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1  Introduction 

1.1 Amyloid fibrils 

In 1854, Rudolph Virchow stained cerebral corpora amylacea with iodine and 

detected a pale blue staining and a subsequent turning into violet after adding 

sulfuric acid. He concluded that the substance was cellulose and named it amyloid 

(greek: amylon = starch). Later it turned out, that it was no carbohydrate. 

Nevertheless, the inaccurately descriptive name was retained for these highly 

proteinaceous deposits (reviewed in [1-3]). Amyloid fibrils are insoluble peptide or 

protein structures. They are deposited mainly in extracellular spaces of organs and 

tissues as a result of protein misfolding leading to a condition called       

amyloidosis [4]. 

1.1.1 Naturally occurring amyloids 

A wide range of human pathologies are associated with the conversion of 

polypeptide chains in well organized fibrillar aggregates. To date, around 40 

diseases have been associated with amyloid aggregation or fibril formation [5]. 

The most prominent ones are amyloid-β peptide (Aβ) associated with Alzheimer’s 

disease [6], α-synuclein which is the major component of Lewy Bodies in 

Parkinson’s disease [7,8], the Prion protein (PrP) that is described to be the 

causative agent of spongiform encephalopathy and additionally localized 

amyloidosis like type 2 diabetes, where the islet amyloid polypeptide (IAPP) is 

relevant [5]. 

Besides pathological amyloids, functional amyloids have also been identified in 

various eukaryotes and prokaryotes where they serve important physiological 

roles. Prominent examples are Curli or Tafi amyloid fibrils. Curli fibrils are 

extracellular protrusions of E. coli, that enable adhesion to surfaces or colonization 

[9-12] and Tafi fibrils have been shown to promote bacterial cell-cell interactions 

[13]. Additionally, hydrophobines, a class of fungal proteins form hydrophobic 

coatings [14,15]. Another functional amyloid is Chorion, which is the major 

component of silkmoth eggshell. It forms a proteinaceous layer, that protects the 

oocyte and the developing embryo from diverse environmental hazards such as 



1  Introduction   2 

 
 

mechanical pressure, temperature variations, desiccation, proteases, bacteria, 

viruses, etc. and also provides important physiological functions, allowing sperm 

entry-fertilization and exchange of respiratory gases [16-20]. 

Recently, functional amyloid has also been described in humans. PMEL 

(premelanosome protein, Pmel17) is expressed in pigment cells of the eye and the 

skin and is responsible for the formation of fibrillar sheets within the melanosome 

[21-24]. Besides, the endocrine system stores peptide and protein hormones in an 

amyloid-like cross-β-sheet-rich conformation (pituitary secretory granules), which 

is very stable and concentrates them to the highest density. Several of these 

endocrine hormones are present as amyloids in amyloid diseases [25].  

1.1.2 Formation of amyloid fibrils 

Amyloid fibrils are formed by normally soluble proteins or peptides, which self-

assemble to form insoluble fibrils. A variety of atomic-level models have been 

proposed for the formation of amyloid fibrils and are reviewed by Nelson and 

Eisenberg (reviewed in [26,27]). For the fibril formation process, a sigmoidal 

shaped fibrillation response is reported [28,29]. It starts with a lag phase 

(nucleation phase), in which the content of fibrils is not high enough to be 

detected. This is followed by the elongation/growth phase, in which the fibril 

concentration increases and results in the saturated plateau phase [30]. In the lag 

phase monomeric and oligomeric aggregations are in a metastable state until 

intermediates, that already contain some β-sheet structures, form nuclei. The 

presence of further monomers leads to growth of amyloid seeds to amyloid fibrils. 

Amyloid seeds are defined as a species of a critical size or structure, that rapidly 

elongate to form larger amyloid species - possibly by providing a proper scaffold 

for amyloid assembly. First, protofibrils and filaments are formed. These are 

amyloid fibrils that are smaller in diameter (3-6 nm) and length (<100 nm) than 

typical amyloid fibrils. These early intermediates are presumed to be possible 

direct precursors of amyloid fibrils, which develop through lateral aggregation. The 

mature amyloid fibrils are long ribbons of amyloid ~10 nm in diameter and 

>100 nm in length [31,32]. Figure 1 reviews the genesis of amyloid fibrils. 
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The duration of lag time and fibril growth depends on different intrinsic and 

extrinsic factors. The physio-chemical environment like pH of the buffer, 

temperature, ionic strength, hydrostatic pressure, salts as well as other cosolutes 

and cosolvents influence the process [33-38]. A pH similar to the isoelectric point 

(pI) is described to be optimal for fibril formation, because the solubility of a 

peptide has been reported to be the major factor determing fibril conversion [39]. A 

comparison of phosphate and HEPES buffer showed a reduced lag time with 

sodium phosphate, [40] whereas MgCl2 has been shown to be the best cosolvent 

to promote the fibrillation process [35]. Furthermore, the sequence of the peptide 

plays an important role, because fibril formation is influenced by content and 

distribution of residues with high or low hydrophobicity and charge, polarity, 

aromaticity and β-sheet propensity [41-47]. High net charge, either globally or 

locally, hinders the self-association process [39,48]. Additionally, the initial 

concentration of peptide is important for fibrillization and the process can be 

catalyzed by seeding with preformed fibrils [49], whereas the morphological 

characteristics of the template propagate the new formed fibrils. Agitation was also 

shown to enhance fibrillization by a variety of mechanisms [28,50,51].  

 

Figure 1: Overview of the mechanism of amyloid fibril formation. During the nucleation phase 
monomers (in native and denatured state) assemble and aggregate to oligomeric intermediates, 
that polymerize to amyloid seeds giving rise to the growth of protofibrils (elongation phase) and 
finally insoluble mature amyloid fibrils. 
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1.1.3 Properties of amyloid fibrils 

In medicine and science the term “amyloid” has originally been used to describe 

protein deposits (plaques) that consist of fibrillar aggregates. Later the term 

amyloid was used to describe the fibrillization product of synthetic peptides and 

proteins, because they also exert β-sheet conformations like amyloid plaques. 

X-ray diffraction analysis revealed that all amyloid fibrils consist of stranded 

β-sheets [3,52,53]. The β-sheets are highly stabilized by H-bonding between 

neighboring amide backbone groups, hence, multiple β-sheets together form 

fibrils. These fibrils can be detected using Thioflavin T, a benzothiazole salt that 

interacts with the cross β-sheet structure of amyloid proteins and changes its 

fluorescent properties upon interaction [54,55]. Typically, staining with Congo red 

is used for the diagnosis of amyloid fibrils. It causes an apple-green birefringence 

when viewed with a light microscope through crossed polarizers [56]. Fibrils in 

suspension result in a turbid soluton. Thus, the turbidity and sedimentation can be 

measured and are hints for fibril formation [29,57].  

Amyloid fibrils are often twisted [58-60] and the helical sense of the fibrils is 

usually lefthanded like shown for amyloid beta (Aβ) [60]. Cross-beta-diffraction 

showed a sharp reflection along the direction of the fiber of 4.7 Å and a more 

diffuse reflection perpendicular to the fiber direction of 10 to 11 Å [52]. A mature 

amyloid fibril can extend to several µm in length and a width of 2-25 nm [36,61] 

and consists of several protofilaments, while structured intermediates have also 

been found [62,63].  

Some oligomeric intermediates, created during fibril formation, can form ion 

channels in cellular membranes, which cause disruption of the calcium 

homeostasis and depolarization resulting in apoptosis (reviewed in [64]). 

Protegrin-1 can form fibrils similar to Aβ [65], but its oligomeric intermediates also 

kill microbes by a channel-forming mechanism [64,66]. More important 

channel-forming toxins are staphylococcal alpha-toxin [67], anthrax toxin [68] and 

clostridium pertringolysin O [69]. Hence, some amyloid fibrils have antimicrobial 

properties.  
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1.2 Identification of amyloid in semen 

Jan Münch and colleagues generated and screened a semen-derived peptide 

library and identified a peptide fraction that potently enhanced HIV (human 

immunodeficiency virus) infection [70]. Further purification and sequence analysis 

revealed that this fraction contained fragments of the prostatic acid phosphatase 

(PAP), with PAP248-286 being the predominant form. Fibrillar PAP248-286 was 

capable of enhancing HIV infection whereas the monomeric peptide had no effect. 

The fibrils were termed Semen-derived Enhancer of Virus Infection (SEVI) [70]. 

Figure 2 shows TEM and fluorescence microscopy pictures of SEVI fibrils. 

The monomeric peptide PAP248-286 is mostly disordered without α-helical 

structures, which are normally found for peptides bound to micelles and this might 

contribute to the specific and strong binding to cell surfaces [71,72]. The 

nucleation sites are most likely A274-I284 and V262-H270 in the middle and 

C-terminal part, whereas the N-terminal part has a high percentage of positively 

charged amino acids and thereby interacts with lipids [72]. French and 

Makhatadze showed that the middle and C-terminal region are part of the central 

core, whereas the N-terminal part is not necessary for fibrillization [73]. Agitation or 

seeding is required for fibril formation at 37 °C and at neutral pH. Like typical 

amyloid fibrils, SEVI can be stained with Thioflavin T, Congo Red and shows a 

cross-β-core structure [74]. 

 

Figure 2:  Structure of SEVI fibrils. SEVI fibrils on (A) TEM image and (B) stained with 
ProteoStat® detection dye and imaged by fluorescence microscopy. Scale bar (A) = 300 nm, 
(B) = 20 µm.   

 

The highly cationic charge of SEVI (8 of 39 residues) is hypothesized to be 

responsible for infectivity enhancement by catching virions and binding cells and 

thereby counteracting the electrostatic repulsion between negatively charged viral 
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and cellular membranes (summarized in Figure 3) [70,74,75]. This leads to 

increased rates of viral attachment, fusion and infection. SEVI-mediated infectivity 

enhancement can be inhibited by polyanionic compounds like Heparin [70,75,76] 

and also by removing positive charges from PAP248-284 [75].  

Fibril formation of SEVI is dramatically accelerated in presence of seminal plasma 

[77]. After addition of seminal plasma, no agitation is required for fibril formation. 

However, the group of Alexander M. Cole showed that the cationic polypeptides in 

semen enhance HIV-1 infectivity. However, incubation of semen decreased this 

activity due to degradation of the cationic peptides [78]. Additionally, they showed 

that PAP peptides and SEVI lose their activity in semen because of naturally 

occurring degradation suggesting a narrow window to boost infection after sexual 

intercourse. 

 

Figure 3:  Mechanism of amyloid mediated infectivity enhancement. A) In the absence of 
amyloid fibrils HIV particles attach to the cellular surface. However, virion-cell interaction is 
hindered by the naturally occurring repulsion between cellular and viral membrane. B) Amyloid 
fibrils counteract the electrostatic repulsion by their positive surface charge and interact with both, 
viral and cellular membranes. Thereby attachment of virions to the cell surface is increased 
(adapted and modified from [79]). 

 

SEVI is the best characterized seminal amyloid. Moreover an additional 

PAP fragment, PAP85-120 [80] and different fragments of semenogelin1 and 2 

[81] were found to form fibrils in semen. Like SEVI, fibrils formed by PAP85-120 

and semenogelin fragments exhibit cationic surfaces and enhance viral infection 

by enhancing virion attachment to the target cells. Thus, semen contains multiple 

types of amyloid fibrils that are exploited by HIV to increase its transmission rate. 

The natural role of seminal amyloid, however, remains unclear. 
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1.3 Viral gene transfer 

1.3.1 Viral vectors for gene transfer 

Gene transfer can be reached by the delivery of genetic information into target 

cells via injection of naked DNA or by the encapsulation of DNA within cationic 

lipids (liposomes), but also with the help of viral vectors [82]. The idea of gene 

transfer with viral vectors is based on the fact that viruses have efficient access to 

target cells and can manipulate the cellular machinery to facilitate their replication.  

To generate viral vectors for gene transfer, some or all coding regions of the viral 

genome are deleted and replaced by the new genes of interest that should be 

delivered. The cis-regions for packaging and integration are supplied by an 

additional packaging plasmid or with the help of packaging cells [82-85]. The viral 

vectors can be divided into two groups, first the Adeno-associated virus (AAV) and 

retroviral vectors that integrate into the host genome and second the Herpes 

simplex virus type 1 (HSV-1) and Adenoviral (Ad) vectors, which are non-

integrating vectors [86]. If the transgene expression should last for a short time 

period and not persistent, then a non-integrated vector system is necessary [84].  

1.3.2 Retroviral vectors for gene transfer 

Retroviral vectors are efficient transfer systems for the introduction of foreign 

genes into target cells. Retroviruses are enveloped RNA viruses with two single-

stranded RNA molecules. These vectors are based on retroviruses such as 

oncoretroviruses, spumaviruses (foamy viruses) and lentiviruses. All of them 

harbor the three essential genes gag, pol and env flanked by long terminal repeats 

(LTRs). Retroviruses bind to specific receptors and enter the cell by membrane 

fusion. The viral RNA is converted into double-stranded proviral DNA and 

translocated into the nucleus, where the viral integrase promotes integration into 

the host genome [87]. To enlarge cellular tropism, retroviral vectors can be 

pseudotyped with different envelope proteins. Gammaretroviral vectors are based 

on MLV (murine leukemia virus) and lentiviral vectors are mainly based on HIV-1. 

In addition to gag, pol and env, HIV-1 encodes six additional genes (tat, rev, vif, 

vpr, nef, vpu). The major progress was the development of SIN (self-inactivating) 

vectors, where the viral promoter and enhancer region of 3’U3 are deleted [88-90] 
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and structural proteins are provided in trans by packaging cells [91,92]. The SIN 

design prevents a potential transcriptional interference between the LTR and the 

internal promoter driving the transgene. 

Retroviral vectors integrate a DNA copy of the reverse-transcribed RNA into the 

host cell DNA. Low immunogenicity, no pre-existing immunity, high packaging size 

of 8 kb, production of vector particles at high titers and persistent gene transfer in 

dividing cells are benefits of these vectors. However, these advantages come with 

some caveats like the instability of some retroviral vectors, possible insertional 

mutagenesis and the requirement of cell division for integration of MLV-derived 

retroviral vectors [83,84]. 

The biggest advantages of lentiviral vectors are the transduction of non-dividing 

cells and their persistent integration into the host genome. Additional advantages 

are good pseudotyping efficiencies, no pre-existing immunity, up to 9 kb packaging 

size, a low risk of insertional mutagenesis and oncogenicity while also integration- 

defective vectors are available  [83,85,93,94]. The huge variety of target cells also 

includes cells that are difficult to transduce, like macrophages, lymphoid cells and 

hematopoietic precursor cells [82,95,96].  

1.4 Methods to improve retroviral gene transfer 

Genetic modification of hematopoietic stem cells may play an important role in 

therapy of malignancies and genetic disorders in future. Therefore, an increased 

gene transfer into these cells is important and of great interest. Retroviral gene 

transfer is often hampered by low transduction rates. This is due to the presence 

of endogenous inhibitors of transduction, the instability of the viral particles and the 

low attachment rates to the target membrane [97-99]. Hence, a slow diffusion rate 

and a rapid inactivation are major contributors of the low transduction efficiencies 

[100-102]. Additionally the viral attachment is hindered by the electrostatic barrier 

between the negative charged target cell membrane and the negative charged 

virus [100]. 

Up to now, different means of enhancing retroviral gene transfer have been 

described. First of all, spin-centrifugation is used to increase virion attachment 

[102,103]. Furthermore various additives are available to boost transduction by 
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neutralization of the electrostatic repulsion between virion and cell membranes. 

This is achieved by products with cationic charge properties. These include for 

example SureENTRYTM (Qiagen), ViraDuctinTM (Cell biolabs), LentiBOOSTTM 

(Sirion), ViroMag (OZ Bioscience), TransPlus (Alstem), Polybrene (hexadimethrine 

bromide), Protamine sulfate or DEAE (diethylaminoethanol) -dextran [104-107]. 

The efficiency of these products is often low and associated with high costs. Cell 

toxicity and inhibition of cell proliferation are also disadvantages of products like 

Polybrene or DEAE-dextran [104,108-110]. In addition to these polycationic 

agents, a recombinant fibronectin fragment was found to enhance transduction 

efficiency. The underlying mechanism is based on the colocalization of retrovirus 

and target cell by the same fibronectin fragment due to virus and cell specific 

binding sequences. The fragment is called RetroNectin®, which is an 

commercially available product. RetroNectin® is used precoated on cell culture 

plates and is often applied together with spinoculation [111,112]. Additionally, 

Vectofusin-1, which is a short cationic peptide, is used as a soluble additive to 

safely increase the frequency of transduction. It acts at the entry step by promoting 

the adhesion and the fusion of viral and cellular membranes [113]. 

A novel application of fibril-forming peptides is to enhance transduction efficiency. 

The 13-residue peptide P13, derived from the membrane-proximal external region 

of the HIV-1 gp41 transmembrane protein, and P16, the P13 fragment with          

C-terminal three additional Lysine residues, enhance HIV-1 infection significantly 

[114] and therefore are also promising for transduction enhancement of viral 

vectors. EF-C, a 12 aa peptide derived from the HIV-1 glycoprotein gp120, self-

assembles spontaneously upon dilution of peptide stock solution and boosts 

retroviral gene transfer substantially [115]. It increases lentiviral gene transfer in a 

mouse model, in which mouse bone marrow cells were treated ex vivo [115]. 

Additionally, the semen amyloid SEVI has been characterized for its properties to 

boost retroviral gene transfer. Melanie Wurm et al. published that SEVI boosts 

lenti- and retroviral infection independently of the vector system [116]. SEVI 

mediated the infection enhancement of all tested viral vectors harboring different 

envelope proteins. However, the suitable target cell receptors should be present. 

The metabolic activity of the target cells, like T-cells and CD34+ cells, was not 

influenced by treatment with SEVI [116]. SEVI increases gene transfer of lentiviral 

vectors pseudotyped with VSV, RD114 or GALV glycoproteins into human 
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embryonic stem cells [116]. Therefore, SEVI reduces the viral load that is 

necessary to establish a persistent infection. Hence, SEVI is a promising agent to 

promote and improve gene transfer. 

1.6 Scientific aim 

PAP248-286 is a 39 amino acid peptide derived from the semen-derived protein 

prostatic acid phosphatase (PAP). It self-assembles into amyloid fibrils termed 

SEVI (Semen derived Enhancer of Viral Infection) that potently enhance HIV-1 

infection. In vitro, this peptide forms amyloid fibrils after agitation, and only the 

fibrillar form of PAP248-286 is capable of enhancing HIV-1 infection, whereas the 

monomeric peptide has no effect. The main aim of this thesis was to study fibril 

formation of naturally occurring PAP248-286 fragments and to investigate how 

changes in environmental parameters affect this process. Therefore, the 

N-terminal PAP248-259, the middle PAP260-272 and the C-terminal PAP273-286 

fragment should be synthesized and analyzed for their fibril forming capacity. The 

biophysical properties and viral enhancing activity of the fibrils should be evaluated 

allowing defining the main determinants for viral infection enhancement. 

Thereafter, the most active fibrils should be analyzed for their ability to boost 

retroviral transduction to increase gene transfer rates. 
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2  Materials and methods 

2.1 Materials 

2.1.1 Cell lines 

HEK293T Human cell line originally derived from embryonic 

kidney.   Transformed   by   adenovirus   type   5 and 

expressing Simian virus 40 large T-antigen [117]. 

Obtained from ATCC. 

 

TZM-bl HeLa derived cell line expressing CD4, CCR5 and 

CXCR4, encoding firefly luciferase and β-galactosidase 

genes under control of the HIV-1 LTR promoter [118]. 

Obtained from NIH AIDS Reagent Program. 

 

KG-1 The KG-1 cell line was derived from H.P. Koeffler and 

D.W. Golde. A bone marrow aspirate was obtained from 

a 59-year-old Caucasian male with erythroleukemia that 

evolved into acute myelogenous leukemia. KG-1 cells 

spontaneously differentiate to granulocyte and 

macrophage like cells  [119,120]. Obtained from ATCC. 

 

2.1.2 Bacteria 

XL-2 blueTM ultracompetent cells endA1 supE44 thi-1 hsdR17 recA1 gyrA96 

Agilent Technologies/Stratagene elA1 lac [F’ proAB lacIqZΔM15 Tn10 (Tetr) 

Amy Camr] (genes listed are signify mutant 

alleles; genes on the F’ episome are 

wildtype.) 
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2.1.3 Nucleic acid 

2.1.3.1 Plamid DNA 

pBRNL43_92TH014-12 The plasmid  encodes the  HIV-1 NL4-3 provirus. 

The V3-loop region has been exchanged with the 

Vs loop of the R5 tropic 92th014.12 isolate [121]. 

 

MLV GAG YFP The plasmid encodes MLV gag proteins fused to 

YFP. The particles are non-infectious (provided by 

W. Mothes). 

 

pSRS11 SF GFPpre A self-inactivating (SIN) retroviral vector, driven by 

the Rous sarcoma virus (RSV) promoter in the 

producing cell. Expression of the green 

fluorescent protein (GFP) is directed by an internal 

spleen-focus forming virus promoter (SF) 

(provided by F.L. Cosset). 

 

M57-DAW A MLV gag/pol expression plasmid utilizing a 

SV40 promotor (provided by F.L. Cosset).  

 

GaLV The plasmid encodes the envelope protein of 

Gibbon Ape Leukemia Virus (provided by F.L. 

Cosset). 

 

pRRL.cPPT.SFeGFP.pre A self-inactivating (SIN) lentiviral vector containing 

GFP (provided by F.L. Cosset). 

 

pRSV-Rev A rev cDNA-expression plasmid containing the 

joined second and third exons of HIV-1 rev under 

the transcriptional control of the RSV U3 (provided 

by F.L. Cosset). 

 

pMDLg/pRRE A CMV-driven expression plasmid containing gag, 

pol and rev responsible element (RRE) from HIV-1 

(provided by F.L. Cosset). 
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phCMV-RD/TR  A plasmid encoding chimeric envelope gps 

derived from RD114 virus fused with the 

cytoplasmic tail derived from the MLV gp 

(provided by F.L. Cosset).  

2.1.3.2 Molecular weight size marker 

1 Kb Plus DNA Ladder   Life Technologies/Invitrogen (Carlsbad) 

2.1.4 Proteins 

2.1.4.1 Enzymes 

restriction endonucleases   New England BioLabs GmbH (Frankfurt) 

EDTA/Trypsin    Invitrogen/Gibco (Karlsruhe) 

2.1.4.2 Peptides 

Synthesized and lyophilized at a purity of > 98 % by the IZKF Leipzig, Core Unit 

Peptid-Technologien, Germany. 

PAP248-286 GIHKQKEKSRLQGGVLVNEILNHMKRATQIPSYKKLIMY 

PAP248-259 GIHKQKEKSRLQ 

PAP260-272 GGVLVNEILNHMK 

PAP273-286 RATQIPSYKKLIMY  

2.1.5 Reagents and utilities 

µ-slides Vl0.4  Ibidi (Martiensried) 

µ-slides 8 well Ibidi (Martiensried) 

Acrodisc® Syringe Filter (0.1 µm) Pall Life Sciences (USA) 

Agarose Invitrogen/Gibco (Karlsruhe)  

Ampicillin Bayer (Leverkusen) 
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Bacto-tryptone BD/Difco (Heidelberg)  

Buffers for restriction digestion New England BioLabs GmbH  

 (Frankfurt) 

Calciumchloride(CaCl2)dihydrate AppliChem (Darmstadt) 

Cell culture flasks Sarstedt (Nümbrecht) 

Cell culture well plates Greiner bio-one (USA) 

Corning® CellBIND® 96 Well Flat Clear 
    Bottom Black Polystyrene Micoplates 
 

Corning (USA) 

Dimethylsulfoxide (DMSO) Fluka (Neu-Ulm) 

Disodium hydrogen phosphate 
     dehydrate (Na2HPO4 x 2H2O) 
 

AppliChem (Darmstadt) 

Disposable capillary cells  
 

Malvern Instruments (Herrenberg) 

Dulbecco’s Modified Eagles Medium 
     (DMEM) 
  

Invitrogen/Gibco (Karlsruhe)  

Ethanol Sigma-Aldrich (München) 

Ethidium bromide  Sigma-Aldrich (München) 

Falcon tubes (15 ml and 50 ml) Sigma-Aldrich (München) 

Fetal calf serum (FCS) Invitrogen/Gibco (Karlsruhe)  

Glucose Life Technologies/Applied  
    Biosystem (Carlsbad) 
 

L-Glutamine Invitrogen/Gibco (Karlsruhe)  

Hank’s balanced salt solution (HBS) Invitrogen/Gibco (Karlsruhe)  

Heparin Invitrogen/Gibco (Karlsruhe)  

HEPES (C8H18N2O4S) Sigma-Aldrich (München) 

HPLC water Sigma-Aldrich (München) 

Hydrogen chloride (HCl) VWR (Darmstadt) 

Hydrogen peroxide (H2O2) VWR (Darmstadt) 

Immersion oil “immersol” VWR (Darmstadt) 

Isopropanol Merck (Darmstadt) 

Methanol Merck Millipore (Darmstadt)  

Millex-HA Filter Unit 0.45 μm Merck (Darmstadt) 
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Paraformaldehyde (PFA) Sigma-Aldrich (München) 

Phosphate buffered saline (PBS) Merck (Darmstadt) 

Penicillin/Streptomycin (Pen/S) Invitrogen/Gibco (Karlsruhe)  

pH indicator paper Invitrogen/Gibco (Karlsruhe)  

Phosphate buffered saline (PBS) Invitrogen/Gibco (Karlsruhe)  

Phytohaemagglutinin (PHA) Murex (Burgwedel) 

Potassium chloride (KCl) Murex (Burgwedel) 

ProteoStat® Amyloid plaque detection 
     kit for fluorescence microscopy 
 

Enzo Life Sciences (Lörrach) 

Reaction Tubes Eppendorf (Hamburg) 
 

Roti®-Load DNA with Glycerin Roth (Karlsruhe) 

RPMI-1640 medium Invitrogen/Gibco (Karlsruhe)  

Serological pipettes (5 ml, 10 ml  
     and 25 ml) 
 

Sarstedt (Nümbrecht) 

Silicon Nitride cantilevers, spring 
    constant 2 N/m 
 

Olympus (Japan) 

S.O.C. medium Invitrogen/Gibco (Karlsruhe)  

Sodium ascorbate (C6H7NaO6) Sigma-Aldrich (München) 

Sodium chloride (NaCl) VWR (Darmstadt) 

Sodium hydroxide (NaOH) VWR (Darmstadt) 

Thioflavin T Sigma-Aldrich (München) 

Tris VWR (Darmstadt) 

Tryptone Sigma-Aldrich (München) 

Uranyl acetate Merck (Darmstadt) 

White 96 microwell plates Sigma-Aldrich (München) 

Yeast extract BD/Difco (Heidelberg)  

2.1.6 Kits 

CellTraceTM Violet Cell Proliferation Kit LifeTechnologies/Molecular  

 
Probes (Carlsbad) 

  Gal-Screen® System Applied Biosystems (USA) 
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Wizard® Plus Midipreps DNA Promega (Mannheim) 

     Purification System 
 

  

2.1.7 Buffers and solutions 

10x HBS 8.18 g NaCl  

 

5.94 g HEPES  

 

0.25 g Na2HPO4x2H2O 

 

add  H2O up to 100 ml 

 

adjust pH to 7.12 

 

 

50x TAE buffer 5 PRIME (Hamburg) 

2.1.8 Media 

2.1.8.1 Bacteria culture media 

Lysogeny broth/LB media   10 g/l bacto tryptone 

      5 g/l yeast extract 

      8 g/l NaCl 

      1 g/l glucose 

      add 100 mg/l ampicillin prior to use 

 

LB/amp agar     10 g/l bacto tryptone 

      5 g/l yeast extract 

      8 g/l NaCl 

      1 g/l glucose 

      15 g/l agar 

      add 100 mg/l ampicillin prior to use 

 

S.O.C. medium    LifeTechnologies/Invitrogen (Carlsbad) 
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2.1.8.2 Cell culture media 

TZM-bl and HEK293T cells:  DMEM supplemented with 

350 µg/ml L-glutamine 

120 µg/ml streptomycin sulfate 

120 µg/ml penicillin 

10 % (v/v) heat-inactivated FCS 

 

KG-1 cells:     RPMI-1640 supplemented with 

350 µg/ml L-glutamine 

120 µg/ml streptomycin sulfate 

120 µg/ml penicillin 

10 % (v/v) heat-inactivated FCS 

2.2 Methods 

2.2.1 DNA 

2.2.1.1 Plasmid DNA preparation 

For transfection, preparations of plasmid DNA encoding proviral DNA constructs 

were performed using Wizard® Plus Midiprep Kit from Promega as recommended 

by the manufacturer. Bacteria cells were pelleted for 15 min at 4,000 rpm and 

resuspended in 3 ml resuspension buffer. Afterwards, cells were lysed and the 

lysis was blocked with 3 ml neutralization buffer. Cell scrap was pelleted at 

4,000 rpm for 15 min. Supernatant containing DNA was mixed with 10 ml 

resuspended resin and transferred to the Midicolumn on a vacuum manifold. The 

liquid passed through the column, the resin bound DNA molecules stick in the filter 

and was washed two times with wash solution containing ethanol. The Midicolumn 

was dried completely via centrifugation at 14,000 rpm for 2 min. DNA was eluted 

with 300 µl 80 °C hot water by centrifugation for 5 min at 14,000 rpm. Plasmid 

DNA concentration and purity were determined using the Nano Drop 2000 

spectrophotometer (peqlab). 
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2.2.1.2 Restriction digest 

In order to check plasmid DNA, 1 µl of DNA was incubated for 2 hours using 1 µl 

of appropriate restriction enzymes and 2 µl of the recommended 10 x NEB 

restriction buffer at indicated temperature (37 °C or 30 °C). Sterile water was 

added to a final volume of 20 µl. Digestions were incubated using a thermomixer 

(Eppendorf).   

2.2.1.3 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed to separate the digested plasmid 

DNA. 5 µl loading dye (Roti®-Load DNA with Glycerin) was added to 20 µl of the 

digestion. For analysis the samples were added on a 0.8 % agarose gel in 1 x TAE 

buffer at 120 V for 20 min using the Voltage PowerPAC Basic Power Supply (Bio-

Rad). To visualize DNA bands, ethidium bromide was added to the gel solution 

before the gel hardens. The 1 kb Plus DNA Ladder with DNA bands spanning 

100 bp to 12,000 bp (Life Technologies No. 10787-018) was run in parallel with 

the samples. The gel was analyzed with the Gel Doc™ XR system (Bio-Rad).   

2.2.2 Bacteria 

2.2.2.1 Transformation of bacteria 

To amplify plasmid DNA, the DNA was introduced into competent bacteria. 0.5 µl 

of plasmid DNA was added to 5 µl bacteria (Escherichia coli XL2 Blue™) and 

incubated for 20 min on ice. Afterwards, a 30 sec heat-shock at 42 °C followed by 

2.5 min cooling on ice was performed. This enables the uptake of DNA into the 

bacteria. To promote bacterial growth, 200 µl of S.O.C. medium were added and 

bacteria were incubated at 37 °C and 300 rpm for 60 min on a thermomixer 

(Eppendorf). Finally, 100 µl of transformed bacteria were distributed on LB agar 

plates supplemented with antibiotic for selection. The plates were incubated at 

37 °C over night in a compartment drier (Binder).  

2.2.2.2 Culture of bacteria 

To prepare plasmid DNA preparations, single colonies of plated bacteria 

transformed with the respective plasmid were used to inoculate 120 ml of 



2  Materials and methods   19 

 
 

LB-medium supplemented with 100 mg/l antibiotic (ampicillin) and incubated at 

37 °C on a shaker (Certomat® IS, Satorius)  for approximately 16 hours with 

100 rpm. 

2.2.3 Cell culture 

Adherent cell lines (HEK293T cells, TZM-bl cells) were maintained in DMEM 

culture medium and KG-1 suspension cells were cultivated in RPMI-1640, both 

supplemented with 10 % heat-inactivated fetal bovine serum, 350 μg/ml               

L-glutamine, 120 μg/ml streptomycin sulfate and 120 μg/ml penicillin. The cells 

were kept in T175 (50 ml) cell culture flasks (Sarstedt) suitable for adherent or 

suspension cell culture and incubated at 37 °C, 90 % humidity, and 5 % CO2 in a 

cell culture incubator (Thermo Scientific). According to cellular growth and use of 

the cells, they were passaged 2 times per week. TZM-bl and 293T cells were 

detached from the culture vessel at 90-100 % confluency using 0.05 % Trypsin/ 

EDTA. After detachment, cells were resuspended in culture medium and 

passaged 1:10. KG-1 cells were collected and afterwards centrifuged at 1,300 rpm 

for 3 min and passaged 1:5 in fresh culture medium.  

2.2.4 Virological methods 

2.2.4.1 Generation of HEK293T cell-derived virus stocks 

HEK293T cells were transiently transfected using calcium phosphate precipitation 

to produce infectious virus stocks. Cells were seeded in 6 well plates and cultured 

over night to obtain a cell density of 60-80 % at the day of transfection. Prior to 

transfection, medium was replaced with 2 ml of fresh medium per well. 5 µg of 

proviral DNA per well was used for transfection. The DNA was diluted in 13 µl 

2 M CaCl2 and sterile water was added to a final volume of 100 µl per well. The 

mixture was added to 100 µl 2x HBS and vortexed for 10 sec. The DNA precipitate 

was added carefully, slowly and dropwise to the cells. After 6 to 16 hours, medium 

was changed and DMEM (2.5 % (v/v) FCS) was added to reduce cytotoxicity. 

Virus stocks were harvested after 24 - 40 hours post transfection. Virus stocks 

were centrifuged for 3 min at 1,400 rpm (Eppendorf centrifuge 5810R, rotor: 



2  Materials and methods   20 

 
 

A-4-81) to remove cellular debris and stored at 4 °C up to 3 weeks or at -80 °C for 

long-term storage. 

Retroviral vectors were also produced by transient transfection of HEK293T cells 

with calcium phosphate precipitation using GFP encoding pSRS11 SF GFPpre, 

M57-DAW and glycoprotein expression plasmid as described [122-125]. 

pSRS11 SF GFPpre is a self-inactivating (SIN) retroviral vector, driven by the 

Rous sarcoma virus (RSV) promoter in the producing cells. Expression of the 

green fluorescent protein (GFP) is directed by an internal spleen-focus forming 

virus promoter (SF). M57-DAW is a MLV gag/pol expression plasmid utilizing an 

SV40 promotor. Retroviral particles were pseudotyped with Gibbon Ape Leukemia 

Virus (GaLV). Lentiviral vectors encoding pRRL.cPPT.SFeGFP.pre, a self-

inactivating (SIN) lentiviral vector containing GFP and pRSV-Rev, a rev cDNA-

expression plasmid containing the joined second and third exons of HIV-1 rev 

under the transcriptional control of the RSV U3. Additionally pMDLg/pRRE, a 

CMV-driven expression plasmid containing gag, pol and revresponsible element 

(RRE) from HIV-1 and phCMV-RD/TR encoding chimeric envelope glycoproteins 

derived from RD114 virus fused with the cytoplasmic tail derived from the MLV 

(kindly provided by F.L. Cosset) were used [122-125]. 

2.2.4.2 Effect of peptide solutions on HIV-1 infection 

To check the effect of the different peptide solutions on HIV-1 infection, a TZM-bl 

reporter assay was used. 10,000 TZM-bl cells per well were seeded one day prior 

to infection in 96 well plates in a volume of 180 µl medium. At the day of infection 

cells were checked for density. 70 % density was considered as optimum condition 

for infection. To check fibril-mediated infection enhancement, the respective fibril 

dilution was shortly incubated with 1:10 or 1:100 diluted virus stock in a ratio of 1:2 

and added to cells in triplicates. Cells were cultured in a final volume of 200 µl. 

TZM-bl cells are genetically modified HeLa cells that stably express CD4, CXCR4 

and CCR5 as well as a LTR-lacZ construct. The expression of the HIV protein Tat 

upon infection induces transcription of lacZ genes and thus the expression of the 

β-galactosidase enzyme. A luminescent signal is produced when substrate is 

added [118]. Infectivity assays were performed 3 days post infection by removing 

the supernatant and adding 40 µl of Gal-screen® (diluted 1:8 in PBS) per well, 

followed by 30 min of incubation at room temperature. Afterwards, 35 µl of the 
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lysates were transferred into white 96 well plates (F-96-Nunclon-delta white 

microwell plates; Nunc®). The luminescence signal was measured as relative light 

units (RLU/s) using an Orion Microplate Luminometer (Berthold Detection 

Systems) with the corresponding software simplicity 4.02 (Berthold Detection 

Systems). Experiments were performed in triplicates. For analysis, values from 

uninfected cells (= background) were subtracted and mean values with standard 

deviations were calculated using Microsoft Excel®. The n-fold enhancement was 

calculated by dividing the mean values of infection in the presence of peptide by 

infection without peptide.  

2.2.4.3 Effect of peptides on retro- and lentiviral transduction of TZM-bl 

cells 

HIV-1 reporter constructs were used for analysis of peptide effects on retro- and 

lentiviral vector transduction. One day prior to infection, 10,000 TZM-bl cells (in 

100 µl supplemented DMEM) were seeded per well in 96 well plates. Of the 

suspension cell line KG-1 30,000 cells were seeded in 100 µl per well in 96 well 

plates. The virus stocks of the GFP-encoding retro- and lentiviral vectors were 

diluted 1:4 in supplemented DMEM. For infection, 0, 50 and 125 µg/ml of the 

different fibril samples were diluted 1:2 with the virus dilution. After preincubation 

for 2 minutes 20 µl of the mixture were added to the cells per well in triplicates. 

Three days later GFP signal was measured via flow cytometry (chapter 2.2.5) to 

check for infection. Mean values with standard deviations of GFP-positive cells 

were calculated using Microsoft Excel®. The n-fold enhancement was calculated 

by dividing the mean values of infection in the presence of peptide by infection 

without peptide.  

2.2.5 Flow cytometry 

Flow cytometry is a powerful technique for the analysis of multiple parameters in 

individual cells. It measures and analyzes multiple physical characteristics of 

single particles, usually cells, simultaneously, while they pass in a fluid stream 

through a beam of light. The properties measured include a particle’s relative size, 

relative granularity or internal complexity and relative fluorescence intensity. In 

order to prepare cells for flow cytometry, TZM-bl cells were detached from the 
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culture vessel using 0.05 % Trypsin/EDTA and KG-1 cells were collected. For the 

purpose of fixation, the cells were pelleted and resuspended in PBS containing 

2 % PFA at 4 °C for 60 min. Flow cytometry was performed using the 

BD FACSCanto II Flow Cytometer and the corresponding software BD FACS Diva. 

2.2.6 Imaging methods 

2.2.6.1 Fluorescence microscopy 

Fluorescence microscopy is a special form of optical microscopy that uses 

fluorescence or phosphorescence for studying properties of organic material and 

cells. To investigate fibrils by fluorescence microscopy, fibril solutions were diluted 

in an amyloid detection dye (ProteoStat® Amyloid Plaque Detection Kit, Enzo 

LifeSciences) to a final concentration of 200 µg/ml. Afterwards, fibrils were pre-

incubated 1:2 with an appropriate dilution of MLV GAG YFP virus-like particles and 

30 µl of this mixture were transferred to an ibidi μ-slide VI0.4 chamber (Ibidi) for 

visualization. In order to detect interaction with cells, 30,000 TZM-bl cells were 

seeded in 8 well slides and incubated over night. For cell staining, the CellTrace™ 

Violet Cell Proliferation Kit (Invitrogen) was used as recommended by the 

manufacturer. This violet dye easily crosses the plasma membrane and covalently 

binds inside the cell to all free amines. The stable, well-retained fluorescent dye 

provides a consistent signal, even after several days in a cell culture environment. 

Prior to imaging, amyloid, virus or mixtures were added to cells (1:5). For 

visualizing the interaction of fibrils, virus and cells, the confocal laser scanning 

microscope LSM 710 (Zeiss) using the software LSM 710 Release version 5.5SP1 

(Zeiss) was used. Representative images of each sample are shown with 

enhanced contrast to allow better visualization in a printout version. 

2.2.6.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopy technique using a tight 

beam of electrons in order to cause interaction with an ultra-thin specimen, 

interacting with the specimen as it passes through. An image is obtained by 

interaction of electrons transmitted through the specimen.  
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To visualize amyloid fibrils by TEM, 7 µl of the 10 mg/ml concentrated peptide 

stock solution were added to carbon coated copper grids (Plano) and incubated for 

1 min. The solution was carefully removed with whatman filter paper. Afterwards 

7 µl of uranyl acetate (0.5 % (w/v)) were added for negative staining for 1 min. 

Then the grids were washed three times in water and allowed to dry. Imaging was 

performed using a Zeiss EM 10 transmission electron microscope (Zeiss) with an 

accelerating voltage of 80 kV. TEM microscopy was performed with the help of 

Franziska Arnold (Institute of Molecular Virology, Ulm University Medical Center, 

Germany). Representative images of each sample are shown. 

2.2.6.3 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is an imaging technique used to determine 

topography and other properties of surfaces. 10 µl of fibrils suspended in the 

appropriate buffer were deposited on freshly cleaved mica and incubated for 1 h at 

room temperature (RT). The supernatant solution was removed and the sample 

was imaged in PBS buffer using Silicon Nitride cantilevers (Olympus, spring 

constant 2 N/m) on a Multimode IIia AFM with extender module (Digital 

Instruments). The images were analyzed with the SPIP software version 5.1.5 

(Image Metrology A/S, DK). The geometrical parameters (volume, length, 

diameter, height) were extracted from the images for more than 20 individual 

aggregates and used to calculate the surface to volume ratio based on standard 

mathematical models. Christoph Meier (Institute for Organic Chemistry 

III/Macromolecular Chemistry, University Ulm, Germany) performed the AFM 

analysis of the samples. 

2.2.7 Proteomic methods 

2.2.7.1 Peptide synthesis and fibril formation 

PAP248-286, PAP248-259, PAP260-272 and PAP273-286 were ordered and 

obtained from IZKF Leipzig, Core Unit Peptid-Technologien, Germany, at a purity 

of > 98 % and shipped after lyophilization. 

Peptides were dissolved at a final concentration of 10 mg/ml in different buffers 

(Table 1). Fibril formation was promoted by agitation at 25, 37, 50 or 60 °C and 

1,400 rpm (Thermomixer, Eppendorf) for 24 hours or 7 days like summarized in 
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table 1.  The concentration of fibrils/aggregates in each sample was determined by 

measuring the protein concentration before and after centrifugation (100,000 rpm 

for 1 hour), using Gill & von Hippel [126] and Bradford assay [127] for protein 

estimation. After centrifugation, the supernatants mostly contained monomeric 

peptides, whereas the pellet consisted of aggregates. The fibril/aggregate 

concentration was determined as:  

fibril yield   10 mg/ml   
absorbance of supernatant after incubation

absorbance of original solution before incubation
  10 mg/ml  

These fibril formation and determination of fibril concentration were performed by 

Jay Kant Yadav at the Institute for Biochemistry and Biotechnology, Martin Luther 

University Halle-Wittenberg, 06120 Halle, Saale, Germany.  

2.2.7.2 Peptide characterization 

Peptide characteristics were assessed using the internet software tool ProtParam 

offered by ExPASy (Expert Protein Analysis System), a bioinformatic resource 

portal for analyzing protein sequences (http://web.expasy.org/protparam/). 

ProtParam compute various physical and chemical parameters for a given protein 

sequence like molecular weight, isoelectric point, amino acid composition and 

atomic composition.  

Aggregation propensities of the peptides were analyzed with four aggregation 

prediction algorithms AMYLPRED, AGGRESCAN, TANGO and FoldAmyloid. 

AMYLPRED is a web tool, which uses a consensus of different methods that have 

been found or specifically developed to predict features related to the formation of 

amyloid fibrils. Consequently, the tool predicts probable 'amyloidogenic 

determinants' peptides for a given amino acid sequence [128,129]. AGGRESCAN 

is a web tool for the prediction of 'aggregation-prone' segments in protein 

sequences [130]. TANGO is a program that calculates the tendency of peptides for 

β-aggregation, which is different from amyloid fibril formation tendency but highly 

correlated [46,47]. FoldAmyloid is a web server for the prediction of amyloidogenic 

regions in protein sequences [131]. The aggregation predictions were performed 

by Jay Kant Yadav at the Institute for Biochemistry and Biotechnology, Martin 

Luther University Halle-Wittenberg, 06120 Halle, Saale, Germany. 
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2.2.7.2 Thioflavin T assay 

The Thioflavin T (ThT) assay measures the specific change of fluorescence 

intensity of ThT after binding to amyloid fibrils. ThT acts as kind of molecular rotor, 

which is intrinsically quenched in solution due to rapid rotation of quenching side 

groups, which become sterically restrained when bound to amyloid fibrils [132]. In 

a spectroscopic assay the enhanced fluorescence intensity is measured by 

excitation at 440 nm and emission at 482 nm [54]. In order to detect amyloid fibrils 

by ThT assay, a stock solution of 0.8 mg/ml ThT in PBS was prepared, filtered and 

stored for 1 week. Prior to use 10 µl of peptide stocks were diluted in 90 µl 

1:50 ThT stock solution in PBS in a reaction tube. The mixture was transferred into 

Corning® CellBIND® 96 Well Flat Clear Bottom Black Polystyrene Microplates 

(Corning). To excite Thioflavin T at 440 nm, a spectrofluorometer (SAFAS flx 

Xenius n°5473, SAFAS) was used and emission intensities were measured from 

470 to 590 nm (band-pass 10 nm).  

2.2.7.3  ζ-potential measurement 

Usually, ζ-potential is used to assess the charge stability of a disperse system and 

assists the formulation of stable products. Most particles/aggregates dispersed in 

an aqueous system will acquire a surface charge, principally either by ionization of 

surface groups or adsorption of charged species. These surface charges modify 

the distribution of the surrounding ions resulting in a layer around the particle that 

is different to the bulk solution. The ζ-potential is the potential at the point in this 

layer (slipping plane) where it moves through the bulk solution and reflects the 

overall surface charge. For analyzing ζ-potentials of the fibrils, 50 µl of fibrils 

(1 mg/ml) were diluted in 1 ml of an aqueous solution of 1 mM KCl. Prior to 

measurements, KCl was sterilely filtered with a 0.1 µm syringe filter to avoid strong 

deviations. The peptide dilutions were transferred to disposable capillary cells 

(DTS1061) and the ζ-potential was measured in triplicates using the Zeta 

Nanosizer (Malvern Instruments) and the corresponding DLS Nano software. 

ζ-potentials of the buffers were measured and the values of each buffer were 

subtracted from all corresponding samples. 
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2.2.8 Correlation analysis 

Correlation analysis of n-fold enhancement, fibril yield and ζ-potential were 

performed using Microsoft Excel®. For the infection enhancement the n-fold values 

reached with 125 ng/ml fibrils were used. The Pearson product-moment 

correlation coefficient is calculated for each set of data-points with each other. 

R2  reflects the linear correlation between two parameters, whereas +1 is a total 

correlation and zero is no correlation. 
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3  Results 

3.1 Prediction of aggregation propensities of PAP248-286 

PAP248-286 represents the best characterized amyloidogenic peptide in human 

semen [70,75]. Although the mechanism of infection enhancement is well 

understood [70,75,76,80], the structure of the fibrils is hardly explored. First 

studies revealed that the nucleation sites are most likely V262-H270 and 

A274-I284 [72] and only the middle and C-terminal region are necessary for 

fibrillization [73].  

To further analyze which regions in PAP248-286 are involved in fibril formation, 

the aggregation propensity of individual residues was determined using the 

available prediction softwares AmylPred, AGGRESCAN, TANGO and 

FoldAmyloid. AmylPred is a web tool, which employs a consensus of different 

methods that have been found or specifically developed to predict features related 

to the formation of amyloid fibrils. Consequently, the tool scans the aa sequence 

for probable 'amyloidogenic determinants' for a given amino acid sequence 

[128,129]. AGGRESCAN predicts 'aggregation-prone' segments in protein 

sequences [130] and TANGO calculates the tendency of peptides for beta 

aggregation, which is different from amyloid fibril formation tendency but is highly 

correlated [47]. TANGO considers the effect of physico-chemical conditions such 

as pH, temperature and ionic strength. FoldAmyloid is a web server for the 

prediction of amyloidogenic regions in protein sequences [131].  

With all prediction algorithms the central and the C-terminal part of PAP248-286 

appeared as most promising for forming amyloid fibrils (Figure 4). For the amino 

acid residues PAP262-264 and PAP284-286 the highest propensity to form β-

sheet-like structures is predicted (TANGO). This is in accordance with the 

prediction for the feasibility to form amyloid-like structures by PAP262-266 and 

PAP282-286. In summary, these results suggest that predominantly positions 

261-267 in the central part and positions 282-286 in the C-terminal part serve as 

aggregation hot spots, while the N-terminal region of the analyzed peptide has no 

tendency to form fibrils.  
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Figure 4:  Aggregation propensity plot of PAP248-286. PAP248-286 sequence was analyzed 

with the prediction tools TANGO, FoldAmyloid, AmylPred and Aggrescan.  

3.2   Physico-chemical    properties  of   PAP248-259,   

PAP260-272 and PAP273-286 

In order to proof this prediction results experimentally, three peptides that 

correspond to the N-terminal (PAP248-259), the central (PAP260-272) and the   

C-terminal (PAP273-286) region of the parental peptide were synthesized. These 

length variants were chosen, because exactly these peptides can be detected via 

mass spectrometry after PSA (prostate-specific antigen) cleavage of PAP in 

human semen and thus might also be of physiological relevance [133]. 

First, the sequences of the three peptides were analyzed for the distribution of 

hydrophobic and charged amino acid residues (Figure 5). Physico-chemical 

properties of amino acid residues, such as hydrophobicity and charge, are 

dominant factors determining the amyloidogenicity of proteins, because a 

cross-β-structure with its hydrogen bond network is essential for fibrils. 

Additionally, hydrophobic residues play a central role in the assembly propensity 
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[134]. The hydrophobicity plot in Figure 5 shows a quantitative analysis of the 

degree of hydrophobicity or hydrophilicity of amino acids. The used Kyte-Doolittle 

scale indicates hydrophobic amino acids with positive values [135]. PAP260-272 

consisted of alternating clusters of two to three residues with strong negative or 

positive hydrophobicity and PAP273-286 had a cluster of three hydrophobic 

residues at the C-terminal end. In contrast, the N-terminal fragment contained 

mainly amino acid side chains with a negative hydrophobicity (10 of 12). The       

N-terminal fragment featured a hydrophilic character as well as the C-terminal part 

in its center. Peptides 248-259 and 273-286 exhibited positive isoelectric points of 

10.29 and 10.00, respectively, similar to the full length PAP248-286 (pI = 10.21). 

These both peptides also possessed positive net charges of +3, while the central 

fragment is uncharged (pI = 6.75). PAP248-286 has a positive net charge of +6 

while the majority of the positive charged amino acids are clustered at the N- and 

the C-terminal parts (red labeled amino acids in Figure 5).  

 

 

Figure 5:  Physico-chemical properties of PAP248-286 and peptides derived thereof. The 
amino acid sequence of PAP248-286 is depicted in the one letter code and divided in the three 
analyzed fragments. Positively charged residues are highlighted in red and negatively charged 
residues in blue. The bar graph shows the hydrophobicity of the amino acids (Kyte-Doolittle 
values). In the table peptide length, molecular weight, isoelectric point (pI) and charge of the 
different fragments are summarized. 
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3.3 Generation of fibrils 

To induce fibril formation, the three fragments and the full length peptide were 

dissolved in Dulbecco’s phosphate buffered saline (DPBS) to 10 mg/ml stocks and 

subsequently agitated at 1,400 rpm at 37 °C and pH 7.4 for one day, as previously 

described [70]. Additionally, the effect of changes in the environmental conditions 

on fibrillation was studied by incubating the samples at increasing temperatures 

(37, 50 and 60 °C) and at different pH values of 2, 5 and 11 (conditions 

summarized in Table 1). Since it was reported that cosolvents modulate fibril 

formation the effect of HFIP (hexafluoroisopropanol), glucose and sodium citrate 

was tested as well (condition 9 to 12 in Table 1). The amount of peptide converted 

into fibrils was determined by measuring protein concentration after formed fibrils 

were sedimented by centrifugation (Table 2).  

 

Table 1: Conditions used for fibril formation. DPBS = Dulbecco’s phosphate buffered saline, 

HFIP = hexafluoroisopropanol, rpm = revolutions per minute. 

 

In agreement with the amyloid prediction algorithms described above, the            

N-terminal peptide PAP248-260 did not form detectable amounts of fibrils, even 

after seven days of agitation (Table 2). In strict contrast, the peptide derived from 

the core region (PAP260-272) almost completely converted into fibrils, irrespective 

of the conditions, which is in good accordance with the computational predictions 

(Table 2). Fibril formation of the full length peptide PAP248-286 and the C-terminal 

PAP273-286 was markedly affected by the various conditions. A decrease of pH 
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hinders fibril formation as PAP248-286 formed nearly no fibrils at pH 2 or 5 

(condition 6 and 7). For the C-terminal part the fibril formation at pH 5 was slightly 

more efficient than for the full length fragment (Table 2), which could be explained 

with the missing N-terminal region, which seems to be important for 

pH-dependency [73]. In contrast to the middle part, which formed fibrils completely 

pH independent, the C-terminal part itself appears to be also pH dependent. In 

accordance with this, an increased pH of 11 only influenced the fibril formation of 

the full length peptide.  

 

Table 2: Fibril yield (mg/ml) of PAP peptides that were agitated under 12 conditions. Peptide 
stocks were dissolved at a final concentration of 10 mg/ml. The concentration of fibrils/aggregates 
in each sample was determined by measuring the protein concentration before and after 
centrifugation (100,000 rpm for 1 hour). Number 1 to 12 reflects the conditions summarized in 
Table 1. 

 

The results also reveal that temperature affects fibril formation. For the full-length 

PAP248-286 a temperature of 25 °C is too low to generate fibrils (condition 1) [74]. 

Higher temperatures like 37 °C, 50 °C or 60 °C (condition 2, 3 and 4) enhanced 

the fibril formation process (Table 2). In contrast, the C-terminal part formed fibrils 

independently of the temperature, similarly to the middle part.  

Addition of 200 mM glucose (condition 11) completely inhibits fibril formation for 

the full length fragment and strongly reduced fibril formation of PAP273-286 

(Table 2). HFIP inhibited the generation of fibrils by PAP248-286 and 

PAP273-286. HFIP is an organic polar solvent, that exhibits strong hydrogen 

binding properties, breaks β-sheets and promotes  α-helical structures [136] and 

thereby influences fibril formation. Sodium citrate (Na3C6H5O7) can act as a 

buffering agent. For β2-microglobulin it has been used as polymerization buffer 

(50 mM) [137,138]. The full-length fragment PAP248-286 converted most 

efficiently into fibrils (88.4 %) in the condition with 40 mM sodium citrate, whereas 

just 3 % of the C-terminal fragment formed fibrils. The middle fragment was not 

affected by sodium citrate, as conversion rate was more than 99 % under all 
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conditions. Citrate has three negative charges, therefore it can cross-link cationic 

peptides, especially PAP248-286 as it offers six positively charged residues. 

These results showed that fibril formation for PAP248-286, PAP248-259 and 

PAP273-284 is affected by the primary amino acid sequence and environmental 

conditions such as pH and temperature. PAP260-272 is an exception since it 

easily formed fibrils independent of buffer, pH or temperature and with a 

conversion rate of nearly 100 %. 

3.4 Structural and functional characterization of the 

generated fibrils 

In order to determine the structural and biophysical properties of the generated 

fibrils all samples, were subjected to transmission electron microscopy (TEM) and 

ζ-potential analysis. TEM is a microscopy technique that allows amyloid fibrils to 

be visualized at high resolution and is therefore considered as a standard 

technique for the detection and characterization of the fibril morphology. The        

ζ-potential reflects the charge at the slipping plane of a particle or bigger structure 

and therefore the overall surface charge of the fibril. Additionally, the binding 

properties of the different fibrils to virions were visualized by fluorescence 

microscopy. A Thioflavin T (ThT) derivate was used for staining amyloid fibrils for 

fluorescence microscopy. The virus binding properties and functions of the fibrils 

were further characterized by a TZM-bl infection assay. The HIV infection 

enhancing activity was determined by pretreating virions with increasing 

concentrations of agitated peptides followed by infection of TZM-bl target cells. 

Figure 6 summarizes the methods used for further analysis of formed fibrils.  

The nomenclature of the samples used in the following figures is S for the full 

length PAP248-286 as is reflects the SEVI peptide. For the three fragments the 

acronym mirrors the position in the full length fragment like N for the N-terminal 

fragment PAP248-259, M for the middle fragment PAP260-272 and C for the        

C-terminal fragment PAP273-286. The added numbers reflect the respective 

conditions listed in Table 1. 
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Figure 6:  Overview of methods used for structural, biophysical and functional analysis of 
formed fibrils. TEM was used for structural/morphological analysis and ζ-potential measurement 
for biophysical characteristics. The function of the fibrils was analyzed by a TZM-bl infection assay 
with HIV-1 and confirmed by fluorescence microscopy.   

 

As a control for all samples, the eight different buffers used during analysis were 

analyzed via TEM for visible structures in the solutions. As expected, none of the 

buffers contained amyloid structures but instead other electron dense material, 

which is most likely caused by dust from the grids and/or remaining non dissolved 

salt crystals in the buffers (Sup. Figure 1). ζ-potentials of the buffers were 

measured and the values of each buffer were subtracted from all corresponding 

samples. In the infection assay, the buffers had no effect on cells and HIV-1 

infectivity (data not shown). 
 

3.4.1  Analysis of the full length fragment PAP248-286 

samples 

Fibril formation of the full length peptide PAP248-286 was markedly affected by 

the various conditions, thus the amount of peptide converted into fibrils varied 

between the different samples of the twelve conditions (Table 2). Accordingly, the 

morphology of the PAP248-286 fibrils visualized via TEM varied between the 

different conditions. For the full length fragment typical SEVI fibrils were detected 

by TEM (Figure 7A) in sample 5 and 12, whereas S5 reflects the normal SEVI fibril 

formation condition at 37 °C, 1,400 rpm for more than 2 days [70]. These typical 

needle-like amyloid fibrils are up to a few μm in length. Fibrils obtained under 

condition S3, S4 and S10 displayed thinner fibrils. Especially fibrils in S3 revealed 
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more hair-like structures crossing the whole TEM image (Figure 7A). In condition 

S1, S2 and S6 to S9 the peptide did not form any fibrils. For condition S11 no fibril 

yield was measured before, but TEM images showed flexible and long fibrils.  

All PAP248-286 samples, even without fibrils, had positive ζ-potentials, which 

imply that the overall surface of the PAP248-286 peptide is positive charged 

(Figure 7B). The samples containing visible fibrils, displayed ζ-potentials higher 

than +15 mV except for those obtained under condition S10, that exert a 

ζ-potential of +7.5 mV. Most notably S3 to S5 revealed ζ-potentials of +24 mV.  

 

Figure 7:  Morphology and ζ-potential of PAP248-286 samples. (A) TEM images and (B)           
ζ-potential of agitated PAP248-286 under 12 different conditions listed in Table 1 labeled with S1 to 
S12. The peptides were diluted in 1 mM KCl for ζ-potential measurements. ζ-potentials of the 
buffers were subtracted from corresponding samples. Shown are average values of five 
measurements with standard deviations.  
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To study the interaction of fibrils and virions, samples, which showed fibrils via 

TEM were stained with ProteoStat® detection kit, that results in a red fluorescence 

upon amyloid binding. The stained fibrils were incubated with fluorescent retroviral 

particles (MLV-GAG-YFP). Samples with only ProteoStat® Amyloid Plaque 

Detection Kit (Sup. Figure 2A) or YFP tagged virions (Sup. Figure 2B) served as 

controls. 

The analysis confirmed differences in fibril morphologies formed by PAP248-286. 

By comparison of fluorescence pictures of PAP248-286 samples, condition S3 

was special (Figure 8), since huge networks of fibrils with a diameter of more than 

50 µm entrapped virions. In S5 and S12, the fibrils also formed networks, but 

smaller in size, whereas in S4 and S11 clumps of red stained material with 

attached virions were present (Figure 8). 

All fibrils bind virions, however, the efficiency of fibril-virus interaction varied 

between the samples. Fibrillar networks (S3, S5 and S12) bound comparably more 

virions (zoom-in A and C in Figure 8) than clump-like fibrils in S4 or S11 

(zoom-in B in Figure 8). S10 revealed no fibrillar structures, but small aggregates, 

stainable with ProteoStat® detection dye via fluorescence microscopy (Figure 8). 

This was in contrast to the hair-like structures visible in the TEM images 

(Figure 7A). This indicated that the ProteoStat® detection dye did not bind to these 

hair-like structures or that the structures possess a weak fluorescence because of 

their thin size.  
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Figure 8: PAP248-286 fibrils bind virions. Images were obtained using a confocal microscope. 
Fibrils of sample S3, S4, S5, S10, S11 and S12 stained with ProteoStat

®
 amyloid dye (red) and 

YFP labeled retroviral particles (green) were incubated and imaged in solution. A, B and C highlight 
a magnification of fibril interacting with virus. Scale bar indicates 10 µm. The contrast of the images 
has been enhanced to allow better visualization in a printout version.  

 

In the next set of experiments the HIV-1 infection enhancing activity of all PAP248-

286 fragment samples were analyzed. Therefore, HIV-1 particles were 

preincubated for two minutes with indicated concentrations of the different 

PAP248-286 fragment samples. Afterwards the mixture was added to TZM-bl 

cells. To analyze the effect of fibrils on HIV-1 infection, the same amount of 

generated fibrils was used for preincubation with virions (Figure 9). For samples 

S1, S6, S7, S8, S9 and S11 no conversion of peptide to fibrils was measured. For 

this reason the samples were diluted in steps of 5-fold in parallel (Figure 10).  
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Figure 9:  HIV-1 infection enhancement of PAP248-286 fragments with measurable fibril 
content. TZM-bl cells were infected with HIV-1 preincubated for 2 minutes with indicated fibril 
concentrations of sample S2 to S5, S10 and S12. Shown are average values with standard 
deviation of the measured β-galactosidase signal (A) and the calculated n-fold enhancement 
compared to untreated HIV-1 infection (B). For the sake of clarity only positive standard deviation is 
displayed. 

 

All samples containing fibrils, except for S10, enhanced infection in a dose-

dependent manner (Figure 9). Sample S3 showed first an increase followed by a 

decrease of β-galactosidase activity with increased fibril concentration. This can 

be explained by an overinfection already at low fibril concentrations, which led to 

the formation of syncytia and cell death. This phenomenon of overinfection in 

TZM-bl cells is called cytopathic effect (Figure 9). 

The hair-like and flexible fibrils of S10 did not enhance infection and they were 

also not detectable via fluorescence microscopy. The enhancing intensity of the 

samples varied between the different fibrils formed by the full length fragment 

PAP248-286 from 3-fold (condition 2, 125 µg/ml fibrils) to 13-fold (condition 4 and 

12, 125 µg/ml fibrils). Thin needle-like fibrils e.g. in sample S4, increased infection 

more efficiently than thick needle-like fibrils (S5). Fibrils in condition S3, S4, S5 

and S12 enhanced HIV infection most efficiently, which correlated for S3, S5 and 

S12 with the formation of fibrillar networks (Figure 8). S4 enhanced infection, 

although only a few clumps of fibrillar material were detectable via fluorescence 

microscopy (Figure 8). As suspect the infection enhancement of samples S2, S6, 

S7, S8, S9 and S11 was smaller than 3fold, as no fibrils were detected via TEM. 
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The morphology of the fibrils formed by the peptide PAP248-286, which is known 

to form SEVI fibrils, depends on the conditions of the environment, but all formed 

fibrils were able to enhance HIV-1 infection. 

 

 

Figure 10:  HIV-1 infection enhancement of PAP248-286 fragments without measurable fibril 
concentration. TZM-bl cells were infected with HIV-1 preincubated for 2 minutes with indicated 
peptide concentrations of sample S1 and S6 to S19 and S11. Shown are average values with 
standard deviation of the measured β-galactosidase signal (A) and the calculated n-fold 
enhancement compared to untreated HIV-1 infection (B). For the sake of clarity only positive 
standard deviation is displayed. 

 

3.4.2  Analysis of the N-terminal fragment PAP248-259 

samples 

Like predicted by different algorithms, the N-terminal PAP248-259 fragment did 

not form fibrils under any condition (Table 2). Therefore, no fibrils were detected 

via TEM ( 

Sup. Figure 3). Only unspecific dust and salty structures as observed in the buffer 

controls. The N-terminal samples exhibit ζ-potentials close to zero (Sup. Figure 4), 

which represents an overall neutral surface charge of the included particles or the 

absence of fibrils, aggregates or particles. The infection assay confirmed the 

missing fibril formation as no infection enhancement was measured (data not 

shown). 
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3.4.3  Analysis of the middle fragment PAP260-272 samples 

For the middle fragment, the highest conversion rates of peptides into fibrils with 

more than 99 % were measured (Table 2). The existence of fibrils in all samples 

was confirmed via TEM (Figure 11A), which revealed different morphologies of the 

formed PAP260-272 fibrils. For example M9 and M10 contained needle-like fibrils, 

whereas M2, M3, M4, M5, M8, M11 and M12 showed huge bundles. These 

bundles were more than 900 nm in width and 2.5 µm in length and consisted of 

about 90 nm thick fibril-like structures. Nearly no single fibrils that were not 

clustered in bundles were detectable via TEM. A temperature higher than 25 °C 

and a pH of 7.4 lead to the formation of these fibril bundles (condition 1 to 5), 

which is not affected by the addition of cosolvents (M11 and M12). Samples M6 

and M7 contained short (70 - 150 nm) and thick (80 - 90 nm) amyloid structures. 

These findings correlated with a decreased pH (pH 2 and 5), whereas an 

increased pH (pH 11) reinforced the formation of huge bundles (Figure 11A). The 

addition of HFIP induced the formation of thinner fibrils with spindle-shaped 

morphology (M9 and M10) (Figure 11A). 

ζ-potential measurement revealed high positive values for all middle fragment 

samples (Figure 11B) with M3 displaying a maximum ζ-potential of +28 mV and 

M8 and M10 revealed the lowest potentials (+7 mV). Interestingly, no correlation 

between the morphology of PAP260-272 fibrils and ζ-potential was observed, 

because high (M3, M4) and low ζ-potentials (M8, M12) were measured for huge 

bundles of fibrils.  

http://dict.leo.org/#/search=spindle-shaped&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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Figure 11:  Morphology and ζ-potential of PAP260-272 samples. (A) TEM images and (B)         
ζ-potential of agitated PAP260-272 under 12 different conditions listed in Table 1 labeled with M1 
to M12. The peptides were diluted in 1 mM KCl for ζ-potential measurements. ζ-potentials of the 
buffers were subtracted from corresponding samples. Shown are average values of five 
measurements with standard deviations. 

 

Similar to the experiments performed with PAP248-286, the interaction of 

fluorescent virions with generated PAP260-272 fibrils was analyzed by 

fluorescence microscopy. Stained fibrils of all samples bound virions (Figure 12). 

In condition M8, M9 and M10 fluorescent clumps, which all bound only a few 

virions, are observed (zoom-in B in Figure 12). All remaining samples showed 

smaller fluorescent aggregates, whereas especially M6 and M7 bound many 

virions (zoom-in A in Figure 12). These two samples contained fibrils with the most 



3  Results   41 

 
 

filigree fibril structures, whereas the red fibrils in M1, M4, M5, M11 and M12 were 

more bulky. As visualized by fluorescence microscopy less virions were attached 

to these bulky structures (zoom-in C in Figure 12).  

 

 

Figure 12:  PAP260-272 fibrils capture virions. Images were obtained using a confocal 
fluorescence microscope. Fibrils of sample M1 to M12 stained with ProteoStat

®
 amyloid dye (red) 

and YFP labeled retroviral particles (green) were incubated and imaged in solution. A, B and C 
highlight a magnification of fibrils interacting with virus. Scale bar indicates 10 µm. The contrast of 
the images has been enhanced to allow better visualization in a printout version. 

In the TZM-bl infection assay, all middle fragment samples enhanced infection in a 

dose-dependent manner (Figure 13). Sample M6 showed with a 13-fold 

enhancement with 125 µg/ml fibrils the highest effect and M8 and M9 the lowest 

effect (1.45-fold and 1.77-fold with 125 µg/ml fibrils). These different intensities of 

infection enhancement seemed to be dependent on fibril morphology, because M6 
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and M7, the samples with small and sheet-like fibrils (Figure 11), enhanced 

infection most efficiently, whereas M9 and M10 with small, thin and longer fibrils 

(Figure 11) exerted a rather moderate effect of less than 3-fold enhancement. 

Additionally, M8, with the lowest infection enhancement (Figure 13) showed 

clumps, that only bound a few virions and therefore were inefficient in infection 

enhancement. 

 

Figure 13:  HIV-1 infection enhancement of PAP260-272 fragments. TZM-bl cells were infected 
with HIV-1 virions preincubated for 2 minutes with indicated concentrations of fibrils in middle 
fragment samples M1 to M12. Shown are average values with standard deviation of the measured 
β-galactosidase signal (A) and the calculated n-fold enhancement compared to untreated HIV-1 
infection (B). For reasons of clarity and comprehensibility the standard deviation is only displayed 
for positive direction. 

 

3.4.4  Analysis of the C-terminal fragment PAP273-286 

samples 

The efficacy of fibril formation varied for the C-terminal samples between the 

different agitation conditions (Table 2). In sample C7, C9, C10, C11 and C12 the 

conversion rate of peptide to fibrils was below 10 %, whereas in samples C2 and 

C4 70 % of peptide was converted to fibrils. These results were confirmed by TEM 

images (Figure 14) as samples C6, C7, C9 and C12 did not contain fibrillar 

structures, whereas in C1 to C3 and C5 typical fibrillar structures were visualized. 

The fibrils in condition C1 to C3 were 300 nm to 2.5 µm in length and 10 to 20 nm 

in diameter. The fibrils in sample C10 and C11 showed a flexible hair-like 

morphology (Figure 14A). 6.7 mg/ml fibrils were measured in condition 8 (Table 2), 

but with TEM just a few swarf-like structures with a maximum of 200 nm in length 
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were detectable. An increase in temperature up to 50 °C had no influence on fibril 

formation (conditions 1 to 3), but higher temperatures or longer shaking periods 

(condition 4 and 5) seemed to break the typical fibrillar structures visible in C1 to 

C3, which resulted in more shorter fragments (Figure 14). 

 

Figure 14:  Morphology and ζ-potential of PAP273-286 samples. (A) TEM images and (B)          
ζ-potential of agitated PAP273-286 fragment under 12 different conditions listed in Table 1 labeled 
with C1 to C12. The peptides were diluted in 1 mM KCl for ζ-potential measurements. ζ-potentials 
of the buffers were subtracted from corresponding samples. Shown are average values of five 
measurements with standard deviations.      

 

For the fibril containing samples C1 to C5, positive ζ-potentials about +10 mV were 

detected, but the ζ-potential of the hair-like fibrils formed under condition C10 and 

C11 showed a lower value of just +3.3 mV. C8 had a high positive ζ-potential of 
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+16 mV (Figure 14) and contained 6.77 mg/ml fibrils, but only a few very small 

fibrillar structures were visible in the TEM images. C6, C7 and C9 showed no 

detectable fibrils, but ζ-potentials of +9.2, -2.2, -8.0 mV and +8.8 mV, respectively. 

Small particles in C6, not visible via TEM, but pelletable via centrifugation 

(1.27mg/ml fibrils), might led to the positive ζ-potential of 9.2 mV. In sample C12 

the peptide to fibril conversion rate was just 3 % and no fibrils were detectable via 

TEM. However, the ζ-potential was +8.8 mV. 

Fibrils of C1 to C5 and C11 were further analyzed via fluorescence microscopy 

(Figure 15). Fibrils in all samples were stainable with ProteoStat® detection dye 

and bound virions. By using fluorescence microscopy, bundles of flexible fibrils, 

approximately 10 to 16 µm in length, were visualized in C11. These bundles bound 

virions on the edge of the structures (zoom-in C in Figure 15). In contrast, C5 

formed huge fibrillar networks of more than 60 µm diameter, which attached lots of 

virions, shown in the zoom-in picture B in Figure 15. These huge networks were 

not detectable via TEM, presumable because of their huge three-dimensional 

structure, but correlate with a conversion rate of 80 % of peptide to fibril. The TEM 

images of C1 to C4 were confirmed by fluorescence microscopy, because all of 

them showed needle-like fibrils up to 20 µm in length, which bound virions all 

along the fibril (zoom-in A in Figure 15). Single needle-like fibrils or huge networks 

of thin fibrils bound more virions than bundles of fibrils. 
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Figure 15:  PAP273-286 fibrils bind virions. Images were obtained using a confocal fluorescence 
microscope. Fibrils of sample C1 to C5 and C11 stained with ProteoStat

®
 amyloid dye (red) and 

YFP labeled retroviral particles (green) were incubated and imaged in solution. A, B and C highlight 
a magnification of fibril interacting with virus. Scale bar indicates 10 µm. The contrast of the images 
has been enhanced to allow better visualization in a printout version. 

The functional analysis of the PAP273-284 fibrils revealed various infection 

enhancement rates (Figure 16). In condition C6 to C10 and C12 no HIV-1 infection 

enhancement was measured, whereof C6, C7, C9 and C12 represented samples 

without detectable fibrils and C8 contained only a few swarf-like structures visible 

via TEM (Figure 14). It seemed that these swarf-like structures did not enhance 

infection. Fibrils in C1-C5 enhanced HIV-1 infection in a range of 3-fold to 11-fold. 

Among these, C3 enhanced most efficiently (11-fold). The strongest infection 

enhancing effect (13-fold) was reached for sample C11 containing flexible hair-like 

fibrils. 
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Figure 16:  HIV-1 infection enhancement of PAP273-286 fragments. Infection of TZM-bl cells 
with HIV-1. Virus was preincubated for 2 minutes with indicated concentrations of fibrils of the 
different C-terminal fragment samples (C1 to C12). Shown are average values with standard 
deviation of the measured β-galactosidase signal (A) and the calculated n-fold enhancement 
compared to untreated HIV-1 infection (B). For sake of clarity the standard deviation is only 
displayed for positive direction. 

3.5 Structure-activity relation of defined fibrils 

The results presented above demonstrated that the formation of positively charged 

fibrils is a prerequisite for infection enhancement. However, the enhancing 

potential on HIV-1 infection varied between the various fibril samples. To 

investigate the structural requirements for infectivity enhancement in more detail, 

fibrils with similar morphologies were pooled. This procedure was also necessary 

to reduce the total sample size allowing a comparative analysis and to generate 

sufficient material for the subsequent analysis. The first group (G1) consisted of 

short, thick and flat fibrillar structures with length of about 190 to 800 nm and a 

diameter of approximately 70 nm clustered in stacks. The second pool (G2) 

contained fibrils up to 2.5 µm in length and a diameter around 70 nm, which 

formed long, huge and thick bundles. In the third group (G3) fibrils with hair-like 

structures with a length of 200 to 1000 nm and approximately 4 to 5 nm width were 

pooled. The fourth group (G4) contained typical needle-like fibrils about 400 to 

1000 nm in length and 8 nm in diameter (Figure 17). These results corresponded 

with the TEM images of the single samples pooled to generate the four groups.  
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Figure 17:  TEM images of samples grouped by their morphology. Scale bar = 300 nm. 

 

3.5.1 Characteristics of pooled fibril samples 

The pooled samples were further investigated to determine their biophysical and 

functional properties. Fibrils were stained with ThT, a benzothiazole salt that 

interacts with the cross β-sheet structure of amyloid proteins and changes its 

fluorescent properties upon this interaction [54,55]. As expected, all four groups of 

fibrils bound ThT and thus displayed a positive excitation signal at an emission 

wavelength of 485 nm (Figure 18A). The strongest excitation signal was detected 

for G1 (3874 AU), whereas the lowest signal was measured for G3 (246 AU). The 

second-strongest signal was revealed for the group G2 (2045 AU) and group G4 

was with 417 AU low. As the amount of used fibrils was identical for all groups the 

ThT signal indicates for G1 optimal β-sheets for ThT binding. 

Besides ThT, the ζ-potential of the samples was analyzed to obtain the overall 

surface charge of the different fibrils (Figure 18B). ζ-potential measurements 

showed that G1 had the largest potential with 45.1 mV and G2 the lowest 

(12.6 mV). In comparison to G1, G3 and G4 resulted in low ζ-potential signals with 

17.6 and 21.5 mV, respectively. Even if G1 possessed the highest ThT signal and 

the most positive surface charge, ThT and ζ-potential measurements do not 

correlate for the four groups. In the ThT assay, G3 exhibited the lowest signal 

whereas in the ζ-potential measurement G2 had the lowest positive surface 

charge. Thus, the lacking correlation suggested that both measurements depend 

on different criteria of fibril morphology. The overall surface charge did not depend 

on the arrangement of β-sheets as ThT measurements do. 
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Figure 18:  ThT assay and ζ-potential measurement of pooled fibrils G1 to G4. A) ThT binding 
assay and (B) ζ-potential measurement of pooled PAP fragments. The peptides were diluted in 
1 mM KCl for ζ-potential measurement and 4.4 mg/ml fibrils were used to perform ThT assay. 
Experiments were performed in triplicates. ThT fluorescence signal and ζ-potentials of the buffers 
were subtracted from corresponding samples. Shown are average values and standard deviation. 

 

For functional analysis of the interaction of cells, virions and fibrils was visualized 

using fluorescence microscopy (Figure 19) and a TZM-bl infection assay was 

performed (Figure 20). Fibrils of groups G1, G3 and G4 appeared as distinct red 

aggregates, whereas G2 formed red clumps. In G1 and G3 the red aggregates 

were approximately 1 µm in size and aggregated to structures up to 5 µm in G1 

and up to 25 µm in G4. The clumps in G2 had a width of around 3 µm and a length 

of 6 to 8.5 µm. The fibrillar networks in G3 and G4 caught many virions, as the 

whole red network colocalizes with bound green virions. In G1, the small red 

aggregates attached only 2 to 5 green virions per aggregate. The huge red clumps 

in G2 bound only a few green dots (Figure 19A). In order to analyze interaction of 

fibrils and virions with cells, TZM-bl cells were seeded, stained and incubated with 

the fibril-virion mixture. As expected from previous studies, the fibrils attached to 

the cell surface but do not seem to be internalized during the investigated time 

frame, as no red material was detectable inside the cells. The smaller structures in 

G1 and the huge networks of G3 and G4 bound more efficiently to cells as the 

clumps in G2. The G1 fibrils with the attached virions are in close proximity to the 

cells, whereas in G3 and G4 the virions are bound to the fibrils. However, they 

were in distance to the cell, as the networks had a size up to 25 µm. G2 fibrils 

were also in close proximity to the cell, but there were just a few virions bound to 

the fibril. In group G1 the small size of the fibrils and the high efficiency to bound 

virions resulted in a close proximity of virions and cells (Figure 19B). 
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Figure 19:  Fibrils of pooled PAP fragments bind virions and cells. For confocal microscopy 
pictures, samples were stained with fluorescent ProteoStat® detection kit (Enzo) and incubated 
with YFP-tagged HIV-1 virions. This virion fibril mixture (A) was added to adherent blue labeled 
(CellTrace™ Violet Cell Proliferation Kit; Molecular Probes) TZM-bl cells (B). Scale bar = 10 µm. 
The contrast of the images has been enhanced to allow better visualization in a printout version. 

 

These data suggested that fibrils of G1 enhanced HIV-1 virion attachment most 

efficiently. To further proof this, an HIV-1 infection assay was performed. Indeed, 

G1 fibrils enhanced HIV-1 infection 22-fold if 125 µg/ml fibrils were preincubated 

with the virions (Figure 20). Fibrils of G2 and G4 showed a 9-fold enhancing effect 

and the fibrillar networks of G3 an 11-fold enhancement (Figure 20). The different 

types of fibrils in the four groups were all able to enhanced HIV-1 infection, but 

small and sheet-like fibrils of G1 enhanced infection best (Figure 20).  

These results suggested that for HIV-1 infection enhancement fibrils have to 

possess a positive surface charge, a small structure and a high efficiency to bind 

virions. Thereby, they bring virions in close proximity to the cell surface and 

enhance HIV-1 infection to a most efficiently (Figure 19 and 20).  
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Figure 20: HIV-1 enhancing activity of pooled fibrils G1 to G4. Infection of TZM-bl cells with   
HIV-1. Virus was preincubated for 2 minutes with indicated concentrations of fibrils. The experiment 
was performed three times in triplicates. Shown are average values with standard deviation of the 
calculated n-fold enhancement compared to untreated HIV-1 infection from the measured 
β-galactosidase signal. For reasons of clarity and comprehensibility the standard deviation is only 
displayed for positive direction. 

 

3.5.2 Structure analysis of pooled fibrils 

The results obtained by fluorescence microscopy and infection assay lead to the 

hypothesis that the surface area and the morphology of a fibril were the important 

determinants for infection enhancement. G1 enhanced infection most efficiently 

and consists of many small fibrils, which did not accumulate. To clarify this 

hypothesis, the exact structure of the fibrils was analyzed by atomic force 

microscopy (AFM). As expected, the morphology of the fibrils was similar in TEM 

and AFM images (Figure 17 and Figure 21A). AFM images (Figure 21B) revealed 

that G1 had sheet-like structures with a height of 4 nm and multiples thereof and 

G2 contained bundled rods with an average diameter of 17 nm that cannot be 

separated into single fibrils. G3 and G4 consisted of fibrillar aggregates with a 

diameter of 6 and 7 nm.  

For analysis, the AFM pictures were used to extract fibril volume, length, diameter 

and height to calculate the surface area to volume ratio. A calculation was not 

possible for G2, because of the huge bundles, which could not be separated by 

sonification. The bundles in G2 stuck strongly together, which suggested a tight 

binding force between the single fibrils.  
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Figure 21:  AFM images of the fibrils of G1, G2, G3 and G4. A) and B) show AFM images of the 
four pooled groups with different zoom. Scale bar (A) 1 µm, (B) 700 nm. 

 

The calculation of the surface area to volume ratio revealed, that G1 had a higher 

ratio than G3 and G4 (Figure 22). The used model distinguishes between cubical 

(G1) and cylindrical (G3 and G4) fibrils. In Figure 22A, the distribution of the 

surface to volume ratio is shown. For G4 100 % of the analyzed fibrils had a 

surface-area to volume ratio of 0.1 1/m, whereas G3 had 60 % and additionally 

34 % with 0.2 1/m surface area to volume raatio. In G1 just 9 % had a ratio of 

0.2 1/m and 42 % had ratios between 0.6 and 0.8 1/m. A calculation of the mean 

surface area to volume ratio (Figure 22B) revealed for G1 0.475 1/m, for G3 

0.14 1/m and for G4 0.1 1/m. 

Thus, sheet-like fibrils exhibited the highest surface area to volume ratio and 

therefore the biggest surface to bind virions. For the fibrils of G1 this is combined 

with the highest ζ-potential and the highest ThT binding activity compared to other 

fibrils. In relation to the volume, fibrils of G1 had four times more surface area than 

fibrils of G3 and G4.  
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Figure 22:  Surface area to volume calculation of the single fibrils of G1, G3 and G4. AFM 
images were analyzed with the SPIP software version 5.1.5 (Image Metrology A/S, DK). The 
geometrical parameters (volume, length, diameter, height) were extracted from the images for 
more than 20 individual aggregates and used to calculate the surface area to volume ratio based 
on standard mathematical models. A) Distribution of surface area to volume ratio and B) mean 
calculated surface area to volume ratio for G1, G3 and G4. 

3.5.3 Enhancement of retro- and lentiviral transduction 

Major limitations of retro- and lentiviral gene transfer into cells are inefficient 

transduction rates. Since peptide nanofibrils such as SEVI and EF-C are potent 

enhancers of retroviral gene transfer, the activity of G1 to increase transduction 

was investigated. To this end GFP encoding retro- and lentiviral vectors, 

pseudotyped with RD114/TR and GALV, respectively, were left untreated or 

incubated with 50 or 125 µg G1 fibrils before TZM-bl target cells were infected. G1 

fibrils boosted infection up to 23-fold for lentiviral (Figure 23) and 24-fold for 

retroviral vectors (Figure 24) in a dose-dependent manner. 

 

Figure 23:  Enhancement of lentiviral transduction. TZM-bl cells were infected with a lentiviral 
vector system. The vector was preincubated for 2 minutes with indicated concentrations of G1 
fibrils. A) Shown are average values with standard deviation of the measured GFP-positive cells 
and the calculated n-fold enhancement compared to untreated infection. Flow cytometry 
measurement was performed 3 days post infection. B) TZM-bl cells infected with a lentiviral vector, 
preincubated with 0, 50 and 125 µg/ml G1 fibrils, were trypsinized, collected and analyzed via 

fluorescence microscopy. Scale bar = 100 µm. 
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To visualize the transduction enhancement, the TZM-bl cells were trypsinized, 

PFA-fixed and analyzed via fluorescence microscopy. For lentiviral (Figure 23B) 

and retroviral vectors (Figure 24B), the dose-dependent increase of infected cells 

was confirmed by microscopy. 

 

Figure 24: Enhancement of retroviral transduction. TZM-bl cells were infected with a retroviral 
vector system. The vector was preincubated for 2 minutes with indicated concentrations of G1 
fibrils. A) Shown are average values with standard deviation of the measured GFP-positive cells 
and the calculated n-fold enhancement compared to untreated infection. Flow cytometry 
measurement was performed 3 days post infection. B) TZM-bl cells infected with a lentiviral vector, 
preincubated with 0, 50 and 125 µg/ml G1 fibrils, were trypsinized, collected and analyzed via 
fluorescence microscopy. Scale bar is 100 µm.  

 

Furthermore, the single fibril samples of group G1 were analyzed for transduction 

enhancement to analyze if the potential to increase transduction is potentized or 

reduced after pooling the samples. All single samples increased retro- and 

lentiviral transduction (Figure 25) in a range of 20 to 29-fold for the lentiviral vector 

(Figure 25A) and of 24- to 30-fold for the retroviral vector (Figure 25B). The 

efficiency in enhancing transduction of fibrils of G1 was therefore similar to the 

efficiencies of the single fibril samples.  

 

Figure 25: Enhancement of lenti- and retroviral transduction. TZM-bl cells were infected with a 
lenti- or retroviral vector system. The vector was preincubated for 2 minutes with indicated 
concentrations of fibrils M1, M2, M3, M4, M5, M7 and M11. Flow cytometry measurement was 
performed 3 days post infection. Shown are average values with standard deviation of the 
measured GFP-positive cells and the calculated n-fold enhancement compared to untreated 
infection. UT = untreated vector. 
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Next, CD34+ myelomonocytic KG-1 cells, which are considered to be relatively 

refractory to retroviral transduction, were infected with retro- and lentiviral vector 

constructs preincubated with pooled G1 fibrils (Figure 26). Again G1 fibrils 

substantially improved transduction rates from 0.6 to 5.4 % GFP-positive cells for 

retroviral vector and 0.4 to 2.3 % for lentiviral vector. Indeed, infection rates in 

KG-1 cells were low, but both, retro- and lentiviral vector transduction, were 

enhanced by treatment with fibrils of G1 (Figure 26). 

 

 

Figure 26: Enhancement of retroviral- and lentiviral vector transduction in KG-1 cells. KG-1 
cells were infected with retro- and lentiviral vectors preincubated with 125 µg/ml G1 fibrils. Flow 
cytometry measurement was performed 4 days post infection. Shown are average values with 
standard deviation of the measured GFP-positive cells and the calculated n-fold enhancement 
compared to untreated infection. UT = untreated vector. 

 

The sheet-like fibrils of group G1 enhanced retro- and lentiviral transduction 

efficiently in two different cell types and independent of the envelopes used for 

pseudotyping. The single samples pooled for group G1 enhanced transduction as 

efficient as G1 suggesting that a mixture of fibrils formed under different conditions 

did not affect their behavior in transduction enhancement.  
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4  Discussion 

Human semen contains amyloid fibrils that potently increase the infectivity of   

HIV-1 and might thus be essential for successful viral transmission during sexual 

intercourse. The best characterized amyloidogenic peptide in semen is 

PAP248-286, which forms fibrils termed SEVI. One aim of this study was to 

investigate how changes in environmental parameters such as temperature or pH 

affect fibril formation of PAP248-286 and three of its naturally occurring cleavage 

products. To this end, the full length peptide PAP248-286, the N-terminal 

PAP248-259, the middle PAP260-272 and the C-terminal PAP273-286 fragment 

were agitated under various conditions and the amount, the biophysical properties 

and the structure of formed fibrils were analyzed. The second aim was to find a 

correlation between fibril morphology and efficiency of infection enhancement. 

Therefore fibrils with similar morphologies were pooled and tested for their 

biophysical properties and ultrastructure as well as their potential to increase viral 

infection and transduction. 

4.1 Effect of environmental factors on fibril formation  

For the three used PSA cleavage products of PAP248-286, the prediction 

softwares provided different propensities for fibril formation. The middle and the 

C-terminal part as well as the full length PAP248-286 are predicted to form fibrils, 

whereas the N-terminal part shows no evidence for fibril formation. This result of 

the prediction tools fits with the finding of French and Makhatadze [73]. They 

observed that the middle and the C-terminal regions of PAP248-286 are important 

for fibril formation, whereas the N-terminal part is suggested to bind to the 

membranes. Their used N-terminally truncated variants PAP256-286 and 

PAP261-286 formed fibrils more readily than PAP248-286. Therefore, the 

N-terminal region seems to be not necessary to form fibrils [73]. This prediction for 

the N-terminal part was confirmed in this thesis. Under the 12 tested conditions 

(Table 1) the naturally occurring N-terminal fragment PAP248-259 did not form 

any measurable or via microscope detectable fibrils, whereas the middle fragment 

PAP260-272 formed fibrils under all conditions. For the full length PAP248-286 as 
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well as for the C-terminal PAP273-286 fragment, the fibril formation was 

dependent on the environment.  

It was also reported that the N-terminal part hinders fibril formation of PAP248-286 

by being the responsible part for the pH-dependence of the fibrillization process, 

as the truncated variants PAP256-286 and PAP261-286 still formed fibrils at 

pH 5.5 and pH 2 while PAP248-286 needed a neutral pH [73]. Without the 

histidine at position 250 and the glutamic acid at position 254 the pH-dependency 

of PAP248-286 was removed [73]. A decrease of the pH (conditions 6 and 7, 

Table 3) hindered fibril formation of PAP248-286 in this study as well. For the 

C-terminal part, the fibril formation at pH 5 was slightly better than for the full 

length fragment, which could be explained by the missing N-terminal region. 

However, the middle part is completely pH-independent. The C-terminal part itself 

appeared to be also pH-dependent.  

The middle fragment PAP260-272 was an exception amongst the three fragments. 

Under all conditions nearly 100 % of the peptide was converted into fibrils 

(Table 3). One could suggest that a physiological pH of 7.4 would be the optimal 

condition for the middle fragment because the pI is 6.75, but this was not 

observed. Additionally, pH 11 was not the most efficient condition for full length 

peptide and C-terminal fragment, although the pI of both was 10.29 and 10.0, 

respectively. Therefore the claim that a pH near the pI of the peptide is the best 

condition for fibril formation [39] could not be confirmed for these peptides 

(Table 3). 

The temperature is an important factor for fibril formation. Elevated temperatures 

increased fibril formation of fibronectin type II [139]. In this study, a temperature of 

25 °C was not sufficient for fibril formation of PAP248-286 (condition 1). Higher 

temperatures (condition 2 to 4) favored fibril formation as they might promote 

partial unfolding and therefore fibril formation by giving the possibility to form new 

β-sheet structures. In contrast, changes in temperature did not significantly affect 

fibril formation of the C-terminal and the middle fragments (Table 3). Thus, 

temperature-dependency of amyloid fibril formation by PAP248-286 fragments 

seemed to be determined by the N-terminal part of the peptide. To further 

investigate this hypothesis, a broad range of temperatures should be tested under 
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stable buffer conditions for the different fragments and for a fragment combined of 

the middle and the C-terminal part (PAP261-286) similar to the peptide used by 

French and Makhatadze [73]. 

 

Table 3: Summary of fibril yield, ζ-potential and infection enhancement of all PAP248-286, 
PAP260-272 and PAP273-286 samples. N-fold enhancement is shown for incubation with 
125 µg/ml fibrils. Condition 11 was supplemented with 200 mM glucose and condition 12 with 
40 mM sodium citrate. In condition 5 samples were agitated for 7 days and in all other conditions 
over night. 

 

Previous work by other groups demonstrated that glucose and sucrose promote 

Aβ fibril formation, because these saccharides cause a collapse of the native 

structure of Aβ40 resulting in many nucleation seeds and small protofibrils [140]. In 

this thesis, the addition of 200 mM glucose completely inhibited fibril formation of 

the full length fragment. Furthermore, only 0.8 mg/ml fibrils were formed by the      

C-terminal fragment, whereas the fibril formation of PAP260-272 was not 

influenced. This is in accordance with previous studies suggesting that the sugar-

protein interactions are dependent on the properties of the sugar as well as the 

peptide [140-143]. Different simple saccharides should be tested to further analyze 

the effects on fibril formation. It might be possible that other saccharides enhance 

fibril formation for the three peptides. Especially the influence of glucose should be 

tested in more detail, as glucose is an important constituent of semen [144] with 

reference concentrations of 102 to 295 mg per 100 ml semen [145,146]. This 

reflects concentrations between 5.6 and 16 mM, which is much lower than the 

200 mM used in condition 11. 
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Since it has been previously shown that low concentrations of HFIP lead to the 

predominant formation of fibrils whereas high concentrations dissolve the fibrils 

and stabilize α-helical structures [147], HFIP was tested as a cosolvent. HFIP is an 

organic polar component, that exhibits strong hydrogen binding properties, breaks 

β-sheets and promotes α-helical structures [148]. The dissolution of peptide 

aggregates and destruction of native conformations are well studied effects of 

alcohols on proteins and peptides [149]. In this thesis 2 and 5 % HFIP were 

investigated as similar concentrations were used in other studies to analyze fibril 

formation of hIAPP fibrils [147]. For the full length PAP248-286 peptide, 5 % HFIP 

led to fibril formation whereas 2 % had no effect, thus no fibrils were formed. Fibril 

formation of PAP273-286 was more efficient in the presence of 5 % HFIP for 

PAP273-286, however, peptide conversion rates were below 10 %. Indeed 5 % 

HFIP resulted in a more efficient fibril formation than 2 % HFIP, but conditions 

without HFIP were even more effective. HFIP did not increase fibril formation of 

PAP248-286 and its three fragments. 

These experimentally gained results largely confirmed the computational findings 

obtained with amyloid formation prediction tools. They show that only the middle 

fragment efficiently converts into fibrils, whereas the N-terminal fragment never 

forms amyloid fibrils. The physico-chemical environment like pH of the buffer, 

temperature, ionic strength, salts and other cosolutes and cosolvents influenced 

the process of fibril formation, but the strength of dependency on buffer, pH and 

temperature is determined by the sequence. 

Martellini et al. found that the analyzed N-terminal, middle and C-terminal fragment 

are generated after PSA cleavage of the naturally occurring PAP248-286 [133]. 

Thus, fibrils consisting of the middle fragment PAP260-272, which were shown 

here to form independently of the environment, should be detectable in semen. 

However, up to now only PAP248-286 (SEVI) [70], PAP85-120 [80] and different 

fragments of semenogelin 1 and 2 [81] have been isolated from semen. Thus, 

studies aiming at identifying these and other fibrils in semen are highly warranted 

because they serve as important targets to antagonize semen’s ability to enhance 

infection [76]. The natural role of these seminal amyloids [70,81] remains elusive, 

but all of these peptides exhibit cationic surfaces and enhance HIV-1 infection in 

vitro. Therefore, it is rational to speculate that amyloid fibrils of the PAP248-286 
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fragments in semen play a role in HIV-1 transmission. Since these fibrils can 

increase HIV infectivity by several orders of magnitude, supplementing current HIV 

microbicide candidates with inhibitors might greatly increase their potency. For 

SEVI, some inhibitors are already described [75,150-155] and if PAP260-272 

fibrils are present in semen, inhibitors like polyanionic agents [75] should be tested 

and structure-based inhibitors should be designed [150] 

4.2 Small sheet-like fibrils enhance infection efficiently 

In this study, the same peptide gave rise to fibrils with various morphologies when 

different conditions were applied. Thus, the primary peptide sequence alone did 

not determine the structure of the mature fibril, which has been shown before for 

Aß fibrils [35,38,156,157]. Agitation and buffer conditions, pH and temperature 

influence the process of fibril formation. This variability of fibril morphologies 

formed by one peptide is termed “amyloid fibril polymorphism”.  

For the middle, the C-terminal and the full length peptide typical needle-like fibrils 

were found via TEM under some conditions, whereas thin and hair-like fibrillar 

structures are just found for the full-length PAP248-286 and the C-terminal 

PAP273-286 fragment. Some middle fragment samples showed huge, thick fibrillar 

aggregates whereas other parts showed smaller bundles and shorter but also thick 

fibrillar structures. The different morphologies of fibrils under various conditions 

reflect the adaptation of the peptide to the environment, for example caused by 

altered charge state of an amino acid side chain. The surface charge of the formed 

fibrils, measured by ζ-potential, was positive for all fibrillar structures. A positive 

ζ-potential suggested that the fibrils were able to bind virions and cells because of 

their negative surface charges. Most samples with fibrils showed a higher 

ζ-potential than the samples without fibrils, but the ζ-potential did not directly 

correlate with the fibril amount or HIV-1 infection enhancement. For example the 

two middle fragment samples M6 and M7 boosted infection most efficiently, but 

exhibit a smaller ζ-potential than other middle fragment samples, which enhance 

infection less efficient. The ζ-potential gives a hint whether formed fibrils are 

positively charged on their surface, which is a prerequisite for virus sequestration. 

However, this measurement is not a quantitative method to reveal the efficiency of 

a fibril in infection enhancement.  
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The HIV-1 infection enhancement could not be correlated with the amount of 

formed fibrils (peptide to fibril conversion rate) (R2 = 0.344) or the overall surface 

charge of the fibrils (R2 = 0.4618), demonstrating that it is a combination of 

determinants that influence the efficiency of infection enhancement. Thus, charge 

is not the only important parameter of a fibril. Therefore, it was suggested that the 

morphology of the fibrils could be the real determinant of enhancing HIV-1 

infection. For this reason, samples of all fragments with the same morphology of 

fibrils were grouped and further investigated. G1 contained sheet-like structures, 

G2 bundled rods and G3 and G4 fibrillar aggregates.  

In G1 the surface area to volume ratio was in average higher than for the other 

groups. The sheet-like fibrils enhanced infection most efficiently. Therefore the 

groups were further analyzed for their ζ-potential and ThT signal. G1 exhibited the 

most positive ζ-potential and the highest ThT signal. However, there was no direct 

correlation between ThT signal and ζ-potential or infection enhancement within all 

four groups. All fibrils enhanced HIV-1 infection, revealed a positive surface 

charge as well as an amyloidogenic character containing β-sheets as they could 

be stained by ThT. The relationship between fluorescence intensity and amyloid 

fibrils remains unclear [158,159]. This fits with the observation that different fibrils 

fluoresce with different intensities under the microscope after staining with the ThT 

derivative in the ProteoStat® detection dye (own unpublished observation). The 

ThT binding seemed to be dependent on the morphology and therefore the          

β-sheet structures of the fibrils. Hence, ThT binding can be used for visualizing 

fibrils with fluorescence microscopy and as indicator for fibrils only, but not for 

quantitative measurement of the amount of fibrils. For glucagon it was shown in 

previous studies that some polymorphs have a 42-fold difference in ThT binding 

[160]. 

Analysis of the binding of virions and cells to the fibrils provided the explanation for 

the efficient infection enhancement of sheet-like fibrils. Fluorescence microscopy 

pictures showed that all fibrils bind virions and cells. For G3 and G4 the fibrils 

formed huge networks, which interacted with comparably higher numbers of 

virions. In these samples the virions were not swimming in solution, but the bound 

virions were still not in close proximity to the cell. The networks held the virions in 

distance to the cells. G2 had only a weak binding capacity to the fibrils. The fibrils 
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were found as huge clumps and based on the ζ-potential they don’t seem to offer 

the strength to catch many virions. Therefore also in this group of fibrils just a few 

virions were in close proximity to the cell as in G3 and G4. The fibrils in G1 

possessed a huge surface-area to volume ratio, which implies a big surface to 

bind a lot of virions, whereas the groups 3 and 4 own only a smaller surface-area 

to volume ratio. The small size of the fibrils in G1 lead to a close proximity 

between all bound virions and bound cells. Here, the negative charge repulsions of 

the viral and cellular membranes were overcome most efficiently. Fibrils of G1 

promote the attachment of virions to target cells and thereby boost viral fusion and 

infection. A quantification method for the fluorescence pictures to obtain values of 

the amount of virions bound to fibrils is necessary to further confirm this 

observation. A ball represents a structure with the smallest surface area to volume 

ratio whereas a tetrahedron has a higher ratio. With increasing volume the surface 

area to volume ratio in all bodies decreases, as the volume grows cubically (to the 

third power). Thin layers like sheets feature a small volume, but a large surface, 

therefore small and sheet-like fibrils are optimal for binding many virions on their 

surface. Additionally to the binding of the virions, the small fibrils are able to bind 

to cell membranes, carrying the virions in close proximity to the target cell.  With a 

quantification method for virions bound to fibrils, an optimization of fibrils to have 

high surface area to volume ratios for binding of many virions would be easier.  

The most important characteristics of a fibril, which enhances infection efficiently, 

are the positive surface charge and the availability of the surface of the fibril to 

virions and cell membranes. Clumps of fibrils are less efficient than single fibrils 

and smaller fibrils were even better than larger fibrils. The ratio of surface area to 

volume is the key determinant of an efficient enhancer. The structure of such an 

enhancer differs from the typical needle-like fibril known from SEVI fibrils.  

Additionally, small and sheet-like amyloid fibrils enhanced retro- and lentiviral 

transduction. Both types of vectors could be enhanced and therefore the 

enhancement seems to be independent of the vector construct, like shown for 

SEVI before [116]. In the study of Wurm et al., the most efficient transduction 

enhancement was observed for the glycoproteins RD114 and GALV [116,161]. 

Therefore, these two glycoproteins were used to pseudotype the lenti- and 

retroviral vector, respectively. Hence, the viral envelope did not affect the 



4  Discussion   62 

 
 

transduction enhancement, as also shown before for SEVI [116]. Furthermore, the 

transduction efficiency was enhanced in two different cell types (TZM-bl and     

KG-1). 

Retroviral transduction is the method of choice for stable introduction of genetic 

material into cells. Lentiviral vectors have the capability to insert their genetic 

material into the genome of the host cell, thus allowing stable expression. 

However, it is often limited by poor transduction efficiencies [97,99,100]. The most 

widely used infection and transduction enhancers are cationic polymers like 

DEAE-dextran [104,108] or Polybrene [105] and polypeptides like Retronectin 

[111,112] or Vectofusin [113]. A novel class of transduction enhancers are 

peptide-derived fibrils like SEVI [70], EF-C [115] or P16 [114]. These nanofibril 

forming peptides are more efficient than commonly used soluble transduction 

enhancers [114,115]. SEVI was shown to increase gene transfer by lenti- and 

retroviral vectors into hematopoietic stem cells and was not cytotoxic to the cells 

[116,161]. The main caveats of SEVI are the length of 39 aa combined with high 

costs, the long process to develop fibrils and the arising of huge networks of fibrils 

during storage. The optimized nanofibrils of EF-C overcome this caveats as EF-C 

is a 12 aa peptide, which self-assembles into fibrils immediately after dilution. 

These fibrils stay stable during storage [115].   

In future, the middle fragment of PAP248-286 could be optimized and might be 

used as carrier for liposomes or virions to target cells, for example in ex vivo gene 

transfer. The novel transduction enhancer EF-C was identified by our group and 

has been tested successfully in a murine model [115,161]. Therefore one could 

suggest that this will be possible also for the middle fragment PAP260-272. One 

limitation for the use in ex vivo gene therapy is that the fibrils remain associated 

with the transduced cell and might be introduced into the human body when the 

cells are returned to the patient. Most likely, these fibrils will be degraded intra- or 

extracellularly without causing undesired effects, but the fate of the fibrils after 

binding to cells and virions needs to be further studied. Additionally a coating 

procedure like for Retronectin or EF-C [115] should be established for 

PAP260-272 fibrils. Precoating leads to colocalization of virions and cells and 

therefore to an efficient cellular uptake of the virus and a removal of the fibrils after 

enhancement of transduction. EF-C is a retroviral transduction enhancer derived 
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from the gp120 protein of HIV-1. P16 is a 13 aa fragment of HIV-1 gp41 

transmembrane protein modified with three tryptophans [114]. So, in contrast to 

EF-C and P16, the middle fragment PAP260-272 is a naturally occurring fragment 

of SEVI, which derives from PAP and naturally occurs in semen of men [133]. An 

advantage of PAP260-272 is that no HIV-1 derived peptide has to be used in 

addition to the HIV-1 derived lentiviral vectors. 

This thesis is the first study to investigate the relationship between fibril 

morphology and infection enhancement. Therefore, the results might help to 

develop efficient, cheap and easy to handle transduction enhancers. A more 

detailed structure-activity relationship study is required as the results of this thesis 

are just the beginning of understanding how fibril formation can be controlled and 

optimized for transduction enhancement. The sequence of a peptide is still the 

main determinant for fibril formation. Additionally, environmental factors like pH, 

temperature, ionic strength, buffer conditions and agitation affect the fibrillization 

process, as the amino acid residues interact with the environment. The settings 

influence the amount and the morphology of the formed fibrils and the efficiency of 

infection enhancement depends on the morphology of a fibril and its surface area 

to volume ratio.  

 

. 
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5  Summary 

Amyloidogenic peptides present in human semen self-assemble into positively 

charged fibrils, that markedly increase HIV-1 infection by neutralizing the negative 

charge repulsion between virions and cells. SEVI (semen derived enhancer of viral 

infection) is the best characterized seminal amyloid and forms out of the prostatic 

acid phosphatase (PAP) fragment 248-286. Although the effects of SEVI on viral 

infection have been analyzed in detail, it was largely unclear how changes in 

environmental parameters such as temperature or pH affect fibril formation of 

PAP248-286 and three naturally occurring cleavage products of this peptide. To 

investigate this, PAP248-286, the N-terminal PAP248-259, the middle 

PAP260-272 and the C-terminal PAP273-286 fragment were agitated under 

various conditions and analyzed for fibril yield, surface charge (ζ-potential), 

morphology (transmission electron and atomic force microscopy) and virion 

attachment (fluorescence microscopy). Additionally, the functional activity in 

enhancing HIV-1 infection and retroviral transduction were analyzed. These 

analyses revealed that changes in environmental parameters dramatically affected 

fibril formation of PAP248-286 and PAP273-186 but had no effect on fibrillization 

of the PAP260-272 peptide. Overall, the fibrils considerably varied in shape and 

charge and enhanced viral infection with different efficiencies. A structure function 

analysis revealed that not the charge or the amount of fibrils but rather the 

available surface and the surface area to volume ratio are key determinants for 

amyloid-mediated infectivity enhancement. Thus, a high number of small fibrils is 

more efficient in boosting viral infection than a comparably low number of larger 

fibrils. Additionally, these fibrils enhance retro- and lentiviral transduction even in 

the less accessible KG-1 cells. The results presented in this thesis provide novel 

mechanistically insights in how seminal amyloid promotes HIV-1 infection and will 

help to develop more effective transduction enhancers to improve retroviral gene 

transfer.  
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6  Appendix 

6.1  Supplementary figure 1 

 

Sup. Figure 1: TEM analysis of buffers. TEM images of structures found in the 8 different buffers 
used for fibril formation. The numbers reflect the conditions in which the buffers were used. Scale 
bar = 300 nm. 

 

6.2  Supplementary figure 2 

 

 

Sup. Figure 2: Controls for fluorescence microscopy pictures. A) Only ProteoStat® Amyloid 
Plaque Detection Kit dye (Enzo Life Sciences) incubated with PBS (without any fibril) shows no 
detectable signal. B) MLV GAG YFP particles swimming in a 6 channel ibidi µ-slide VI0.4 chamber. 
Scale bar = 10 µm. 
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6.3  Supplementary figure 3 

 

 

Sup. Figure 3: Morphology of PAP248-259 samples. TEM images of agitated PAP248-259 

under 12 different conditions listed in Table 1 labeled with N1 to N12. Scale bar = 300 nm. 

 

6.4  Supplementary figure 4 

 

 

Sup. Figure 4: ζ-potential measurements of PAP248-259 samples. The peptides were diluted in 
1 mM KCl. ζ-potentials of the buffers were subtracted from corresponding samples. Shown are 
average values of five measurements with standard deviations. 
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