core recognition sequence? 

Of the residues belonging to the core of the amyloid fibril, the stretch comprising residues 

16-21, KLVFFA, comprising the aromatic dipeptide motif FF has been most investigated 

as a core recognition sequence in Alzheimer’s disease.136 The beta-breaker peptide LPFFD 

was designed and studied both theoretically and experimentally.137-140 Moreover, 

endomorphin analogues comprising aromatic amino acids along with proline residues 

were recently studied as inhibitors of β-amyloid oligomerization.141 In addition to the role 

of the KLVFFA stretch, a number of different approaches were pointing at an important 

role of the GAIIG stretch in Aβ aggregation and fibril elongation. Residues 30AIIG33, were 
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identified as part of the aggregation-prone region 30-42 of the Aβ peptide using a 

predictive algorithm of aggregation propensities developed by Dobson and colleagues.142 

Thorough proline-143 and alanine-scanning144 mutagenesis studies carried out by Wetzel 

and colleagues suggested that residues 31IIG33 were highly sensitive to proline and alanine 

replacements. Both replacements were increasing the ΔG of elongation equilibrium of the 

fibrils, indicating a destabilization of the fibril (reviewed in ref.145). The peptide sequence 

NKGAII comprising residues 27-32 of Aβ, was also recently identified as one of the “hot 

regions” for self-and cross-interaction between Aβ and IAPP.146 By using an in vivo 

reporter system, Ventura and colleagues calculated experimental aggregation 

propensities of the 20 amino acids with isoleucine ranking highest, followed by 

phenylalanine,147 and identified the 30AIIGLM35 stretch as a “hot spot” for aggregation.148 

Moreover, according to theoretical studies, Ile is avoided in protein interfaces, has a high 

propensity to be involved in amyloid formation, and molecular dynamics studies of 

Nussinov and colleagues pointed to a stable Ile-Ile cluster holding the structure of the Aβ 

25-35 region.149 The Ile-Ile dipeptide motif might constitute a core recognition motif, 

analogous to the dipeptide motif Phe-Phe extracted from the KLVFFA sequence. Taking 

this into account, the GAIPIG peptide was studied and the computational results as well 

as the single crystal structure presented here confirm that proline insertion between the 

two isoleucines disrupts amyloid formation. Most efforts on discovering peptide 

inhibitors inspired by the sequence of Aβ focused primarily on modified peptides 

homologous to the sequence fragment KLVFFA.150-151 Interestingly, our computational 

results show that the inhibition of GAIPIG to Aβ can be attributed to its capacity to bind 

to both sequence fragments KLVFFA and GAIIG of Αβ, suggesting that modified GAIPIG 

peptides are worthy of further investigation for Αβ inhibition. 
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3. 4. Conclusion 

The theoretical and experimental studies presented here point to the GAIIG sequence as 

an amyloid-forming building block that merits further investigation as a potential core 

recognition sequence in Aβ. By introducing suitably selected mutations at the non β-sheet 

forming terminal residue positions of the longer sequence YATGAIIGNII, novel 

materials could be designed. Furthermore, our computational results suggest interaction 

of the beta-breaker GAIPIG peptide with Aβ and experiments showed that the peptide 

delays the aggregation of the peptide Aβ1-40 in vitro. A natural peptide like GAIPIG cannot 

be envisaged as a potential therapeutic per se, due to degradation and stability issues in 

vivo, however non-natural analogues and peptidomimetics structurally related to the 

parent peptide can be developed152. Thus, the single-crystal structural information on the 

beta-breaker GAIPIG peptide could be exploited as a minimal framework for future 

structure-based design of Aβ inhibitors. Our computational results also suggested 

interaction of GAIPIG with the GAIIG sequence of gp120 V3 loop, especially with the II 

motif common to the GXIIG sequence of the V3 loop. Although we have not performed 

experimental investigations of inhibition of the V3 loop binding to chemokine receptors, 

the computational and single–crystal information presented in this paper can be of 

interest for the future design of V3 loop entry inhibitors in the future. 
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Chapter 4:   

Designer Amyloid Cell Penetrating Peptides for Potential Use as Gene 

Transfer Agents 

 

4. 1. Introduction 

The development of biocompatible, efficient and stable carriers for the delivery of nucleic 

acids into eukaryotic cells for the restoration or correction of deficient gene products to 

normal expression levels has garnered increased interest in the field of gene therapy. 

Optimal carriers should package the DNA molecule efficiently into a stable complex that 

can bind and access cells, avoid degradation and release nucleic acids to the nucleus for 

gene expression or in the cytosol for gene regulation.153,154,155 Common hurdles are the 

inefficient delivery of nucleic acids in their naked form into the cells, due to their strong 

negative charge that inhibits their internalization, and their susceptibility to nucleolytic 

enzymes. This led to the development of a variety of non-viral vectors that can 

incorporate genetic material and efficiently deliver it into the cells.156 One such vector 

comprising short cationic peptides called cell-penetrating peptides (CPPs) has recently 

emerged. CPPs have the capacity to effectively cross cellular membranes, have limited 

toxicity and could function as transfection carriers for nucleic acid cargos including 

siRNAs and plasmids.157  
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CPPs typically consist of 5-30 amino acids rich in arginine and lysine amino acid groups, 

which are positively charged due to their protonation at neutral pH. Various energy-

dependent or - independent158 internalization mechanisms have been proposed, 159 

including the interaction of the positively charged residues with the negatively charged 

phospholipids of the cell membrane to facilitate direct internalization and endosomal 

uptake via endocytic pathways.160, 161 Due to their ability to penetrate cellular membranes, 

CPPs could enhance the transportation of conjugated bioactive cargos, which in turn 

could initiate the expression or function of specific intracellular targets. These bioactive 

cargos can be conjugated with the CPPs through a covalent bond or through a non-

covalent complex formation.156   

The mechanism proposed for a non-covalent complex formation and subsequent DNA 

transduction involves the complexation through electrostatic interaction of the positively 

charged amino acids of the peptide with the negatively charged nucleic acids and the 

further internalization of the newly constructed complex into the cell. The complexation 

of the CPPs with DNA and the subsequent transportation of the peptide-DNA complex 

through the cell membrane suggests the enhancement of gene transfer and also the 

protection of DNA against enzymatic degradation.38 

Extended lists of peptide carriers or enhancers of the expression of a gene of interest into 

cells have been proposed that facilitate the non-covalent peptide-DNA complex 

formation. Among others are the  highly cationic TAT peptide that can directly penetrate 

the plasma membrane as polyelectrolytic complex upon interacting with plasmid DNA,38 

the amphipathic α-helical peptide NF55162,163 and the PepFect14 peptide vector.164  Highly 

cationic peptides, especially polyarginine (nonaarginine, R9) and the T22 peptide 

(RRWCYRKCYKGYCYRKCR), when fused to the N-terminus of GFP along with a His-

tag at the C-terminus were recently reported to mediate self-association into nanosized 

particles that penetrate cells.155,157,158 These nanosized particles can be exploited for the 

targeted delivery of both nucleic acids and protein drugs.  Very recently, a novel category 
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of promising AMPs was reported, based on a number of bacterial aggregation prone 

regions (APRs) which are not toxic to mammalian cells but can induce protein 

aggregation in the bacterial cell, leading to loss of the bacterial proteostasis and eventual 

bacterial cell death.30,165 It seems therefore that properly designed protein and peptide 

aggregates in either synthetic or recombinant form could be amenable to rational design 

targeted for cell penetration and drug or DNA delivery. Cationic, amyloid forming 

peptides are also considered promising nanomaterials for boosting gene transduction by 

utilizing the positive charges on the fibrillar nanosheet formed by the peptides to capture 

nucleic acids and virion particles and subsequently promote their cell attachment and 

fusion.28, 67, 71, 166, 29 

Amyloid aggregation of initially correctly folded proteins is driven by short 

amyloidogenic sequence domains within the protein full sequence that self-assemble into 

fibrils.167-168 Amyloid formation was thought to be associated solely with amyloid diseases 

such as Alzheimer’s and Parkinson’s diseases.169,170,171,172 However, numerous studies 

demonstrated that amyloids could also be exploited as promising bionanomaterials 105, 159, 

173 or even assume physiologically relevant roles.174,161  

We have previously demonstrated that the ultrashort and homologous peptide sequences 

GAITIG and GAIIG can spontaneously self-assemble into amyloid fibrils22, 76. The GAITIG 

sequence is part of the adenovirus fiber shaft segment that in the absence of its natural 

trimerization motif aggregates into amyloid-type fibrils. By employing a reductionist 

approach, the sequence GAITIG was previously shown to be a minimal self-assembling 

building block.23 ,22 Similarly, the sequence GAIIG which is part of the amyloid beta 

peptide (residues 29-33) and also part of the HIV-1 gp120 V3 loop (residues 24-28) can 

also spontaneously form a beta-sheet amyloid core.76 Exposed residues, outside the β-

sheet GAITIG or GAIIG core, could be accessible and available for suitable selected 

modifications, rendering the resulting rationally designed sequences available for 

applications in biomedicine and technology.24, 25, 26 Thus, both peptides were previously 
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used as starting sequences for the computational and experimental design of functional 

scaffolds.24-26 

In the present study we sought to rationally design self-assembling amyloid peptide 

sequences that could display cationic residues targeted for cell penetrating properties and 

eventual DNA binding ability. We employed computational methods, starting with 

scaffolds YATGAIIGNII and RGDSGAITIGC and mutated key non-β-sheet positions at 

the termini of the scaffolds, namely residues 1,2,3 and 11. We replaced these exposed 

residue positions with a combination of positively charged residues (Arg, and Lys) and 

tyrosine residues,175 to mimic the cell penetrating properties and DNA binding ability of 

CPPs. The computational and experimental studies of the two rationally designed 

amyloid peptides, KYKGAIIGNIK and KYRSGAITIGY (hereinafter referred to as KK and 

KY, respectively) allowed us to conclude on the following concerning their properties: 

They i) can spontaneously self-assemble into amyloid fibrils ii) can interact 

electrostatically with plasmid DNA to form complexes and iii) can transfer pDNA into 

mammalian cells and promote protein expression of the gene of interest. Moreover, 

formulated peptide/DNA complexes exhibit long term stability, very limited cytotoxicity 

and the cationic peptides display strong bactericidal effect against Escherichia coli. 

 

4. 2. Materials and Methods 

Materials  

KYKGAIIGNIK and KYRSGAITIGY peptides were custom synthesized by GenScript 

with C-terminal amidation. The purity of the peptides was over 95%. pGL3 plasmid with 

the SV40 promoter containing the gene for expressing luciferase was obtained from 

Addgene. HEK293T cell line was cultured at 37oC, 5%CO2 in DMEM(Gibco) 

supplemented with 10% fetal bovine serum (Gibco) and 50μg/ml gentamycin. OPTI-



126 

 

MEM (Gibco) was used to obtain a reduced environment for the optimal transfection 

conditions. Thiazolyl Blue Tetrazolium Bromide (MTT) and Congo Red were purchased 

from Sigma-Aldrich. Quant-IT PicoGreen dsDNA assay kit was purchased from 

ThermoFisher Scientific. Proteostat Aggresome detection kit was from Enzo. 

 

 

Computational methods 

 

The computational methods were conducted from Dr. Tamamis group at Texas A&M 

and are analyzed extensively in the submitted CPPs paper and in Sai Vamshi 

Jonnalagadda’s PhD thesis. 

In summary the two peptide sequences NH3+-KYRSGAITIGY-CONH2 and NH3+-

KYKGAIIGNIK-CONH2 were rationally designed and computationally investigated 

using using Replica Exchange Molecular Dynamics (REMD). Initially simulations were 

performed for the two peptides to investigate their conformational and self-assembly 

properties. The  extracted highly ordered and well-aligned β-sheet structures were 

investigated for the key interactions formed between the amino acids within the 

structures and the solvent accessibility of the designed residues to assess the peptides’ 

functionality was calculated. 

 

 

Amyloid Fibril formation 

Peptide powders were dissolved in sterile filtered double distilled water in a final 

concentration of 6mg/ml. The resulting peptide solutions were incubated in room 

temperature for 3 days. Formation of fibrils was confirmed by FESEM, TEM and Congo 

red staining as previously described.25   
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Field Emission Scanning Electron Microscopy (FESEM) 

After the 3 day incubation period, 10 μL of each peptide sample, diluted 1:6, was 

deposited on a cover glass and was air-dried overnight. Dried samples were covered with 

10 nm Au/Pd sputtering. Observation experiments were performed using a JEOL JSM-

7000F microscope operating at 15 kV. 

 

Transmission Electron Microscopy (TEM) 

Each sample (5μl) was deposited directly onto a formvar/carbon coated electron 

microscopy grid for 2min. Excess was carefully removed with a filter paper and the 

sample was stained with 2% w/v uranyl acetate for 2 min. The observations were 

conducted with a JEOL JEM-2100 Transmission Electron Microscope at 80 kV. 

 

Congo Red staining 

 Each peptide solution (20 μl) was thoroughly mixed with 5μl of a fresh Congo Red assay 

solution (10mM Congo Red,  2.5mM  NaOH  in  50%  ethanol). A drop of the mixture was 

deposited on  a  glass  coverslip  and was examined before or after it was dried, at room 

temperature, with a Zeiss Stemi 2000-C microscope with and without the use of a crossed 

polarizer. 

 

Formulation of Cationic Peptides and pDNA complexes 

The pGL3-SV40 luciferase expressing plasmid was mixed with the self-assembled 

peptides at various ratios, in a total volume of 50μl double distilled sterile water. 

Formulations were allowed to assemble for at least 1 hour in room temperature before 

cell transfection.  

 

Gel retardation assay 
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The formation and DNA condensation of the CPP-DNA complexes was verified by 

electrophoresis on a 0.5% agarose gel in TAE 1x buffer and imaged by staining of the gel 

with Gel-Red (Biotium). Complexes were formed as previously described. 0.5μg of pGL3-

SV40 was mixed with 10, 25, 50, 100, 200 μg of each peptide for 1 hour.  4μL loading 

buffer was mixed with the samples before the electrophoresis. 

 

PicoGreen fluorescence quenching experiments 

pDNA (0.5 μg) was labelled with 30μL of the PicoGreen reagent (1:150w/v) in TE buffer 

for 30min at room temperature. The labelled pDNA was mixed with 10, 25, 50, 100, 200 

μg of the self-assembled peptides for 1 hour in room temperature. PicoGreen binds to the 

grooves of the DNA  backbone and strongly fluoresces when excited at 488nm. 

Quenching of the fluorescence indicates packaging of the nucleic acid. The quenched 

fluorescence was analyzed in a BioRad CFX Connect Real-Time System and the naked 

pDNA labelled with PicoGreen fluorescence signal was used to normalize the signal 

detected from the peptide-DNA signal. Values are expressed as quenching percentage.  

 

Zeta potential measurement 

pDNA-peptide complexes were formulated in a final volume of 200μl filtered double 

distilled water in different DNA : peptide concentration ratios (1:312, 1:625, 1:1250, 1:2500 

and 1:5000). An additional dilution with 1mM NaCl to up to 1ml volume followed before 

measurement. Measurements were performed in a ZetaSizer Malvern instrument, using 

the Smoluchowski model, set to a number of 5 runs.   

 

Cell internalization of the amyloid forming peptides 

5x104 HEK293T Human embryonic kidney cells were seeded for 24h in a 24 well plate 

after addition of a 13mm TC Coverslip at the bottom of the well. The culture medium 

(DMEM) was replaced and 25μg of the fibrillar peptide sequence, diluted in 0.5ml 
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DMEM, was added for overnight incubation. Culture media was aspirated and the cells 

were carefully washed two times with PBS 1x. The cells were fixed with 4% formaldehyde 

for 30min, washed with PBS 1x and permeabilized for 5 min with 0.5%Triton X-100, 3mm 

EDTA, pH:8. After washing twice with PBS 1x the cells were treated with the staining 

solution containing the Proteostat aggresome staining and Hoechst nuclear dye. 

Additional washes with PBS 1X followed, the coverslip was mounted on a microscope 

coverslip and the internalization efficacy of the peptides was assessed in a Leica SP8 

inverted confocal microscope at ex/em 500/600nm for the Proteostat dye and ex/em 

350/461nm for Hoechst 33342. 

 

MTT cell proliferation assay 

Cell viability in the presence of the peptides was studied by monitoring the conversion 

of Thiazolyl Blue Tetrazolium Bromide reagent (MTT) into formazan by the 

mitochondrial dehydrogenases of the living cells. HEK293T cells with concentrations of 

7x103 cells/well were cultured in a 96-plate for 24h. Removal of the medium was followed 

by treatment of the cells with increasing concentrations (10, 25, 50, 100, 200 μg) of the self-

assembled peptide, suspended in a total volume of 200μl of culture medium. Cells which 

were not treated with the peptide, served as control. After 48h incubation, the medium 

was carefully removed and replaced with 100μl of fresh medium and 10μl of MTT 

(5mg/ml) dissolved in PBS 1x. The cells were incubated for 4 h to allow the development 

of the purple formazan products and the MTT-culture medium was substituted with 

100μl of isopropanol-DMSO 1:1 solution. The formazan crystals were allowed to dissolve 

for 15min at 37oC. The absorbance was measured at 570nm in a Synergy HTX BioTEK 

Plate Reader. 

 

Plasmid transfection and luciferase assay 
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HEK293T cells were seeded in a 24-wellplate at a density of 6x104 cells per well and grown 

until 60% confluency. The cultured medium was smoothly removed and 500μl of OPTI-

MEM medium containing 50μl of the preformed   pDNA : peptide complexes in ratios 

(1:312, 1:625, 1:1250, 1:2500 and 1:5000 after sequential dilutions) were carefully added 

into the wells. After a 4hour at 37o C incubation period, the medium was removed, 1 ml 

of fresh DMEM supplemented with FBS and gentamycin was added and the cells were 

incubated for 48h to allow the reporter gene expression. Luciferase activity was measured 

by using a luciferase assay system according to the manufacturer’s guidelines (Bright-

Glo, Promega) in a Synergy HTX BioTEK Plate Reader. Protein concentration in cell 

lysates was assessed by the Bradford assay.   

 

Antimicrobial testing  

The antimicrobial activity of the peptides was assessed by following the broth 

microdilution method176 adjusted to the guidelines of CLSI (Clinical and Laboratory 

Standards Institute. Performance standards for antimicrobial susceptibility testing; sixteenth 

informational supplement. CLSI document M100-S16CLSI, Wayne, PA (2006) and EUCAST 

(European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European 

Society of Clinical Microbiology and Infectious Diseases (ESCMID).   Bacteria were grown in 

Luria Bertani broth (LB) in a shaking incubator at 37oC overnight, using individual 

colonies retrieved from a fresh overnight BL21 DE3 plate.  The bacterial suspension was 

adjusted to 106 CFU/mL in LB according to the MacFarlane standard. 50μl  of the  bacterial 

inoculum was mixed in 96-well plates with the twofold diluted peptide solutions (50μl) 

to reach final concentrations of peptides ranging from 3mg/ml to 0.005mg/ml, including 

two inhibition controls (kanamycin 50μg/ml and ampicillin 100μg/ml), a sterility, and a 

growth control. Each peptide concentration was tested in triplicate. The plate was 

incubated for 24h at 37oC and the optical density was measured at 600nm (OD600) in a 

Synergy HTX BioTEK Plate Reader. 
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pDNA internalization and sub-cellular localization 

7x104 HEK293T Human embryonic kidney cells were seeded for 24h in a 24 well plate 

after addition of a 13mm TC Coverslip at the bottom of the well. The following day 50ng 

of pGL3-SV40 plasmid was incubated for 30min with the PicoGreen dye (1:150 dilution) 

and it was further mixed with 250μg of the KK or KY peptide for 1 hour. The medium 

was carefully removed and 50μl of the pre-stained pGL3-SV40-peptide complex diluted 

in 500μl OPTI-MEM was added to the well. After 4h incubation at 37oC, the culture media 

was aspirated and the cells were carefully washed two times with PBS 1x. The cells were 

fixed with 4% formaldehyde for 15min, washed with PBS 1x and permeabilized for 5 min 

with 0.1%Triton X-100. After washing twice with PBS 1x and incubate for 30min with 

BSA 2%-PBS 1x, the cells were treated with the staining solution containing the 

AlexaFluor 680 Phalloidin dye. Two additional washing steps with PBS 1x followed 

before the coverslip was mounted on a microscope coverslip containing a drop of the 

DAPI nuclear staining dye. The internalization and subcellular localization of the stained 

pDNA was assessed in a Leica SP8 inverted confocal microscope at ex/em 679/702 nm for 

the AlexaFluor 680 Phalloidin dye, ex/em  488/520nm for the PicoGreen dye and ex/em 

360/460nm for DAPI nucleus stain. 

 

4. 3. Results   

 

Computational Results 

 

The computational results were carried out by Dr. Tamamis group at Texas A&M and are 

analyzed extensively in the submitted CPPs paper and Sai Vamshi Jonnalagadda’s PhD thesis. 
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In summary, the simulations verified the self-assembly properties for both peptides after 

observing  

the frequent formation of intermolecular β-sheets. Moreover, both the designed peptides 

formed antiparallel as their dominant configuration in line with the configuration of the 

designable scaffolds from which each of them was designed (Figure 67). The functionality 

of the residues at the C- and N-terminal part of the peptide sequences KYRSGAITIGY 

and KYKGAIIGNIK indicate potential functionality, since they are outside the predicted 

amyloid core. The β-sheet forming cores of the peptides were predicted to be GAITIG 

and GAIIGN, respectively. Subsequently, the designed residues were predicted to be 

sufficiently solvent exposed suggesting their potential functionality for cell-penetration 

and DNA binding properties (Table 4). 

 

Table 4: Degree of solvent accessibility of the four designed residues in the two 

designed peptides KYRSGAITIGY and KYKGAIIGNIK. The degree of solvent 

accessibility is calculated for the sidechains of the designed residues based on the 

definitions provided in the refs 25, 26 

Peptide 
Residue 

Position 1 

Residue 

Position 2 

Residue 

Position 3 

Residue 

Position 11 

NH3+-KYRSGAITIGY-

CONH2 
0.58  0.06 0.45  0.10 

0.49  0.08 0.43  0.11 

NH3+-KYKGAIIGNIK-

CONH2 
0.63  0.06 0.42  0.09 

0.53  0.06 0.53 0.07 
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Figure 67: Panels C and D correspond to molecular graphic images of representative 

highly ordered and well-aligned conformations of peptides KYRSGAITIGY, and 

KYKGAIIGNIK in antiparallel arrangement, respectively. The peptides’ backbone is 

shown in tube representation and the backbone atoms forming β-bridges are shown in 

thin licorice representation and are colored by name, and the β-bridge associated 

hydrogen bonds are shown using black dashed lines. The peptides are colored in blue, 

red, gray and orange from left to right. Residue moieties 4-9 in each of the two designed 

peptides form amyloid-zipper like patterns and are shown in transparent surface 

representation. Side chain atoms of residues at positions 1, 2, 3, and 11 are shown in thick 

licorice representation. 

 

Designer peptides KK and KY self-assemble into positively charged amyloid fibrils 

 

Both peptides NH3+KYKGAIIGNIK-CONH2 (KK) and NH3+KYRSGAITIGY-CONH2 (KY) 

were designed to contain a beta-sheet forming core, GAIIG and GAITIG respectively, that 

is being reported to self-assemble into amyloid fibrils in vivo and in vitro.22, 76 To assess 

whether our beta-sheet-containing sequences correspond to amyloid like morphologies 

after self- assembly, FESEM and TEM observations were performed. We further validated 

that the peptides can self-assemble into amyloid fibrils with Congo Red, one of the most 
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commonly used dyes for amyloid detection. Both peptide powders after being dissolved 

in sterile deionized water, acquired a fibrillar conformation of long, straight, randomly 

oriented fibrils with widths in the range of 10−20 nm as observed under FESEM (Figure 

68A, Figure 69A) and TEM (Figure 72A, Figure 73A) Moreover, addition of Congo Red 

stain to the incubated peptides uncovered the amyloid nature of the fibrils due to the 

yellow-green birefringence of the peptides under a crossed polarizer (Figure 68B, Figure 

69B). A combination of positively charged residues (Arg, and Lys) at the designable 

positions on both scaffolds resulted in a positive z-potential indicating the cationic 

peptide KK at  32.3 ± 0.91 mV and KY at 31.2 ± 2.19mV (Table 6) 

 

 

Figure 68: A: FESEM picture of the self‐assembled peptide NH
3

+

KYKGAIIGNIK‐CONH
2
 

(KK) after incubation in sterile double distilled water for 3 days. Distinct fibrillar 

conformation is observed. B: Congo Red staining confirms the formation of amyloid 

fibrils due to the yellow/green birefringence under crossed polarizer. Top: without and 

Bottom: with the use of a crossed polarizer. FESEM scale bar is 100 nm 
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Figure 69:  A: FESEM picture of the self‐assembled peptide NH
3

+

KYRSGAITIGY‐CONH
2
 

(KY) after incubation in sterile double distilled water for 3 days. Distinct fibrillar 

conformation is observed. B: Congo Red staining confirms the formation of amyloid 

fibrils due to the yellow/green birefringence under crossed polarizer. Top: without and 

Bottom: with the use of a crossed polarizer. FESEM scale bar is 100 nm. 

 

Amyloid cationic peptides package pDNA by forming stable fibrillar complexes  

To examine the binding and condensation ability of our amyloidal peptides with pDNA, 

Gel retardation, PicoGreen fluorescence assay and TEM observations were performed. 

pDNA complexes were prepared with the two cationic peptides at DNA/peptide ratios 

ranging from 1:20 to 1:400. After 1h incubation they were analyzed for changes in their 

mobility by a 0.5% agarose gel electrophoresis. Both peptides bound and completely 

retarded pDNA in the wells (Figure 70). It should also be noted a slight decrease in the 

intensity of the GelRed stain fluorescence in the highest concentrations of the KK peptide 

complexes suggesting further fluorescence quenching due to the additional pDNA 

association. The aim of this experiment is to identify the DNA condensation capacity of 

the peptides since plasmid DNA has a highly negative charge and each of the peptide 

monomers can contribute positive charges attributed to the arginine and lysine residues 

and also to the unprotected amino group at the N-terminal end. Concluding the above 

results, we have verified that our peptides can fully package pDNA. 
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As an additional confirmation for the binding of the peptides to pDNA, a PicoGreen 

fluorescent quenching assay was conducted. In the following assay, pDNA was mixed 

with the PicoGreen dye that emits a strong fluorescent signal when excited at 488nm. 

Quenching of this signal indicates packaging of the DNA and subsequent binding. 

Comparing the remaining fluorescence after the complex formation with the fluorescence 

of the naked pDNA, the percentage of the fluorescence loss corresponds on the level of 

DNA packaging by the peptides. Complexes of pDNA with the peptides achieved 

maximal quenching of the PicoGreen signal in all of the DNA-peptide ratios tested 

(Figure 71) , which confirms that even in low concentrations our amyloid cationic 

peptides possess a high binding capacity, a result that is in agreement with the Gel 

retardation assay experiment. 

 

 

 

Table 5: Summary of the peptide and pDNA concentrations used for the formation of 

the complexes. 

 

pDNA/peptide 

ratio 

Peptide 

concentration 

(μg/ml) 

pDNA concentration 

(ng/μl) 

1:5000 250 50 

1:2500 125 50 

1:1250 52.5 50 

1:625 31.2 50 

1:312 15.6 50 

 

 

Table 6: The average zeta potential of the cationic amyloid peptides. 

                                       Zeta potential (mV) 
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pDNA/peptide ratio NH3

+
KYKGAIIGNIK-

CONH2 

NH3
+
KYRSGAITIGY-

CONH2 

Peptide only 32.3 ± 0.91 31.2 ± 2.19 

1:5000 27.45 ±0.9 28.8 ± 0.21 

1:2500 26.9 ± 0.67 24.1 ± 1.25 

1:1250 24.9 ± 0.66 14.8 ± 1.72 

1:625 22.1 ± 2.92 13.7 ± 2.75 

1:312 1.95 ± 1.02 4.2 ± 0.74 

 

 

Figure 70:  Gel retardation assay for the binding efficiency of the amyloidal peptides with 

pDNA. Peptides A) KK and B) KY were complexed with 500ng of pGL3‐SV40 in 
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pDNA/peptide ratios varying from 1:20 to 1:400 for 30min. Formed complexes were run 

in a 0.5% agarose gel.  Free pDNA was used as control.  

 

Figure 71: Percentage of Pico Green fluorescence quenching due to pDNA binding to the 

amyloidal peptides. NH
3

+

KYKGAIIGNIK‐CONH
2
 (red) and NH

3

+

KYRSGAITIGY‐

CONH
2  

(blue) are mixed with a constant concentration of pDNA (500ng) in various ratios 

for 30min. Complexes are further stained with the PicoGreen dsDNA dye. The 

fluorescence intensity of the complexes was then measured and normalized with the 

naked pDNA and the percentage of free and unbound pDNA is measured according to 

the fluorescence quenching level. Low fluorescence percentages indicate DNA binding 

with the peptides and subsequent quenching of the fluorescence signal. 

    

 

 

DNA binding alters the conformation of the fibrils  

We next investigated the effect of DNA binding to the conformation of the fibrils after 

incubation. Interestingly, while amyloid peptides KK and KY exhibit a randomly 
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oriented architecture (Figure 72A, Figure 73A), when these peptides are incubated with 

the pDNA molecules they seem to adhere with each other affording a more aligned 

assembly (Figure 72B, Figure 73B). This bundling of the fibrils could be mediated by the 

electrostatic attraction between negatively charged pDNA molecules and cationic 

residues belonging to adjacent fibrils/beta sheets.  

 

Figure 72: TEM micrographs of the NH
3

+

KYKGAIIGNIK‐CONH
2 

peptide’s fibrils 

negatively stained with 2% uranyl acetate A) before incubation with pDNA B) after 

incubation with pDNA for 1hour in a 1:1000 DNA/peptide ratio. Change in the 

conformation of the fibrils after binding with pDNA, pDNA, from a random orientation 

to a more aligned configuration with adherent fibrils suggests DNA binding.  Scale bar 

is 2μm.  

 

 

 

Figure 73: TEM micrographs of the NH
3

+

KYRSGAITIGY‐CONH
2 

peptide’s fibrils 

negatively stained with 2% uranyl acetate A) before incubation with pDNA B) after 
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incubation with pDNA for 1hour in a 1:1000 DNA/peptide ratio. Change in the 

conformation of the fibrils after binding with pDNA, from a random orientation to a more 

aligned configuration with adherent fibrils suggests DNA binding. Scale bar is 1μm.     

Long term stability of the pDNA/peptide complexes 

Moreover, KK-DNA and KY-DNA complexes displayed excellent stability in long term 

storage (over 4 months) at room temperature or in refrigerated conditions without the 

use of any additives. Furthermore, after lyophilization of the peptide-DNA complex 

solutions and subsequent resuspension in water, no apparent loss of their binding 

capability and stability was observed, after being tested with the aforementioned 

methods. (results not shown). 

 

Internalization of the cationic peptides and pDNA-peptide complexes and their subcellular 

localization 

As concluded in the computational analysis of the two peptides, the designed cationic 

residues have a high probability of being exposed and accessible for cell penetration and 

DNA binding. We examined the cell internalization propensity of the two peptides by 

employing the Proteostat staining assay. The PROTEOSTAT® dye is a red fluorescent 

molecular rotor dye, which specifically intercalates into the cross-beta spine of protein 

and peptide structures. This binding inhibits the dye rotation and leads to a strong 

fluorescence emission.177 Peptides KK and KY were incubated with HEK293T cells and 

were subsequently stained with the Proteostat dye. Cells were also stained with the 

nuclear Hoechst dye to better distinguish the cell nucleus location. Both peptides seem to 

internalize in the cell and to localize in the cytoplasm. (Figure 74). For additional 

internalization detection studies concerning the pDNA-peptide complexes, kidney 

embryonic cells HEK293T were incubated with the pre-stained peptide-pGL3 DNA 

complexes for 4 hours and subsequently imaged in a confocal fluorescent microscope. 

We detected the prestained with Picogreen plasmid mainly in the nuclear area (Figure 

75), indicating successful transfection and transition of pDNA in the nucleus within 4 h 
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hours with the use of the peptide carriers. In Figure 75A is shown only the PicoGreen 

stain control. PicoGreen although is able to stain free dsDNA, is not considered a cell 

permeable dye. To confirm that the green fluorescence is attributed predominantly to the 

prestained pDNA inserted in the nucleus, and not PicoGreen interference, cells were 

incubated for 4h only with the PicoGreen stain in the same concentrations used for 

staining of the pDNA. Only a dim green fluorescence was observed in the cell nucleus, 

indicated that PicoGreen unspecific staining will not interfere with our observations. 

Cells incubated with the prestained pDNA/peptide complex are shown in Figure 75B 

where only the cell nucleus (blue) and actin (red) were visualized, whereas in Figure 75C 

the PicoGreen (green) and actin (red) filters were applied. An intense green fluorescence 

signal in the nucleus is detected in Figure 75C and is indicative of the effective 

internalization and transfer of the prestained SV40-pDNA into the nuclear area. 

Eventually, when all the filters were applied, the cell nucleus acquires a blue/green color 

attributed to the mixed color of the DAPI and PicoGreen fluorescence signals. (Figure 

75D).  
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Figure 74 : Cellular uptake of the cationic amyloidal peptides. HEK293T cells were 

exposed to 25μg of KK and KY peptide, followed by a 24h incubation. For confocal 

microscopy observations, cells were washed and stained with a mixture of the Proteostat 

dye that binds to the amyloid fibrils and Hoechst 33342 for nuclear stain. Pictures A and 

B correspond to KK peptide and C and D to KY peptide. For pictures A and C the 

brightfield illumination form was applied additionally, to circumscribe the limits of the 

cell membranes. Moreover, z‐stacks for each peptide was obtained to ensure the 

internalization and not the external cell adhesion of the peptides (results not shown). 

Scale bar:100μm 
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Figure 75: pGL3‐SV40 delivery into the nucleus with the aid of the KK peptide. HEK293T 

cells were treated for 4h with a prestained with PicoGreen pDNA/KK complex at a 1:5000 

ratio. PicoGreen dye without adding the DNA/peptide complex was used as a control. 

Cells were washed and stained with AlexaFluor680‐Phalloidin for visualizing cell 

membranes (red) and DAPI for visualizing the nucleus (blue). Confocal image of  the cells 

A) incubated only with the PicoGreen stain control. B) after incubation for 4h with the 

complex applying only the DAPI (blue)and Phalloidin(red) filter C) with the PicoGreen 

filter for pDNA visualization (green) and Phalloidin(red). D) A merged picture with the 

three stains (all filters applied) confirms the successful transportation of the pGL3‐SV40 

into the nucleus due to the SV40 nuclear localization signal. KY rendered similar results. 

Scale bar:100μm 
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Transfection studies of the cell penetrating amyloid peptide - pDNA complexes 

We investigated the ability of our amyloid peptides to deliver the luciferase expressing 

plasmid pGL3-SV40 into the cells and trigger effective gene expression. For gene 

expression studies, kidney embryonic cells HEK293T were incubated with the 

peptide/DNA complexes (Table 5) for 48h followed by a luciferase activity detection 

assay. The KK-pDNA and KY-pDNA complexes mediated detectable and satisfactory 

transfection levels of the pGL3-SV40 plasmid as detected by the luciferase expression 

levels (Figure 76). KK-DNA and KY-DNA complexes have their highest transfection 

efficacy at a DNA/peptide ratio of 1:5000, while decreasing the peptide concentration 

down to a 1:312 ratio led to decreased transfection efficacy for both peptides. This can be 

attributed to the higher overall positive charge of the complexes in ratios where the 

peptide concentration is increased. As depicted in Table 6, KK and KY complexes start 

from a 1:5000 DNA/peptide ratio with a positive zeta potential of 27.45 ±0.9 mV and 28.8 

± 0.21 mV accordingly. Keeping a constant DNA concentration of 50 ng and gradually 

decreasing the peptide concentration from 250μg to 15.6μg, we come down to a 

DNA/peptide ratio of 1:312 and a decreased zeta potential of 1.95 ± 1.02 mV and 4.2 ± 0.74 

mV for the KK-pDNA and KY-pDNA complexes accordingly. The results indicate that 

there is a direct correlation between the amount of higher positively charged peptide 

complexes and the transfection levels. Moreover, it should be noted that KY-DNA 

complexes achieved higher luciferase gene expression level compared to KK-DNA 

complexes. 
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Figure 76: Levels of expression of the luciferase protein in the HEK293T cells after 

transfection with the pGL3-SV40/KK and pGL3-SV40/KY complexes at different ratios for 

4hours and a following incubation for 48hours. Untreated cells and free pDNA were used 

as controls. ** denotes the significant difference in the RLU/mg between the untreated 

cells and the transfected cells (p < 0.01). 

 

 

Designed peptides are toxic to bacteria but not to mammalian cells 

An ideal gene delivery vehicle should exhibit very limited or no cytotoxicity to the cells 

being transfected. Indications of a toxic carrier are initially assessed by cell viability 

assays such as the MTT test. To validate this, we carried out transfections with the KK 

and KY peptides at increasing concentrations and measured the impact on the cell line 

by using MTT assay. Results indicate that, no significant cytotoxicity related with KK and 

KY peptides was observed and therefore the peptides can be considered non-toxic to the 

cell line and at the conditions tested (Figure 77).  We further examined the antimicrobial 
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potency of our cationic amyloid peptides against a common Gram-negative bacterial 

specie, Escherichia coli BL21 DE3. It should be noted that both cationic peptides KK and 

KY inhibited bacterial population growth. However,  KY has  better antimicrobial activity 

by reducing bacterial population at 50% at concentrations around  0,375mg/ml compared 

to KK that required higher concentrations (1.5mg/ml) for the same result. (Figure 78).  

 

Figure 77: MTT cell viability assay results of the amyloid peptides incubated for 48h in 

HEK293T cells. KK peptide is represented with red and KY with blue. Various 

concentrations of the peptides were used varying from 10 to 200μg. Results are expressed 

as a percentage value of control cells cultured without the addition of peptides (control = 

100%). ** denotes the significant difference in cell viability between the untreated cells 

and the transfected cells with the peptides (p < 0.01). 
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Figure 78: Antimicrobial activity of peptides KK (red) and KY (blue) against Escherichia 

coli bacteria after treatment with increasing concentrations of the peptides. The cultures 

of bacteria were treated for 24 hours in 37
o

C followed by absorbance measurements at 

600nm.  Untreated cultures (0μg of peptide) were used as control and the measurements 

were performed in triplicates. * for p<0.05, ** for p < 0.01, ***p<0.0001.   

 

 

 

 



148 

 

4. 4. DISCUSSION 

 

In the present study we employed computational methods towards the design of amyloid 

cell penetrating biomaterials with DNA binding functionalities. The computational 

design was based on the amyloid scaffolds YATGAIIGNII76 and RGDSGAITIGC25 which 

contain the β-sheet cores GAIIG and GAITIG and which were further mutated  at key 

non-β-sheet positions at their termini namely at residues 1,2,3 and 11.  We speculated that 

inserting positively charged residues (Arg, and Lys) at these specific positions would 

favor cell penetration and DNA binding as was recorded in similar studies178-179. We 

purposely left the N-terminal end unprotected for potential involvement of the positively 

charged amino group to the electrostatic interactions of the peptide.   Moreover, aromatic 

residues in the order Y>W>F are abundant in proteins interacting with DNA175. Thus, we 

hypothesized that tyrosine residues at key positions would additionally favor DNA 

interaction with our scaffolds.  

To elucidate if the novel peptide sequences NH3+KYKGAIIGNIK-CONH2 and 

NH3+KYRSGAITIGY-CONH2 (KK and KY for abbreviation) have the requested self-

assembly properties we used independent REMD simulations where we concluded that 

they can spontaneously self-assemble predominantly in antiparallel beta-sheets. 

Importantly, the altered residues in both scaffolds are not involved in β-bridge 

interactions, suggesting that these residues are exposed and could possess cell 

penetration and DNA binding properties.  The amyloid nature was further 

experimentally verified when the peptides were dissolved in sterile double distilled H2O 

and formed the characteristic amyloid fibrils as assessed by TEM, FESEM and Congo Red 

staining.  

Utilizing positively charged peptides for transferring cargo into the cells and especially 

for gene therapy purposes, some important characteristics should be taken into 
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consideration: 1) effective binding of the oligonucleotide of interest, 2) efficient cellular 

membrane translocation of the peptide 3) transfer of the CPP-conjugate into the cell and 

subsequent release of the oligonucleotide and 4) very limited or no cytotoxicity at all.  

The common characteristic of cationic CPPs is their positive net charge which originates 

from their basic residues arginine and lysine. Both play a pivotal role in mediating the 

internalization of the naked peptide and also of a variety of therapeutic cargoes, into 

mammalian cells. Tat derived peptide180, synthetic polyarginines36 and penetratin181 are 

among the best representatives of the cationic class cell penetrating peptides. Both 

designer peptides exhibited a positive z-potential of  32.3 ± 0.91 mV for the KK  and of 

31.2 ± 2.19mV for the KY peptide respectively, confirming the exposure of the arginine 

and lysine residues and also classifying the peptide assemblies as positively charged.  

CPPs internalization can be attributed to various mechanisms. Routes can be divided into 

two broad categories: direct penetration of the plasma membrane through interaction of 

the positively charged peptides with the negatively charged membrane components and 

phospholipid bilayer158 or through energy-dependent endocytic pathways, especially 

when peptides are associated with cargo molecules. Moreover, the internalization 

process can be dependent on various factors, for example concentration of the peptide, 

properties of the cargo molecules or the cell line.156 Amyloid fibrils possess cell adhesive 

properties and can mimic the fibrillar conformation of the extracellular matrix through 

functionalization with cell adhesive ligands182,183. Moreover, amyloid nanosheets with 

positive charge can be also be used as a “docking station” for DNA condensation and 

retroviral transduction enhancement.28,29,67. However, due to their extending fibrillar 

conformation they were not considered until now as possible candidates for cell 

internalization and gene carriers. In the present study the designed peptides successfully 

achieved non cytotoxic internalization into the HEK293T cells after incubation for 24h as 
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revealed by MTT and Proteostat aggresome staining. However the exact cell uptake 

mechanisms remain to be elucidated.  

For a facile gene transfer application, the peptide carrier should be able to bind and 

protect effectively the genetic material. Positively charged peptides can interact with the 

negatively charged phosphate backbone of DNA through electrostatic interactions 

leading to condensation of the nucleic acid biomolecules184. DNA-condensing, cell 

penetrating peptides must retain their condensation abilities following cell 

internalization, in order to prolong the life of the carried nucleic acid185 and prevent DNA 

degradation by cytosolic nucleases186. Generally following endocytosis, a significant 

amount of internalized DNA is targeted to the lysosomes where it will be degraded187.  

Even the remaining “free” DNA has a life expectancy of 50-90 min in the cytoplasm since 

it is subject to degradation by nucleases185. The presence of a carrier that can protect the 

DNA integrity is essential for safe pDNA transition into the nucleus.  Cationic peptides 

KK and KY, were incubated with the luciferase carrying plasmid and their DNA binding 

abilities were assessed by Gel retardation, PicoGreen assay and TEM. Since amyloid 

fibrils cannot diffuse through the agarose pores during electrophoresis due to their 

conformation, any observed delay in the pDNA migration reflects the extent of the 

peptide DNA binding ability. In order to test the DNA binding capacity of the peptides, 

we used high pDNA concentration relative to the peptide concentration. Full retardation 

of the plasmid band was observed in all of the DNA/peptide ratios tested. Furthermore, 

the PicoGreen quenching assay showed that when peptides were mixed with the pre-

stained pDNA in the same complex ratios, full quenching of the fluorescent signal was 

observed. Thus, both the gel retardation and fluorescence quenching evidence point to 

DNA condensation ability of the peptides. Interestingly, TEM observation of the peptide-

pDNA revealed a change in the arrangement of the fibrils from a randomly oriented 

fibrillary conformation to bundled assemblies that seem to be connected to each other. 
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We speculate that this alteration is a result of electrostatic interactions between the 

negatively charged DNA and the positively charged residues emanating from different 

fibrillar moieties.  

Peptide transfection studies showed efficient gene delivery results by the pDNA/KK and 

pDNA/KY complexes in HEK293T cells after a minimal incubation period of 4h. The 

delivery efficiency was significantly increased with the increase of the peptide 

concentration. For both peptides the z-potential of the complexes increased from 1.95 ± 

1.02 to 27.45 ±0.9 for pDNA/KK and 4.2 ± 0.74 to 28.8 ± 0.21 for  pDNA/KY  (corresponding 

to DNA/peptide ratios  from 1:312 to 1:5000). Therefore, as the added peptide in the 

complex is increasing, the DNA negative charge is completely neutralized and positive 

charges are in excess. Concurrently, the transfection efficiency increased along with the 

increase in the overall charge complex from 1:312 to 1:5000.  It is reported that the excess 

of positive charge in the transfecting DNA/peptide complex leads to a more efficient gene 

transfer. The positive charges may in part serve for the electrostatic binding and 

condensation of DNA188 and in part for the translocation through the negatively charged 

anionic phospholipids and/or for the neutralization of various charge factors on the cell 

surface. It is plausible to conclude that as the negative charge of the complexes was 

reduced, the transduction efficiency increased, resulting in a direct correlation of the 

pDNA/peptide complex charge and the gene delivery efficacy. Furthermore, KY-DNA 

complexes achieved higher luciferase gene expression levels compared to KK-DNA 

complexes. This cannot be attributed solely to the difference in overall charge, since the 

zeta potential measurements fluctuate in the same levels. Arginine-containing sequences 

may have an advantage in rapid cell penetration due to its guanidine head that forms 

bidentate hydrogen bonds with the negatively charged membrane constituents189. Recent 

theoretical and experimental studies also point to an important role of arginines in CPP 

peptides 190. The confocal observations of cells treated with the prestained SV40-pGL3 
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plasmid show that it enters the nucleus in a period of 4 hours as observed from the 

blue/green overlay on the nuclear area.  

Generally, CPPs are designed for noninvasive cargo transport but they can also possess 

specific antibacterial activity. Such examples of antimicrobial CPPs are178: TP-10191, 

MAP192, TAT193 , penetratin192, 194 , pVEC192 and ε-poly-L-lysines195 which can act as 

antibacterial agents depending on the peptide concentration and the composition of the 

bacterial membrane. A proposed mechanism of the cell penetrating peptides 

antimicrobial activity is the carpet-like model, according to which the positively charged 

domain of the peptides interact and bind to the negatively charged phospholipids on the 

bacterial membrane, covering the cell surface in a carpet like manner. When a certain 

concentration of the peptide is reached, the membrane is locally destabilized allowing the 

passage of the peptides through different perturbation mechanisms159. Peptides 

NH3+KYKGAIIGNIK-CONH2 and NH3+KYRSGAITIGY-CONH2 are both cationic, cell 

penetrating and can self-aggregate into amyloid fibrils. They also exhibited bactericidal 

activity against the E.coli strain tested. The peptide NH3+KYRSGAITIGY-CONH2 required 

a concentration of 0.375mg/ml to reduce the bacterial population to 50% compared to 

NH3+KYKGAIIGNIK-CONH2 that required higher peptide concentration (1,5mg/ml). 

Cationic aggregating peptides comprising arginine residues along with short 

aggregation-prone residue stretches were recently identified via bioinformatics 

approaches in the bacterial proteome and were reported to internalize in mammalian 

cells. They were also found to be lethal to bacterial cells30, 165. Their specific toxicity 

towards bacteria only and not mammalian cells involves uptake mechanisms and specific 

cross-aggregation with bacterial homologous sequences; this cross-aggregation 

subsequently leads to disruption of bacterial protein homeostasis as a result of the 

accumulation of protein aggregates 30, 165.  Elucidating the mechanism of antimicrobial 

action of the two peptides reported here will be the subject of future studies. It did not 
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escape our attention that the quasi-homologous sequence SAIIGI was identified with 

high cross-aggregation score with E. coli proteins in ref30 and the designed 

RSAIIGIIRRPRSAIIGIIRR sequence was predicted to have antibacterial action 30 . It is 

plausible to hypothesize that the antibacterial activity of the two peptides reported here 

could follow the same mechanism as the one reported in ref30, namely a cell-penetrating 

activity mediated by positively charged residues and cross-interaction of the amyloid 

cores with bacterial sequences leading to aggregates that disrupt bacterial proteostasis. 

However, the exact mechanism remains to be elucidated in future studies. 

 

4. 5. Conclusions 

In this study we rationally designed two functional peptides that combine amyloid fibril 

characteristics and beneficial cell penetrating properties.  The novel peptide sequences 

comprise the fibrillar beta-sheet core of peptides GAIIG and GAITIG and self-assemble 

spontaneously into amyloid fibrils when dissolved in water. Through incorporation of 

the positively charged amino acids arginine and lysine and the aromatic residue tyrosine 

in carefully selected positions we succeeded in mimicking the cell internalization and 

DNA binding and condensing abilities of previously in-depth tested cell penetrating 

peptides. More importantly the DNA/peptide fibrillar assemblies were able to transfect 

and enhance the luciferase protein expression in a charge - and -peptide concentration 

dependent manner.  Moreover, these peptides were able to effectively decrease the E.coli’s 

culture population drastically under the conditions tested.  

Amyloid-forming peptides are gaining increasing importance in biomedical applications, 

including tissue engineering, nanovaccine engineering and biosensing 182, 196. We 

anticipate that our designer amyloid materials could constitute a stepping stone for 
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utilizing amyloids as novel biomaterial scaffolds which combine cell penetration and 

gene transfer with antibacterial properties. Future studies could focus on combining 

additional properties to the currently designed materials such as transfer of siRNAs and 

protein therapeutic cargos as well as examining and improving their antimicrobial 

activity for different bacteria and microbes. Amyloid –forming CPPs present advantages 

compared to traditional CPPs, such as the possibility to engineer different delivery 

functionalities onto the same self-assembling scaffold. Moreover, the cross-seeding 

between the amyloid-forming CPPs and other amyloid peptides, a well-known property 

of amyloidogenic proteins and peptides 197-199, could potentially be exploited towards 

multifunctional biomaterial design. 

 

In this study we rationally designed two functional peptides that combine amyloid fibril 

characteristics and beneficial cell penetrating properties.  The novel peptide sequences 

comprise the fibrillar beta-sheet core of peptides GAIIG and GAITIG and self-assemble 

spontaneously into amyloid fibrils when dissolved in water. Through incorporation of 

the positively charged amino acids arginine and lysine and the aromatic residue tyrosine 

in carefully selected positions we succeeded in mimicking the cell internalization and 

DNA binding and condensing abilities of previously in-depth tested cell penetrating 

peptides. More importantly the DNA/peptide fibrillar assemblies were able to transfect 

and enhance the luciferase protein expression in a charge - and -peptide concentration 

dependent manner.  Moreover, these peptides were able to effectively decrease the E.coli’s 

culture population drastically under the conditions tested.  

We anticipate that our designer amyloid materials could constitute a stepping stone for 

utilizing amyloids as novel biomaterial scaffolds which combine cell penetration and 

gene transfer with antibacterial properties. Future studies could focus on combining 

additional properties to the currently designed materials such as transfer of siRNAs and 
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protein therapeutic cargos as well as examining and improving their antimicrobial 

activity for different bacteria and microbes. 
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GENERAL CONCLUSIONS  

This PhD study aimed at the development of biocompatible novel protein and peptide 

materials that were designed and engineered to exhibit functional and applied properties. 

The protein and peptide sequences were mainly derived from the adenovirus type 2 fiber, 

Alzheimer’s alpha beta peptide and the HIV-1 gp120 V3 loop. Protein constructs and 

peptide scaffolds can find application as drug and gene delivery agents, and as 

inspiration for the design of amyloid inhibition materials.  

A key role in the rational design of the sequences was played by the computational 

methods developed and employed by the group of Dr Tamamis at Texas A&M. 

The findings of each chapter will be further separately discussed. 

 

Part 1: Adenovirus type 2 engineered fiber constructs for use as biomaterials. 

A series of protein constructs were designed by inserting domains or mutating positions 

of the adenovirus type 2 fiber sequence.  

- The chimeric proteins where the natural globular head was substituted with the fibritin 

foldon trimerization domain exhibited high overexpression levels and were all able to 

effectively fold into their trimeric state, as observed in SDS-PAGE, and obtain the natural 

nanorod conformation, as observed  with TEM. 

-To eliminate the possible degradation products due to the protease actions during 

protein synthesis in the bacterial cell, a 6x His-tag or an additional foldon domain was 

inserted at the N-terminal end of the fiber protein (constructs Linker-His, NoLinker-His, 

Foldon-Linker-Foldon). The His-tag plays a protective role at the N-terminal end, since 

no degradation products were observed after purification with a Ni-NTA column, 

subsequent dialysis and Western Blot analysis with an anti-His antibody. Moreover, it is 
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inferred from previous studies of various groups 95  that the histidine-rich protein or 

peptide sequences could act as endosomal escape agents. 

- A smaller version of the fiber protein with the foldon domain as trimerization motif 

containing approximately 100 amino acids, was expressed in high amounts both in a 

cytosoluble and aggregated form. This indicates that a smaller protein variant could also 

be used as an alternative to avoid denaturation and renaturation processes from inclusion 

bodies with harsh reagents such as urea. Moreover, a predominantly soluble construct 

can also prove advantageous for crystallization trials. 

- The protein construct LHB (Linker-His-Biotin) was chosen for establishing proof-of-

concept concerning the use of protein as a therapeutics delivery agent. The LHB construct 

trimerizes effectively, is non-cytotoxic in the concentrations used and can internalize the 

mammalian cell lines and localize the cytoplasm and the perinuclear area. The construct 

due to the absence of the globular head, that acts as CAR receptor binding motif, 

obviously enters the cells in a CAR- independent mechanism. Its internalization 

mechanism needs to be investigated in further future experiments. Additionally, LHB 

comprises a biotinylation site incorporated at its N-terminal end200-201. This site  enables 

the protein to be biotinylated during its synthesis in the bacterial cell with the addition of 

the biotin molecule during overexpression. It can be purified both by a Ni-NTA and a 

streptavidin affinity column. Its intracellular delivery ability was tested by delivery of a 

streptavidin protein molecule attached to a gold NP and conjugated to  a fluorophore. 

The link was established via the non-covalent bond between biotin and streptavidin. The 

protein efficiently guided the internalization of the streptavidin-NP cargo into the 293T 

cell line. Additional molecules could also be tested, such as biotinylated-nucleic acids or 

proteins for gene or protein therapy applications. The functionalities of the LHB protein 

are summarized in Figure 79. 
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-The substitution of a serine residue with a cysteine into the protein LHCYS and LHBCYS 

sequence allows the interaction of the protein through disulfide bonds. The LHCYS 

protein interacted with a maleimide initiator while retaining its trimeric folding. 

Furthermore, styrene polymerization was triggered. This preliminary assembly opens 

new possibilities toward the assembly of a responsive protein-polymer, which could 

encapsulate moieties of interest for cell targeting applications. Future experiments entail 

the morphological characterization of the protein-polymer with EM methods and further 

polymerization of the protein with responsive polymers. 

 

 

 

 

Figure 79: Design, Expression and Properties Characterization of  Hybrid shaft proteins 



159 

 

Part 2: “GAIPIG” A novel amyloid designable scaffold and potential inhibitor 

inspired by GAIIG of amyloid beta and the HIV-1 V3 loop 

In this part the amyloid peptides derived from natural amyloidogenic sequences were 

examined for the development of materials that act as functional scaffolds or as 

inspiration for specifically targeted amyloid fibrillization inhibitors (Figure 80). In 

summary:  

- The GAIIG sequence was detected in both the Alzheimer’s Αβ peptide and the V3 loop 

sequence of HIV-1 gp120. It is considered a key determinant for beta-sheet formation as 

it can self-assemble spontaneously outside the sequence of origin. 

- GAIIG sequence self-assembles into amyloid fibrils as observed under TEM and FESEM 

and displays the characteristic amyloid X-ray diffraction pattern. It was also postulated 

that the longer sequence YATGAIIGNII with the GAIIG sequence as an amyloid core and 

with suitably selected modifications at the flexible positions,  a designable scaffold for 

novel amyloid-based materials could be developed. 

- Inspired by the homologous beta-sheet key determinants GAIIG and adenovirus fiber’s 

GAITIG sequence, a new peptide, GAIPIG was examined for its self-assembling 

properties. The GAIPIG peptide contains the proline residue that is generally considered 

to be a beta-breaker residue. The peptide indeed fails to self-assemble into amyloid fibrils. 

- Single crystal X-ray analysis of the beta-breaker peptide GAIPIG indicate that the 

peptide molecules interact with each other toward the formation antiparallel dimer that 

is only a reminiscent of a small beta-sheet.  

- Computational simulation analysis concluded that the GAIPIG peptide has binding 

properties to Ab and the V3 loop recognition sites but its proline side chain protrudes 

and is facing outwards from the fibril, therefore disallows the further beta-sheet fibrillar 

elongation. 
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- Experimental fibrillization studies  (Thioflavin binding assay) of the Αβ peptide in the 

presence of the GAIPIG peptide show fibril formation inhibition. It was observed an 

increase in the length of the lag phase as well as a 30% reduction in the fibril formation 

by Aβ after 168 h (7 days) of incubation. 

 

      

Figure 80: Illustration of the molecular linkage between an amyloid forming core, 

material scaffold and beta-breaker peptide. The GAIIG amyloid forming core (center) 

surrounded by flexible residues (in red color, bottom panel) becomes amenable to 

modifications that can target a variety of materials. When a proline residue (in red, upper 

panel) is introduced between the two isoleucines the resulting GAIPIG peptide does not 
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form amyloids and crystallizes yielding a single crystal structure. Isoleucine residues are 

in cyan color.  

 

Part 2 Chapter 4: Designer Amyloid Cell Penetrating Peptides for Potential Use as 

Gene Transfer Agents 

This study was focused on two rationally and computationally designed peptides 

comprised of natural beta-sheet cores that can self-assemble into amyloid fibrils and 

possess cell penetration properties and advantages that allow their use as gene vectors or 

antimicrobial agents. 

More specifically: 

-Two novel peptide sequences (KYKGAIIGNIK and KYRSGAITIGY) were rationally 

designed by inserting mutations on amenable to modifications regions of two previously 

studied peptides (RGDSGAITIGC and  YATGAIIGNII), which contain the amyloid cores 

GAIIG and GAITIG. 

-Both peptides can self-assemble into amyloid fibrils shortly after being dissolved into 

water, and also exhibit the amyloid yellow/green characteristic birefringence when 

observed under a crossed-polarizer. 

-Due to the addition of the positively charged residues (lysine and arginine) at designated 

positions the peptide assemblies are characterized by a positive charge that allows their 

interaction with strong negatively charged nucleic acids and the interaction with the 

negative phospholipid membranes of the cells. 

-Peptides were able to form complexes with the pDNA molecule encoding the luciferase 

gene and condense it, which allows its protection and its efficient delivery into the cell. 

This peptide-DNA conjugate is the result of the positive charge attributed not only to the 
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lysine and arginine residues but also to carefully positioned aromatic residue tyrosine 

that is considered to enhance the DNA binding properties of the proteins175. Furthermore, 

upon binding of the peptides with pDNA, a rapid change in the conformation of the 

fibrils was observed, from a branching-like assembly to a more organized configuration 

with adherent fibrils that clearly indicates effective DNA binding. 

-The peptide alone or upon complexing with pDNA were able to penetrate the cell 

membranes as observed by confocal microscopy.  The DNA/peptide fibrillar assemblies 

were able to transfect and enhance the luciferase protein expression in a charge and 

peptide concentration dependent manner. 

-Peptides  KYKGAIIGNIK and KYRSGAITIGY but mainly peptide KYRSGAITIGY 

exhibited concentration dependent antimicrobial activity against E.coli bacterial 

population. On the contrary they showed no cytotoxic effects towards the mammalian 

cell line tested. Elucidating the mechanism for the antimicrobial action of the peptides 

can be the subject for future studies. Figure 81 summarizes the steps leading to delivery 

and expression of pDNA by the peptides studied in this work. 
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Figure 81: Schematic representation of the pDNA/peptide complex formation and cell 

uptake through electrostatic interactions. Objects are not drawn to scale. 
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OUTLOOK 

In the present PhD thesis, protein and peptide biomaterials were developed for potential 

uses in a variety of applications. The proof of principle was proved for the design and 

engineering of protein constructs that were derived from the adenovirus type 2 fiber and 

were endowed with useful functionalities.  

The proteins fabricated can be cost-effectively produced in bacterial strains and have the 

advantage of the in-vivo biotinylation. The advantages offered by the recombinant 

protein scaffolds include the possibility of incorporating long amino acid sequences, or 

even entire domains. In this way, modular protein scaffolds comprising various domains 

can be envisaged. For example, the fibritin domain can act as trimerization motif for 

different fibrous folds, such as coiled coils, triple beta spiral sequences and collagenous 

domains. One can easily imagine modular fibrous constructs comprising these different 

motifs. However, bacterial expression also entails concerns of traces impurities that might 

cause immunogenicity and complicate regulatory approval.  

Peptide biomaterials were inspired from short building blocks of the adenovirus type 2, 

Alzheimer’s Αβ and HIV-1 V3 loop gp120 and have the advantage of easier manipulation 

of their sequence in contrast to proteins that their folding is far more complicated. Peptide 

sequences with the insight offered by molecular dynamics studies can be designed to 

adopt amyloid conformations with exposed functional groups A distinctive advantage of 

the amyloid forming peptides is that through their ability for cross-seeding, 

multifunctional biomaterials can be developed. However, the possibility of appending 

functional sequences to peptide scaffolds is limited by the size, ie only short sequences 

can be appended, depending on the size of the original scaffold, (eg 3 to 4 amino acids in 

a 7  aa scaffolds in this thesis),  since its self-assembling propensity should not impeded. 
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In vitro peptide synthesis methods also offer the possibility of incorporating D- amino 

acids, non-natural amino acids and peptidomimetics, possibilities not offered by the 

recombinant protein synthesis. This kind of de novo designed, non-natural motifs could 

lead to novel folds that are also resistant to the action of natural proteases, and therefore 

open previously unexplored avenues. Since synthetic peptides are chemically well-

defined, homogeneity and standardization issues should be more straightforward 

compared to recombinant protein materials, and therefore make regulatory approval 

easier. 

In conclusion, both protein and peptide scaffolds offer a large spectrum of scientifically 

very interesting avenues for functionalization towards applications. The choice between 

a protein or a peptide material should be done by taking into account the desired 

application and the ensemble of considerations stated above.  
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