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Zusammenfassung 

Größe und Anordnung von klar abgegrenzten Bereichen unterschiedlicher Oberflächenchemie auf 

einzelnen Nanopartikeln sind durch die jeweiligen Herstellungsverfahren limitiert. Virusähnliche 

Partikel bieten von Natur aus eine Außenfläche genau definierter, aber gut modifizierbarer Makro-

moleküle auf der Nanoskala und können in vielfacher Weise funktionalisiert werden. Solche Na-

noobjekte bieten Möglichkeiten für verschiedene Anwendungen in der Bionanotechnologie, z. B. 

als Bildgebungs- und Diagnosewerkzeuge, Template für Microarrays, elektronische Bauteile und 

Biosensoren. Das Tabakmosaikvirus (TMV), ein für den Menschen nicht pathogenes Pflanzenvirus, 

kann kostengünstig und in großen Mengen in einem Gewächshaus hergestellt werden. Seine Selbst-

organisation aus einzelsträngiger Ribonukleinsäure (RNA) von 6395 nt mit 2130 identischen Ko-

pien seines Hüllproteins (coat protein, CP) macht TMV zu einem herausragenden und vielseitigen 

Werkzeug für die Bionanotechnologie. Die viralen Nukleoprotein-Röhrchen sind 300 nm lang, mit 

einen Außendurchmesser von 18 nm und einem Kanaldurchmesser von 4 nm, und bieten ein hohes 

Oberfläche-zu-Volumen-Verhältnis sowie eine hohe Stabilität gegen raue Behandlungen oder un-

günstige Umgebungsbedingungen. Die Bildung von TMV-ähnlichen Partikeln (TMV-like particles, 

TLPs) kann auch in vitro leicht induziert werden – sogar mit synthetischen RNAs, die den TMV-

Assemblierungs-ursprung (origin of assembly, OAs) beinhalten, und mit genetisch veränderten 

TMV-CP-Typen, von denen auch unterschiedliche Varianten gemeinsam in einzelne Partikel ein-

gebaut werden können. Um für eine breite Palette von Anwendungen interessant zu sein, sind eine 

Vielfalt von möglichen Bindungstypen zwischen CPs und funktionellen Molekülen sowie genau 

vordefinierte Kopplungsstellen von Vorteil. 

In dieser Arbeit wurden neue Strategien entwickelt, um räumlich wohldefinierte, selektiv adressier-

bare CP-Domänen auf einer einzelnen TMV-ähnlichen Nanoröhre zu erzeugen. Zu diesem Zweck 

wurde dynamische DNA-Nanotechnologie angewendet, um die RNA-vermittelte Selbstassemblie-

rung von TMV-CP zu steuern. Eine "Stop-and-go-Technik" nutzt DNA-Oligonukleotide als "Stop-

per", die sequenzspezifisch an definierten Stellen in der TMV-RNA hybridisieren und so ihre Ver-

packung in TMV-CP an der Hybrid-Duplex-Position blockieren. Ein nicht-bindender Überhang 

("Toehold") ermöglicht den Neustart der Assemblierung mithilfe eines vollständig revers-komple-

mentären "Ablöse"-DNA-Oligonukleotids (als "Fuel"), so dass durch Verdrängung des Stopper-

Strangs eine benachbarte CP-Domäne mit andersartigen Bindungsstellen wachsen kann, wenn die 

erste CP-Variante gegen eine andere ausgetauscht wurde. Dafür wurden Stopper identifiziert, die 
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effektiv an eine RNA-Position hybridisieren und die Assemblierung behindern. So konnte das Ver-

packen von TMV wt-RNA effizient an Stellen im 3'-Bereich, in Bezug auf den OAs, blockiert 

werden. Die nicht-vollständig assemblierten Nanoröhrchen blieben über einen Zeitraum von 12 

Tagen bei 4 °C sowie während ihrer Reinigung durch Ultrazentrifugation erfolgreich gestoppt, wo-

bei auch der heraushängende RNA-Teil intakt blieb. Durch DNA-vermitteltes Ablösen des Stoppers 

ließ sich die Assemblierung wieder starten. Zur Erzeugung von Nukleoprotein-Röhrchen mit zwei 

verschiedenen Domänen wurde ein Protokoll zur differentiellen Ultrazentrifugation entwickelt, um 

CP-Varianten auszutauschen und nicht erwünschte TLP-Aggregate abzutrennen. Zur Visualisie-

rung der beiden, in ihrer Länge genau definierten Abschnitte wurde Avidin mittels Bioaffinitäts-

kopplung an die biotinylierten 3'-terminalen Domänen immobilisiert. So wurde gleichzeitig die 

ortsselektive Funktionalisierbarkeit der Domänen bewiesen. 

Um zu untersuchen, ob dieser DNA-basierte Kontrollmechanismus auf Stopper-Bindungsstellen in 

TMV-RNA beschränkt war oder auf beliebige RNA-Sequenzen übertragen werden konnte, wurden 

drei Plasmid-Konstrukte hergestellt, mit denen heterologe RNAs (hRNAs) mit TMV-OAs in vitro 

transkribiert wurden. Diese wurden auf ihr Verhalten in Stop-and-go-Experimenten untersucht. Sie 

führten erfolgreich zu partiell assemblierten Nanoröhrchen, wenn die hRNAs in heterologen Regi-

onen 3' vom OAs durch Stopper blockiert waren, und auch die anschließende vollständige Verpa-

ckung nach Verwendung der Strangverdrängungsreaktion wurde erreicht. So wurde die generelle 

Anwendbarkeit der Stop-and-go-Technik zur Assemblierungskontrolle von Nukleoproteinröhrchen 

aus RNAs mit integrierter TMV-OAs-Sequenz und TMV-CP festgestellt. Allerdings zeigten sich 

erhebliche Unterschiede in der Effizienz unterschiedlicher DNA-Stopper, die sich nicht direkt aus 

ihrem Schmelzpunkt oder ihrer Primärsequenz ableiten ließen. Studien zu einer höheren Anzahl 

von Stopper-Bindungsstellen, sowohl 3' als auch 5' des OAs, lieferten tiefere Einblicke in Randbe-

dingungen und Grenzen beim Unterbrechen der Assemblierung in vitro.  

Sekundärstrukturen diskreter RNA-Sequenzen wurden mit gängiger Software simuliert und in Kor-

relation zu den experimentell ermittelten Effizienzen des Stoppens gestellt, sodass der Einfluss der 

räumlichen Faltung auf die Zugänglichkeit der RNA für die Hybridisierung von DNA-

Oligonukleotiden diskutiert werden konnte. Dabei konnten aber mehrere praxisrelevante Parameter 

durch die verfügbaren Computerprogramme nicht berücksichtigt werden, so dass die In-silico-Ver-

fahren zwar einige Erklärungsansätze für ineffiziente Stopperpositionen ergaben, die Komplexität 

der Interaktionen zwischen RNA, DNA und CP aber für sicherere Vorhersagen weitere Analysen 

und Simulationen benötigen wird.  
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Experimentell wurde die Verdrängung von Stopper-DNA-Strängen durch revers-komplementäre 

Ablöse-DNA-Oligomere sowie Temperaturerhöhung untersucht. Es wurden einzelne Sequenzen 

identifiziert, an denen sich zwei Stopper gleichzeitig an TMV-RNA hybridisieren, aber selektiv 

nacheinander ablösen ließen. Die sukzessive Entfernung beider Stopper und schrittweise Assemb-

lierung der RNA/DNA-Hybride mit verschiedenen CP-Varianten erzeugte erstmals Nanoröhren mit 

drei verschiedenen, genau definierten Subdomänen, die entweder durch zwei miteinander kombi-

nierte 3'-Stopper, oder aber durch einen 5'- und einen 3'-Stopper vermittelt wurden. Die so erzeug-

ten, unterschiedlich substrukturierten TMV-CP-exponierenden Dreidomänen-Template wurden zur 

räumlich definierten Anordnung von Biomolekülen auf der Nano- bis Mesoskala untersucht, mit 

Blick auf Anwendungen als künstliche Multienzymkomplexe oder in Multiplex-Biosensoren. Zu 

diesem Zweck wurden Enzyme oder Antikörper an einzelne Domänen der TLPs gekoppelt. Die 

Integrität der ortsselektiv konjugierten Glucoseoxidase bzw. Meerrettichperoxidase wurde in Lö-

sung mit einem kolorimetrischen Glucose-Nachweis analysiert. Die Positionen von nachfolgend 

gebundenen Antikörpern an einzelne Domänen wurden im Partnerlabor in Paris mittels In-situ-

Rasterkraftmikroskopie an auf Goldoberflächen immobilisierten TLPs sichtbar gemacht. Die viel-

versprechenden Resultate deuten darauf hin, dass die TMV-Dreidomänen-Partikel als neuartige 

Nanoträger-Systeme vielseitige Möglichkeiten bieten, um synthetische Enzymkaskaden herzustel-

len, z. B. für Point-of-Care-Testgeräte oder für die Grundlagenanalytik über elektrochemische Ras-

terkraftmikroskopie (AFM-SECM). 
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1 Abstract 

Both size and arrangement of well-defined regions of different surface chemistries on individual 

nanoparticles are limited by their respective fabrication processes. Virus-like particles inherently 

provide an outer surface of well-defined but readily modifiable macromolecules at the nanoscale 

and can be functionalized in multiple ways. Such nanoobjects offer opportunities for various appli-

cations in bionanotechnology, such as imaging and diagnostic tools, templates for microarrays, 

electronic devices, and biosensors. Tobacco mosaic virus (TMV), a plant virus that is nonpatho-

genic to humans, can be produced inexpensively and in large quantities in a greenhouse. Its self-

assembly from single-stranded ribonucleic acid (RNA) of 6395 nt with 2130 identical copies of its 

coat protein (CP) makes TMV an outstanding and versatile tool for bionanotechnology. The viral 

nucleoprotein tubes are 300 nm long, with an outer diameter of 18 nm and a channel diameter of 

4 nm and offer a high surface-to-volume ratio and high stability against harsh treatments or adverse 

environmental conditions. The formation of TMV-like particles (TLPs) can be easily induced in 

vitro – even from synthetic RNAs containing the TMV origin of assembly (OAs) and with genet-

ically modified TMV-CP types, of which, moreover, different variants can also be incorporated 

together into single particles. To be of interest for a wide range of applications, a large number and 

variety of possible binding types between CPs and functional molecules, as well as well-defined 

coupling sites, are advantageous. 

In this work, new strategies were developed to generate spatially well-defined, selectively address-

able CP domains on a single TMV-like nanotube. To this end, dynamic DNA nanotechnology was 

applied to drive RNA-mediated self-assembly of TMV-CP. A "stop-and-go technique" uses DNA 

oligonucleotides as "stoppers" that hybridize sequence-specifically at predefined sites in the 

TMV-RNA, blocking its packaging into TMV-CP at the hybrid duplex position. A non-binding 

overhang ("toehold") allows subsequent restart of assembly using a fully reverse-complementary 

"release" DNA oligonucleotide (as "fuel"), so that an adjacent CP domain with different binding 

sites can grow after displacing the stopper strand and replacement of the first CP variant by a second 

one. To do this, stoppers were identified that effectively hybridize to a specific RNA position and 

interfere with nanotube assembly. It was shown that packaging of TMV wt-RNA could be effi-

ciently blocked at sites in the RNA 3' region, relative to the OAs. The incompletely assembled 

nanotubes remained successfully stopped over a period of 12 days at 4 °C as well as during their 

purification by ultracentrifugation, leaving the protruding RNA portion intact. DNA-mediated 
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detachment of the stopper allowed assembly to be restarted. To generate nucleoprotein tubes with 

two different domains, a differential ultracentrifugation protocol was developed to exchange CP 

variants and separate unwanted TLP aggregates. To visualize the two segments, precisely defined 

in length, avidin was immobilized on the biotinylated 3'-terminal domains using bio-affinity cou-

pling. This simultaneously demonstrated the site-selective functionalization of specific domains. 

To investigate whether this DNA-based approach was limited to stopper-binding sites in 

TMV-RNA or could be applied to arbitrary sequences, three plasmid constructs were generated to 

transcribe heterologous RNAs (hRNAs) containing TMV-OAs in vitro. These scaffolds were eval-

uated for their behavior in stop-and-go assembly experiments. They successfully resulted in par-

tially assembled nanotubes when hRNAs were blocked by stoppers in heterologous regions 3' from 

the OAs, and subsequent complete packaging following the strand displacement reaction was also 

achieved. Thus, the general applicability of the stop-and-go technique for assembly control of nu-

cleoprotein tubes from RNAs with integrated TMV-OAs sequence and TMV-CP was verified. 

However, significant differences were found in the efficiency of different DNA stoppers, which 

could not be directly deduced from their melting point or primary sequence. Subsequent studies on 

a higher number of stopper binding sites, both 3' and 5' of the OAs, provided deeper insights into 

boundary conditions and limitations in disrupting assembly in vitro.  

Secondary structures of discrete RNA sequences were simulated with common software and corre-

lated to the determined efficiencies of stopping, so that the influence of spatial folding on the ac-

cessibility of RNA stretches for stopper binding could be discussed. In this context, a number of 

practically relevant experimental parameters could not be considered for by the available computer 

programs, so that although the in silico methods yielded some explanations for inefficient stopper 

positions, the complexity of the interactions between RNA, DNA, and CP will require further anal-

ysis and simulations for more confident predictions.  

Experimentally, the displacement of stopper DNA strands by reverse-complementary detachment 

of DNA oligomers as well as temperature-induced was investigated. Singular sequences were iden-

tified that allowed two stoppers to hybridize simultaneously to TMV RNA but to be selectively 

detached sequentially. Successive removal of both stoppers and stepwise assembly of the 

RNA/DNA hybrids with different CP variants generated nanotubes with three different, well-de-

fined subdomains for the first time and mediated either by two 3' stoppers combined with each 

other, or by a 5' and a 3' stopper. The resulting differently substructured TMV-CP-exposing three-

domain TLPs were investigated for spatially defined assembly of biomolecules on the nano- to 

mesoscale, with a view to applications as artificial multienzyme complexes or in multiplex 
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biosensors. For this purpose, enzymes or antibodies were coupled to single domains. The integrity 

of site-selectively conjugated glucose oxidase or horseradish peroxidase was analyzed in solution 

using colorimetric detection. The positions of subsequently bound antibodies to individual domains 

were visualized by in situ atomic force microscopy in a partner lab in Paris, using TLPs immobilized 

on gold surfaces. The promising results indicate that the TMV three-domain particles, as novel 

nanocarrier systems, offer versatile opportunities to fabricate synthetic enzyme cascades, e.g., for 

point-of-care assay devices or for basic analysis via electrochemical atomic force microscopy 

(AFM-SECM). 
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2 Introduction 

2.1 Bionanotechnology - a short historical overview 

As early as 1959, Richard Feynman shared his visions of nanometer-scale technology with the au-

dience in his famous lecture "There's Plenty of Room at the Bottom". He encouraged scientists and 

engineers to develop methods and devices to manipulate and control molecules atom by atom 

(Feynman 1960). His main ideas were the compression of data to even smaller spaces, the ad-

vantages of miniaturized computers, the need for better electron microscopes, the design of micro-

scopic machines, and physical molecule manipulation as a form of synthetic chemistry. 

However, the term "nanotechnology" was first mentioned by Norio Taniguchi in 1974 on a confer-

ence to explain processes in semiconductors at the nanoscale, but it was not used again until the 

early 1980s. In the 1980s, the beginning of the golden era of nanotechnology was pioneered by the 

work of K. Eric Drexler and Richard Smalley and his team. 

Drexler contrasted Feynman's approach of bringing products from macroscopic scale to nanometer 

scale with his approach of generating functional units such as pumps, motors and containers from 

biological building blocks (Drexler 1981; Lee and Moon 2020b) and thus referred to differences in 

the terms used today: top-down and bottom-up approaches. Drexler introduced protein engineering 

to design new proteins with special properties and assemble them into larger molecular units to use 

as nanomachines (Drexler 1981, 2004). Smalley, along with Robert Curl and Sir Harold Kroto, 

discovered spherical, stable arrangements consisting of 60 carbon atoms after vaporizing graphite 

with laser irradiation (Kroto et al. 1985). They earned the Nobel Prize in Chemistry in 1996 for 

these fullerenes, also called bucky balls. In addition to this groundbreaking contribution, Smalley's 

team enriched nanotechnology and its biomedical applications with other innovative contributions 

(Papazoglou and Parthasarathy 2007). 

Clear terminological definitions of the term (bio)nanotechnology have been called for time and 

again but are not strictly followed. The field of nanotechnology comprises many scientific and 

technical fields such as chemistry, physics, engineering, medicine, biology, etc. It is rather consid-

ered as a generic term for properties, products and processes on the nano and micrometer scale. 

Bionanotechnology makes use of biological macromolecules and their notable performances to 

generate novel nanomaterials with precisely controlled functions, shapes and composites for vari-

ous applications. Chad A. Mirkin achieved breakthroughs to bionanotechnology with his work in 
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the many different areas of self-assembled monolayers, nanoparticles, DNA-based materials, nano-

lithography and the design of molecular electronic devices (Caldwell et al. 1993; Mirkin et al. 1996; 

Piner et al. 1999; Storhoff et al. 1997; Rosi and Mirkin 2005; Mirkin and Ratner 1992).  

Developments in bionanotechnology show a range of opportunities, but also pose challenges. Many 

products and devices have become indispensable, for example for healthcare-related applications 

as nanocarriers for therapeutics or vaccines (Hou et al. 2021; Tenchov et al. 2021; Su and Kang 

2020; Steinmetz et al. 2020) or as templates of biosensors (Medintz et al. 2003; Koch et al. 2018; 

Alafeef et al. 2020). The main challenges of bionanotechnology are considering biocompatibility 

and long-term effects of nanostructures on the organism through direct or indirect application on 

the human body (Bruckman et al. 2014; Baranowska-Wójcik et al. 2020; Amani et al. 2019). Bi-

onanotechnology will continue to enrich daily life, but its development and application, as well as 

that of any other technology, should be done with caution and consideration of its consequences. 

2.1.1 Nucleic acids in bionanotechnology 

Nucleic acids, including DNA and RNA, are polymers containing four different nucleobases: ade-

nine (A), cytosine (C), and guanine (G) are found in both, DNA and RNA. However, they differ in 

the fourth nucleotide: thymine (T) is found in DNA and uracil (U) in RNA. Within nucleic acid 

strands, the respective nucleotides can stably hybridize and form hydrogen bonds with appropriate 

partner nucleotides. DNA prefers Watson-Crick base paring, i.e., A with T and G with C, whereas 

RNA can also build non-canonical base pairs, like G with A or T. They also adopt different struc-

tural motifs due to the differences in base pairing as it is reviewed in detail in Guo 2010. A DNA 

helix preferentially forms the typical B form, whereas RNA adopts the A form configuration under 

physiological conditions. The thermodynamically most stable form of the double helix is the RNA-

RNA interaction. Comparisons of RNA-DNA and DNA-DNA interactions show that their sequence 

determines which of the helices is more stable (Sugimoto et al. 1995; Searle and Williams 1993). 

Nucleic acids have a broad spectrum of biochemical roles, such as storage and transfer of genetic 

information, catalytic functions, regulation of gene expression, etc. Constructing nucleic acid-based 

materials has become an important technique in bionanotechnology and take advantage of the key 

properties of DNA and RNA, hybridization, self-assembly, stability of branched structures and con-

venient synthesis of desired sequences (Lee and Moon 2020a; Seeman 2010). The fabrication of 

nanoparticles requires building blocks that are predictable and precise and can be functionalized 

accordingly. Such nucleic acid-based building blocks are produced using various bottom-up ap-

proaches, resulting in two- or three-dimensional constructs. DNA nanotechnology has produced  
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several functional units for various applications over the last 40 years. Due to the well predictable 

double helical conformations, initial work was aimed at well-defined DNA structures, like cubes 

(Chen and Seeman 1991), tetrahedra (Goodman et al. 2005) or DNA origami (Rothemund 2006; 

Gu et al. 2009), as well as arrangements that served as templates, e.g. to generate nanowires from 

inorganic materials (Braun et al. 1998). However, the possibility of using DNA building blocks to 

generate DNA nanomechanical devices quickly came to the attention of the researchers (Seeman 

2005; Bath and Turberfield 2007).  

In biological organisms there are many models of molecular machines, the most complex in cells 

are proteins. Typical representatives include ATP synthase, a rotary motor that catalyzes the syn-

thesis of adenosine triphosphate (ATP), or linear motor proteins such as dynein and kinesin, which 

"walk" along microtubules to transport biomolecules, and myosin, which moves along actin fila-

ments and is responsible for muscle contraction. All of these motor proteins require ATP as an 

energy source and are already used in nanotechnology (Hess et al. 2004; van den Heuvel and Dekker 

2007). 

One of the first active DNA-based nanomaterials with well-defined structure was a DNA switch 

based on the transition of the B form to the Z form of DNA by the addition of a stabilization com-

plex, hexaamminecobalt(III) chloride (Mao et al. 1999). However, since only two mechanical states 

were possible here, further possibilities were exploited by nucleic acid hybridization in sequence-

dependent manner.  

Yurke and his team used the control over the hybridization of diverse predefined DNA strands as a 

technique to create a circuit of opening and closing DNA tweezers (Yurke et al. 2000). These twee-

zers were assembled in their opened state from three structuring oligonucleotides and could be 

closed by adding a closing DNA strand. This closing strand as one component of the "fuel" oligo-

nucleotides contained fully complementary sequences to the tweezers plus an additional non-com-

plementary overhang region. As the circuit progressed, the addition of the second fuel component, 

the removal strand, displaced the closing strand, as the two parts were fully complementary, allow-

ing the tweezers to open. This strand displacement reaction is expected to begin with the hybridi-

zation of both fuel components at the overhang, also called toehold. The waste product of this re-

action is the fuel duplex, which diffuses away from the tweezers. The latter can re-enter a new 

cycle. The success and efficiency of the tweezers was validated by fluorescence resonance energy 

transfer (FRET). This study established the toehold-mediated strand displacement reaction, and 

became widely accepted in the dynamic DNA nanotechnology as a technique for the construction 

of nanomechanical devices as reviewed in detail in Zhang and Seelig 2011. DNA walkers have 
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been developed, inspired by motor proteins such as kinesin, by applying strand displacement reac-

tions (Sherman and Seeman 2004). These DNA walkers move along a one-dimensional DNA track 

with one step per added input strand. DNA walkers are, among other things, suitable for transport-

ing molecules as shown in Gu et al. 2010. Here, gold nanoparticles were picked up as cargo by 

DNA walkers along a DNA origami pathway and transported further. Recent studies suggest DNA 

walkers in dynamically controlled reaction, e.g., by changing the pH (Yao et al. 2020) and for use 

in analytical and diagnostic applications, like the ultrasensitive detection of antibiotics (Zhang et 

al. 2020) or cancer-related genes (Wu et al. 2020), in which both systems were constructed in a 

three-dimensional manner. 

DNA is considered a pioneer material for nucleic acid-based bionanotechnology; however, RNA is 

increasingly becoming a good alternative with its own advantages for nanomaterials and their con-

struction which are briefly discussed below. This can rely on the ability of RNA to self-assemble 

into more rigid structures than is simply possible for DNA. In addition, artificial RNA can be de-

signed to self-assemble immediately following its synthesis by in vitro transcription. In a recent 

study, it was even shown that by designing a single RNA transcript, an in situ biosensor for the 

detection of micro RNAs (miRNA) could be generated (Kobori et al. 2019). Through hybridization 

of the in vitro transcribed RNA to miRNA, the RNA adopted a different structural conformation, 

allowing the broccoli aptamer to form, which activated the added fluorescent probe so that this 

signal could be analyzed optically. Such strand displacement reactions are adapted from the previ-

ously presented methods of DNA nanotechnology and are even used in a dynamic manner. A recent 

study applied principles of dynamic RNA nanotechnology to construct conditioned guide RNAs 

that directs the function of a CRISPR protein effector, as is common for dynamic DNA nanotech-

nology (Hanewich-Hollatz et al. 2019). 

Also due to its natural functions, RNA can be successfully used for various applications. For ex-

ample, specifically selected RNA aptamers are used as biosensors in surface plasmon resonance 

assays (Oguro et al. 2009). In particular, RNA nanotechnology has a major impact on nanomedicine 

because it holds tremendous advantages such as it can both transfer and detect molecules in a tar-

geted manner, and individual subunits can be functionalized in different ways, making it possible 

to combine detection and therapy in an RNA nanoparticle as it is reviewed in Guo 2010. In addition, 

the protein-free production of nanoparticles does not stimulate undesired reactions of the immune 

system.  
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2.1.2 Spatially arranged biomolecules on nanocarriers for bionanotechnology 

In nature, nucleic acid complexes with protein domains are found, e.g., in the form of ribosomes, 

spliceosomes, or RNA-induced silencing complexes (RISCs). In these nucleoprotein structures, 

which are important for various cellular synthesis and regulatory mechanisms, both RNA and pro-

teins take on these tasks and serve as structural donors and catalysts. It is therefore of great interest 

to build new defined structures from nucleic acids and proteins that could achieve diverse function-

ality. In addition to the self-assembly of RNA and DNA, the ability of some proteins to self-assem-

ble could be exploited to gain access to a range of higher order functional structures (Chandra-

sekaran 2016). The two- and three-dimensional assembly of biomaterial-based complexes on sur-

faces has been extensively studied over the last decades.  

Since virus-based biomaterials have been investigated in the course of this thesis, their surface im-

mobilization will be briefly discussed below. There are several principles for immobilization of 

viral nanoscale constructs on surfaces, as described in detail for tobacco mosaic virus (TMV)-based 

particles (Chu et al. 2018). The simplest of the methods is the nonspecific attachment to a surface 

through attractive interactions (Koch et al. 2015; Atanasova et al. 2011). As specific methods, nu-

cleic acid-based hybridization (Eber et al. 2013; Mueller et al. 2011), binding into polymeric com-

plexes (Tseng et al. 2006), and a thiol-based interaction on gold surfaces (Royston et al. 2008; Chu 

et al. 2016) have been investigated, leading to diverse spatial arrangements. All the immobilization 

techniques play an important role in getting the bionanoscaffolds into a two- or three-dimensional 

arrangement, for example such three-dimensional ordered nano constructs have been used for the 

surface design of battery electrodes (Royston et al. 2008) or anti-reflective current collectors 

(Chiang et al. 2012). 

However, another important research interest lies in the spatial arrangement of functional biomol-

ecules on the surface of the nanoscaffolds. Various biological functions, for example the adhesion 

of viruses or bacteria to a cell surface or the binding of cells to other cells or antibodies, require a 

spatially controlled arrangement of the respective target molecules on the nano- and micrometer 

scale. For further research into essential biological pathways and for the development of novel di-

agnostic and pharmaceutical devices, multi- and polyvalent carriers of ligands with site-selectively 

addressable binding locations at tunable lateral spacings are necessary building blocks (Mammen 

et al. 1998; Koch et al. 2016; Küchler et al. 2016). 

The generation of spatially ordered artificial multienzyme complexes provide advantages in bio-

catalysis as it was shown by a DNA-controlled approach (Müller and Niemeyer 2008) but it is also 

suggested for viral templates to serve as nanocarriers with three-dimensionally arranged enzymes 
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(Cardinale et al. 2012; Koch et al. 2015). As viral templates, plant viruses are preferred because 

they are non-pathogenic to humans and stable over a wide range of physical and chemical condi-

tions. As nucleoprotein complexes, several plant viruses offer the above-mentioned advantages: 

their nucleic acid-based genomes and capsid proteins spontaneously assemble into more complex 

structures with highly ordered protein arrangement, and their individual components can be genet-

ically and chemically modified and functionalized. In a previous study from our group, the plant 

virus TMV was presented as a multivalent platform to bring two different enzymes, glucose oxidase 

and horseradish peroxidase, into spatial proximity in a mixed assembly (Koch et al. 2015). These 

enzyme-loaded scaffolds showed advantages in terms of their storage stability and reusability as 

glucose detection devices. The increased immobilization efficiency of streptavidin-conjugated en-

zymes achieved by biotinylated TMV adapters also resulted in higher enzyme activities captured, 

due to the scaffolding effect of the TMV-like nanocarriers determined in comparison to enzymes 

directly bound into a microtiter plate. Another study on a two-enzyme cascade used potato virus A 

as a nanoscaffold and decorated the viral template with two different enzymes using virus-specific 

antibodies (Besong-Ndika et al. 2016). A sandwich ELISA (enzyme-linked immunosorbent assay) 

approach was used to achieve simultaneous purification of recombinant enzymes from cell lysate 

and immobilization of these enzymes on the nanocarriers. The spatial proximity of active sites of 

multiple enzymes strengthened the cascade reaction, reduced the diffusion distances and thus in-

creased the overall efficiency of the metabolic pathway (Conrado et al. 2008). The effect of spatial 

arrangement was recently demonstrated by determining increased enzyme activity of three enzyme 

variants assembled on the T4 phage capsid compared to measurements in solution (Liu et al. 2020). 

This could also be shown for TMV-like particles serving as scaffolds to connect three distinct en-

zymes via protein pairs as linker molecules to the nanocarriers (Wei et al. 2020). The as-designed 

synthetic multienzyme complex was generated in bacterial cells. 



Introduction 

22 

2.2 Tobacco mosaic virus as a versatile model – then and now 

As important as tobacco mosaic virus (TMV) has become as a biological component in bionano-

technological applications, it has played a key role in the discovery of virology. Therefore, this 

chapter will give a brief overview of TMV as a historically valuable model virus as well as will 

introduce its important features such as its dimensions, self-assembly ability, and tailored synthesis 

capabilities that make it an excellent tool and template for bionanotechnology. In 1886, Adolf 

Meyer investigated a disease of tobacco plants. Because of the mosaic-like symptoms of the leaves, 

he called this syndrome tobacco mosaic disease. He was able to show that the reason was a patho-

gen, as it could be transferred to healthy leaves via plant sap from affected leaves (Lustig and Levine 

1992). Meyer's observations were laying one of the foundations of plant virology. A few years later, 

Dimitri Ivanovsky started investigations of tobacco mosaic disease building on Meyer's findings. 

He performed various filtration methods with infectious plant sap to remove bacteria, but the filtrate 

remained infectious (Lustig and Levine 1992; Zaitlin 1998). His observations alone suggested a 

pathogen smaller than bacteria and every similar thing previously known, and initiated many years 

of further investigation until the discovery of the virus. At the same time, Martinus Beijerinck stud-

ied the infectious plant sap filtrate and published in 1898 that it contained a new pathogen, smaller 

and different from previously known pathogenic agents, that could multiply in living plants. He 

described it as a contagious living fluid ("contagium vivum fluidum") that was liquid and soluble 

and called this fluid "virus" (Lustig and Levine 1992; Zaitlin 1998). Thus, tobacco mosaic virus 

(TMV) was the first virus to be discovered and initiated an era around a variety of studies on diverse 

viruses, viral components, and their structures. TMV played a key role in the history of virology 

and is significant not only because of the discovery of the viral concept. It was the first virus to be 

purified and visualized by X-ray crystallography and electron microscopy. Many conceptual pro-

gresses of virology were developed using TMV, e.g., the chemical composition of a virus (RNA 

and proteins) and the isolation of the individual components (Lustig and Levine 1992). Other mile-

stones include the use of the genome of TMV to prove that infectious or genetic information is 

stored in RNA, the concept of self-assembly by dissociated components into an infectious virus, 

and the first identification of the sequence of a viral coat protein (Zaitlin 1998; Fraenkel-Conrat 

1986).  

Tobacco mosaic virus belongs to the genus Tobamovirus, specified as positive-sense single-strand 

RNA virus that is non-enveloped and possesses a helically arranged rod-shaped structure. TMV 

infects especially tobacco plants and other members in the family Solanaceae as well as many 
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different other families, and shows conspicuous features after infection of a plant like stunted 

growth and the characteristic mosaic-like discoloration and brittleness of the leaves (exemplarily 

shown in Fig. 2-1). 

2.2.1 Tobacco mosaic virus structure and assembly 

TMV in its native state is a 300 nm nucleoprotein tube with an outer diameter of 18 nm. The virus 

is comprised of a single-stranded, positive-sense RNA of 6395 nt (Goelet et al. 1982) helically 

encapsidated by coat proteins (CP). The nucleic acid is fully protected, as it is embedded in an inner 

groove between the proteins with a diameter of 8 nm, but the hollow central channel with 4 nm 

diameter is given by the CP arrangement (Fig. 2-1) (Namba et al. 1989; Fromm et al. 2015).  

Figure 2-1 Tobacco mosaic virus infection: N. tabacum "Samsun" nn leaf infected with TMV (left). Illustration of a TMV particle 
stained with uranyl acetate, visualized via transmission electron microscopy (mid) in contrast to schemes depicting the length 
and diameter of TMV (right). The inner channel has a diameter of 4 nm specified by CP (green), the RNA (red) is embedded in 
an inner grove between the protein helix. 

The capsid is comprised of 2130 copies of its CP with a molecular size of a single CP of 17.5 kDa. 

Isolated CPs vary in their interactions depending on pH, temperature and ionic strength as it was 

proposed by Durham et al. (1971). At neutral pH and low ionic strength, isolated CP is in an equi-

librium of the aggregated states, predominantly composed of 20S aggregates. 20S aggregates, also 

called CP disks, are a formation of a double layer of 34 CPs. Another minor content are A-proteins 

which are described as a mixture of smaller aggregates of three to six subunits (for a detailed review 

see: Butler 1999). Both, CP disks and A-proteins are important players in the self-assembly process. 

TMV-RNA encodes at least four proteins: a 126-kDa protein, a 183-kDa protein (a translational 

read-through product of the 126-kDa protein), a cell-to-cell movement protein (MP, 30 kDa), and  
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the CP (17.5 kDa) (Goelet et al. 1982). Both, the 126-kDa and the 183-kDa proteins are directly 

translated from the ss(+)RNA. The expression of both proteins is needed for efficient replication 

(Ishikawa et al. 1986) and is depicted as replicase in genome maps of this thesis. In contrast, MP 

and CP are synthesized from subgenomic RNAs and are not essential for replication (Chujo et al. 

2015; Palukaitis and Zaitlin 1986).  

The genome has a 5'-m7G-cap, followed by a short untranslated region (UTR), also called Ω- or 5' 

leader sequence (68 nt) (Tanguay and Gallie 1996). TMV lacks a 3' poly(A) tail but possesses a 

≈ 200 nt long 3' UTR. The 3' UTR consists of two domains: the tRNA-like structure (TLS) of 105 nt 

at the 3' terminus including two pseudoknots and a domain upstream of the TLS that forms three 

pseudoknots (Fig. 2-2a) (Guilley et al. 1979; Rietveld et al. 1984; van Belkum et al. 1985; Zeenko 

et al. 2002). The upstream pseudoknot domain (UPD) serves as the functional equivalent to a 

poly(A) tail. Both termini, the 5' capped Ω sequence and the 3' UPD promote the translational effi-

ciency (Tanguay and Gallie 1996). 

A major relevance for self-assembly of viral particles plays another structural motif, the origin of 

assembly (OAs) sequence. The OAs is located approximately 1000 nt upstream of the 3' RNA end 

(Zimmern and Wilson 1976; Zimmern 1977). The proposed sequence (nt 5290-5527 of the TMV-

RNA sequence according to (Goelet et al. 1982)) consists of three symmetrically spaced hairpins 

(stem and loop structures) (Fig. 2-2b) which become successively coated by the three first disks 

during assembly (Zimmern 1983). The 3' terminal stem loop of this sequence, named stem loop A, 

is the most stable, whereas the other hairpins B and C lack GC base pairs, consequently those struc-

tures are bound weaker (Zimmern 1983). Stem loop A is the core sequence of the nucleation initi-

ation and defined as the nucleation loop that intercalates between the first protein disk layers during 

assembly initiation. Additionally, mutation studies of the loop A sequence revealed that the 

AAGAAGUUG motif was necessary for a rapid nucleation and fully packaging (Turner and Butler 

1986). In a comparative study with the temperature-sensitive TMV mutant Ni 2519 it was proposed 

that loops B and C guide the specific recognition of CPs by the cooperative binding of the succes-

sive second and third disk (Zimmern 1983).  

Such structural motifs have also been identified in RNA genomes of various viruses like the red 

clover necrotic mosaic virus (RCNMV) (Sit et al. 1998) and the bacteriophage MS2 (Stockley et 

al. 2007), which serve as packaging signals or origin of assembly to encapsidate the virus genome 

with its CPs. As it was already shown in the 1950s for ssRNA viruses like TMV (Fraenkel-Conrat 

and Williams 1955) and cowpea chlorotic mottle virus (CCMV) (Bancroft and Hiebert 1967), TMV 
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Figure 2-2 Secondary structure representation of two important structural motifs of TMV-RNA. (a) 3' untranslated region 
(3'UTR, nt 6211-6395*) comprised of the tRNA-like structure and the adjacent upstream pseudoknot domain (modified ac-
cording to the Creative Commons Attribution 4.0 International Public License from Tanguay and Gallie 1996). (b) Origin of 
assembly (OAs) sequence (nt 5290-5527*) composed of three symmetrically spaced hairpin structures (loop A, B and C) 
adapted from Zimmern 1983. The core stem A is highlighted with red outlines. *numbered according to Goelet et al. 1982.  
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can self-assemble in vitro in a spontaneous process driven by interaction between CP disks and 

RNA (CP-RNA) and between adjacent CP subunits (CP-CP) (Garmann et al. 2014) without the 

addition of an energy source. 

The self-assembly of TMV-RNA with CP into TMV nanotubes is most likely initiated by a double-

layered CP disk (with 17 CPs per layer (Durham et al. 1971; Durham and Klug 1971)) at the OAs 

region of the RNA. The nucleation stem loop A of the OAs interacts with the central channel of the 

CP disk and becomes embedded in the inner groove formed by adjacent subunits of the disk 

(Champness et al. 1976) (see the highlighted cutout in Fig. 2-3 for a scheme). 

This triggers the conversion of the RNA-disk complex into a two-turn helical arrangement (Butler 

et al. 1972). The RNA is embedded between the helically arranged disk layers. In addition, it is 

known that a CP subunit is connected to three RNA nucleotides at the bottom as well as at the top 

(Jonard et al. 1977). As the longer 5' RNA tail folds back into the inner hole of the disks, both RNA 

termini are on the same side, namely at the 3' end of the growing particle (Butler et al. 1977; Lebeur-

ier et al. 1977). The nanotube grows at its 5' terminus with cooperative binding of more disks, 

whereas the encapsidation into the downstream direction is accomplished by A-proteins (see 

Fig. 2-3). This bidirectional self-assembly is faster into the 5' direction, since at this end, the long 

RNA cannot disturb the addition of disks, due to the back-folded 5' RNA tail, which is different 

from the 3' direction (Fukuda et al. 1978; Butler and Lomonossoff 1980). Despite different rates, it 

is expected that the assembly runs simultaneously in both directions (Fukuda et al. 1980; Fairall et 

al. 1986). Furthermore, it was shown that a major portion of all RNA scaffolds has formed full 

nucleoprotein tubes within 5 to 6 min using simple experimental conditions (20 °C, 0.1 M sodium 

potassium buffer of pH 7) (Butler and Lomonossoff 1980).  

TMV-CP can be modified genetically and can still participate in the self-assembly process with 

TMV-like particles of the same integrity as the wild type (Mueller et al. 2010; Kadri et al. 2011; 

Geiger et al. 2013). Chemical modification can also be made to CP, which takes place on preformed 

TMV rods and then heat transforms them into spherical nanoparticles (Bruckman et al. 2014). Other 

genetic modification such as by insertion of an additional peptide lead to other form factors after 

assembly e.g. as filamentous network with lengths around 300 nm but varying diameter from 13-

18 nm (Love et al. 2015).  

Besides the variability of CPs, also the RNA can be manipulated. Although it has been suggested 

that rapid nucleation as well as efficient and fast packaging requires a G at every third position in 

the nucleation loop (Turner and Butler 1986), various studies have shown that foreign RNAs and 

polynucleotides can also be encapsidated by TMV-CP. Independent of whether its genetical 
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arrangement is similar to the native RNA or not, if the nucleic acid template is shorter or longer, or 

if heterologous RNA containing the OAs is used – all types can be assembled with CP in vitro to 

nanotubes of respective length and diameter (Cooper 2014; Gaddipati and Siegel 1990; Gallie et al. 

1987; Lam et al. 2016; Maharaj et al. 2014; Sleat et al. 1986; Smith et al. 2007; Turner et al. 1989). 

Nevertheless, it also became clear in some of these studies that assembly efficiency varied due to 

reduced assembly rates or abortion of the packaging process, likely due to unfavorable, distinct 

RNA secondary structures (Sleat et al. 1986; Gaddipati and Siegel 1990). 

In addition, TMV-CP can also encapsidate polynucleotides, with nascent tube lengths dictated by 

the polynucleotide length (Schön and Mundry 1984; Lucate and Szuchmacher Blum 2017). An 

influence of the secondary structure of polynucleotides to be packaged by CPs was suggested in 

experiments using other viral CPs (Beren et al. 2017). Poly U ranging from 1000 to 9000 nt in 

length, lacking any secondary structure, was preferentially completely packaged into VLPs by the 

CCMV (cowpea chlorotic mosaic virus) protein compared to viral RNA. However, there was a 

clear difference in the particles formed: poly U formed VLPs with a diameter of 22 nm instead of 

particles with a diameter of 28 nm, which were composed with normal RNA.  

The combination of the before-mentioned features of TMV makes it to a well-known and control-

lable tool for bionanotechnology. However, to obtain virus-like particles with a specific size and 

defined functionality depending on their application, the secondary structure of the RNA template 

and the coat proteins used, as well as precise control over the self-assembly of the two individual 

components, must be considered. 

2.2.2 Manipulation of TMV-like nanotube assembly 

Regarding applications based on enzyme-cascades it is of great interest to enable a spatially defined 

arrangement of such cascades on a single carrier particle, which requires various coupling sites on 

the outer surface given by selectively addressable, different CP variants. Generating stochastically 

distributed CP species on the outer surface of a nanotube was enabled by preparation of disks with 

mixed CP by use of CP blends for the assembly. In contrast, mixing two disk preparations each 

with a different type of CP with OAs-containing RNA is expected to result in stochastically distrib-

uted stripes (Eiben et al. 2014; Eiben 2018). Thus, this method cannot produce fine-tuned domains 

regarding their lengths and positions. Another approach provided particles with two to three do-

mains in a striped pattern with a more predefined position, using a substoichiometric amount of a 

first CP variant to initiate the self-assembly process, and thereafter, the partially assembled rods 

were completed by addition of a second CP mutant in high excess (Geiger et al. 2013). A similar  
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approach of sequential reconstruction was taken to study the nucleation site in different TMV 

strains, with the very same result, also here TMV nanotubes with three different CP domains were 

obtained (Fukuda et al. 1980). Moreover, the substoichiometric approach yields only a limited num-

ber of domains, at most three, due to the bidirectional assembly with a defined domain around the 

OAs that depends on the TMV strain used. Another recently published study demonstrates the prep-

aration of two to three different addressable TMV-CP domains immobilized on a gold-coated sili-

con surface (Brown et al. 2021). Again, a co-assembly approach was used, based on a capsid variant 

that can self-assemble pH controllably in the absence of RNA. 

As it is known that hybridized, cross-linked cDNA segments ranging from 100 to 300 nt stall the 

encapsidation of a growing TMV nucleoprotein tube site-selectively (Fairall et al. 1986), this idea 

could be used to combine DNA nanotechnological methods with viral self-assembly. Some studies 

on bionanotechnology applications have already taken advantage of RNA-DNA base pairing, for 

example, to drive the self-assembly of RNA into complex nanostructures by DNA helical strands 

(Wang et al. 2013) or to control a DNA rotational nanomachine by RNA elements (Zhong and 

Seeman 2006). 

A dynamic DNA-controlled RNA-directed self-assembly process for TMV-CP with TMV-RNA 

was developed, to enable different coupling sites separated in domains with precisely defined length 

and position (Eber 2012, dissertation, manuscript IV; Schneider et al. 2016). The so-named "stop-

and-go technique" uses DNA oligonucleotides as "stoppers" that hybridize sequence-specifically at 

predefined sites in the TMV-RNA, blocking its encapsidation into TMV-CP at the DNA/RNA hy-

brid position (schematically depicted in Fig. 2-3a). Besides the part of the stopper, complementary 

to RNA, it additionally contains of a non-binding overhang as one component of a fuel oligonucle-

otide pair. This stable but reversible blockage of the partially assembled nucleoprotein tube enables 

subsequent replacement of the first CP variant. The restart of assembly is initiated using a "release" 

DNA oligonucleotide fully reverse-complementary to the RNA-binding one, as the second fuel 

component, so that an adjacent differently addressable CP domain can grow after hybridization-

mediated displacement of the stopper strand (see Fig. 2-3b). Hybridization of the stopper and re-

lease strands is assumed to begin at the toehold region, triggering branch migration and displacing 

RNA from the RNA/DNA duplex (Yurke et al. 2000). The efficiency of the toehold was studied 

and the most efficient lengths and composition were defined (Yurke and Mills 2003; Zhang and 

Winfree 2009), which were considered for the stop-and-go principle applied to TMV assembly.  

For stopping TMV growth in the 5' direction, it is assumed that the DNA/RNA hybrid region is 

unable to enter the inner channel of the growing nanotube, as suggested in a previous study (Fairall 
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et al. 1986).The stop-and-go approach was first introduced using two in vitro transcribed RNA 

templates, RNA 2884 and RNA 2253, originating from the TMV sequence and containing its origin 

of assembly (OAs) (Eber 2012).  

Figure 2-3 Scheme of stop-and-go principle. (a) Partial nucleoprotein tube assembly, initiated at the OAs structure (red), ar-
rested by a stopper "S" containing a 3’ portion that hybridizes to the RNA scaffold (A), and a 5’ non-complementary portion 
serving as a toehold for the final strand displacement reaction (B, remains accessible to base pairing with a third nucleic acid 
strand). The highlighted cutout depicts the TMV assembly nucleation initiated at the OAs by a CP disk (for mechanistic details 
refer to text). (b) Restart of assembly after strand displacement reaction initiated by the addition of completely complemen-
tary release DNA oligomer "R" in respect of stopper S. Adapted from Schneider et al. 2016 according to the Creative Commons 
Non-Commercial Attribution 3.0 International Public License. 
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Two distinct procedures were compared to hybridize four different stoppers to RNA 2884 at their 

specific sites, 5' or 3' of TMV-OAs, respectively, in 75 mM sodium potassium phosphate buffer 

(SPP, pH 7.2, supplemented with 3 mM MgCl2).  

The following self-assembly of RNA 2884/stopper hybrids with wt-CP showed that only one 3' 

stopper effectively blocked the self-assembly at its RNA/DNA duplex position. Furthermore, the 

stop-and-go competence was investigated using 42 °C, 16 h to bind the suitable 3' stopper to 

RNA 2553, since here, an RNase H assay did not exhibit a difference between two hybridization 

procedures tested (Eber 2012). The partial encapsidation with wt-CP was performed at 20 °C and 

the assembly reaction could be restarted by a toehold-mediated displacement of the stopper using a 

release DNA oligomer, complementary to the stopper. Nevertheless, the conditions used did not 

reveal fully completed nanotubes after reinitiation of assembly (Eber 2012).  

2.3 Purpose of this thesis 

The high demand for nanoscaffolds that can provide different ligands at a tunable lateral distance 

in defined regions has already been presented in section 2.1.2. and 2.2.2. Thus, the major aim of 

this thesis was to further investigate and refine the stop-and-go technique, to enable the generation 

of TMV-like nanotubes with differently addressable subdomains of alterable aspect ratios in order 

to install, e.g., a multienzyme cascade on a single nanocarrier for enhancing the possibilities for 

various applications. For that purpose, native TMV-RNA was investigated in respect of its stop-

and-go competence. In chapter 4.1 the first proof-of-concept experiments are presented. For that 

purpose, the reaction conditions established by Eber 2012 were adjusted to an experimentally iden-

tified optimum. Furthermore, to clearly monitor the intermediate assembly states during the gener-

ation of TMV-like particles with different CP domains (DTLPs), a native gel electrophoretic anal-

ysis method was extended. Assembly intermediates were additionally analyzed by transmission 

electron microscopy (TEM) and revealed reliable statistical data to verify the feasibility of the stop-

and-go method to produce length-defined CP subdomains of desired size. Consequently, a protocol 

was developed to produce TMV-like particles with two domains (2-DTLPs: wt-LysBio-DTLPs 

(261-39 nm)), and exemplarily the 3' terminal CPLys-Bio domain was visualized by TEM after deco-

ration of the biotinylated CP portion with avidin conjugates.  

Chapter 4.2 presents experiments to demonstrate the universality of dynamic DNA-conrolled 

RNA-CP assembly. To this end, three distinct heterologous RNA constructs were designed and 

accessed in vitro from accordingly cloned plasmids, each containing the TMV-OAs and  
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investigated in respect of their stop-and-go capability with stoppers complementary to sequences 

in the heterologous regions. Although the yields and purity of those nucleoprotein assembly prod-

ucts were low, the results prove the universality of the stop-and-go technique. Major parts of chap-

ters 4.1 and 4.2 have been published in Schneider et al. (2016) and are mentioned at the relevant 

passages. 

The aforementioned studies exclusively represent stopping at RNA positions 3' from the OAs. This 

3' region assembles to 40 nm, which is still a minor part of TMVs overall length (40 nm of 300 nm). 

Various reasons were discussed, and it seemed to be clear that it is of high importance to overcome 

the problems. In chapter 4.3, different conditions of the stop-and-go assembly are thus presented 

to facilitate 5' stopping, e.g., varying the hybridization procedure or assembly temperature, com-

paring the stopper design. A software-based simulation of the stopper target sites was carried out, 

aiming at a better prediction of suitable stopper binding sites. Those calculations are correlated with 

experimental results.  

Previous studies indicate the high utility of TMV as carrier rods for enzymes, which have been 

successfully applied in biosensors (Koch et al. 2015; Bäcker et al. 2017; Koch et al. 2018). A re-

cently submitted article based on the work of this thesis could visualize the enzymatic activity of 

only a few quinoprotein glucose dehydrogenase (PQQ-GDH) enzymes bound antibody-mediated 

to the 3' terminal domain of a 2-DTLP (Cys-CysBio-DTLPs (261-39 nm)) by scanning electrochem-

ical atomic force microscopy (AFM-SECM) (Paiva et al. 2022). 

The development of TMV domain particles as novel nanocarrier systems offers versatile opportu-

nities to produce synthetic enzyme cascades, e.g., for point-of-care assay devices or for basic anal-

ysis for example via AFM-SECM. Since in this work, single sequences could be identified that 

allowed two stoppers to hybridize simultaneously to TMV-RNA but selectively detach one after 

the other, the production of TMV-like particles with three domains (3-DTLPs) was therefore inves-

tigated as a major challenge. It was indeed possible to generate 3-DTLPs, most interesting with a 

view to applications as scaffolds for artificial multienzyme complexes or in multiplex biosensors. 

For this purpose, enzymes or antibodies were coupled to single domains and analyzed by colori-

metric glucose detection (Koch et al. 2015) or in situ atomic force microscopy performed in the lab 

of our cooperation partner, Dr. Christophe Demaille at the University of Paris-Diderot, Laboratoire 

d’Electrochimie Moléculaire, CNRS, Paris. The performed experiments are illustrated in chapter 

4.4. 
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3 Materials and Methods 

3.1 Materials and instrumentation 

All commercial materials were used according to the manufacturer's instructions, unless otherwise 

stated. Buffers and solutions were prepared with ultrapure water (H2O, 18.3 MΩ cm), and are de-

tailed at relevant passages. The following overview lists suppliers of typically used materials and 

instrumentations; exceptions are stated in the relevant sections.  

Material Supplier  

(Bio)chemicals Carl Roth (Karlsruhe, Germany)  

Amicon® Ultra-0.5 centrifugal filter devices  Merck/Millipore (Darmstadt, Germany) 

Avidin, GOx, ABTS Sigma-Aldrich (Saint Louis, USA) 

Clear F-bottom 96-well polystyrene (# 655061);  Greiner Bio-One (Frickenhausen, Germany) 

Coomassie Brillant Blue R250  Serva Electrophoresis (Heidelberg, Germany) 

Functional linkers Thermo Scientific (Rockford, IL, USA)  

MEGAscript® High Yield Transcription Kits Ambion (Austin, USA)  

Oligonucleotides Biomers (Ulm, Germany)  

Restriction enzymes New England Biolabs (NEB; Ipswich, USA)  

RNase H  Roche Applied Science (Mannheim, Germany) 

Streptavidin-conjugated HRP (#SM1C) SDT (Baesweiler, Germany) 

Instrumentation Supplier  

Nanowizard II microscope (AFM) (JPK, Germany) 

Biometra TAadvanced Twin thermocycler Analytik Jena GmbH (Jena, Germany) 

ChemiDoc Imaging System Bio-Rad Laboratories (Hercules, USA) 

membraPure system Aquintus (Bodenheim, Germany) 

NanoDrop 1000 Spectrophotometer ThermoScientific (Wilmington, USA) 

SpectrafluorPlus Tecan Group AG (Männedorf, Schweiz) 

Tecnai G2 Sphera (TEM)  (FEI, Eindhoven, Netherlands) 

Thermomixer F 1.5 Eppendorf AG (Hamburg, Germany) 

Ultracentrifuge Optima L90K Beckman Coulter GmbH (Krefeld, Germany)  
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3.2  Methods 

3.2.1 UV-Vis spectroscopy 

The concentration and purity of RNAs, nucleoprotein tubes and CP preparations were determined 

using a NanoDrop 1000 Spectrophotometer. In detail, the concentration was calculated by assuming 

an A260 of 1 for 40 μg mL−1 RNA. The concentration of nucleoprotein tubes and CP were estimated 

with the extinction coefficients εTMV,260 = 3 mL(mg cm)-1 or εCP,280 = 1.3 mL(mg cm)-1, respec-

tively.  

3.2.2 Ultracentrifugation 

To purify from residual educts, concentrate the sample or to change the buffer, the desired products 

(partially/fully assembled TLPs, linker- or enzyme coupled TLPs) were separated from the prepa-

ration mixture via ultracentrifugation (UC) if not otherwise stated. The samples were transferred to 

1.5 mL UC tubes and filled up to 250 µL with 10 mM SPP if the volume was < 250 µL. All nano-

tube preparations were centrifuged in the 45 Ti rotor of Optima L90K at 4 °C in 1.5 mL UC tubes 

in corresponding adapters. After centrifugation, the supernatant was removed, the pellet was 

washed carefully with H2O and finally resolved in 10 mM SPP at 10 °C, 600 rpm, for at least 2 h, 

for at most 16 h. Samples were subsequently stored at 4 °C until further use. With this method – at 

various g-force and time regimes – macromolecules with specific sedimentation coefficient were 

sedimented from the sample (for an overview see Tab. 3-1).  

Table 3-1 Sedimentation coefficients of molecules that will be sedimented in the 45 Ti rotor in Optima L90K (Beckman Coulter, 
GmbH) and averaged g-force using rotor parameters according to manufacturer's manual. 

[a] S was calculated as a ratio of time and k-factor, k = (ln(rmax/rmin)/ω²)*(1013/3600) with maximal radius rmax = 103.8 mm, 
minimal radius rmin = 35.9 mm, angular velocity of the rotor in radians per second ω = 0.1047*rpm; [b] averaged g-force
(equates to RCF: relative centrifugal force) calculated via RCF = 112 rav (rpm/1000)² with averaged radius rav = 69.8 mm
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3.2.3 Preparation of tobacco mosaic virus (TMV) variants and its coat protein (CP) 

wt-TMV particles as well as TMV mutants, TMVCys (S3C) and TMYLys (T158K) (Geiger et al. 

2013), were isolated from systemically infected N. tabacum "Samsun" nn plants. 1-butanol extrac-

tion and poly ethylene glycol (PEG) precipitation were applied to the homogenized leaf tissue ac-

cording to Gooding and Hebert (1967), described in detail by Chapman (1998). The isolated nano-

tubes were sedimented by UC in the 60 Ti rotor of Optima L90K at 120 000 g, 4 °C for 90 min. 

The pellet was resolved and diluted to preparations of 10 mg mL-1 in 10 mM sodium potassium 

phosphate buffer (SPP, pH 7.4).  

The additional cysteine residue of CPs on the outer surface of TMVCys was covalently conjugated 

with a maleimide-PEG11-biotin linker (EZ-LinkTM Maleimide-PEG11-Biotin) as described (Koch et 

al. 2015). TMVLys exposes an accessible amino group on the surface of every CP subunit that was 

functionalized by a succinimidyl-(NHS-)PEG12-biotin-linker (EZ-LinkTM NHS-PEG12-Biotin). 

TMVCys and TMVLys were incubated with the respective biotin-linker in a 22-fold and 11-fold molar 

excess over CP mutant, respectively, at 22 °C, 3 h under gently shaking at 400 rpm in a thermo-

mixer. Non-conjugated biotin-linkers were removed by UC (95 834 g, 2 h). The coupling efficien-

cies were monitored by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

(Laemmli 1970) and was determined densitometrically by Image J software (Rasband 1997-2011).  

wt-CP and CPCys as well as the biotinylated CP variants, CPCys-Bio and CPLys-Bio, were prepared from 

the corresponding virion samples using an acetic acid-based protocol as reported (Fraenkel-Conrat 

1957). CPs in concentrations ranging from 5-10 mg mL-1 in 75 mM SPP (pH 7.2) were incubated 

directly adjacent for at least 48 h at room temperature (RT), to induce 20 S disk formation (Butler 

1972). 

3.2.4 Preparation of wt-RNA and hRNA scaffolds 

wt-RNA was extracted from a plant-derived TMV preparation by a phenol : chloroform : isoamyl-

alcohol (PCI, 25:24:1)-based method (Chapman 1998), followed by precipitation in 0.1 volume of 

3 M sodium acetate (NaOAc, pH 5.3) and 2.5 volumes of ethanol for 15 min at −20 °C. To yield 

pure RNA, after centrifugation (15 min, 20 000 g, 4 °C) the pellet was washed with 100 μL 70 % 

ethanol. The resolved RNA samples were stored in dimethyl dicarbonate (DMDC)-treated H2O 

at -80 °C in 20 µL aliquots of 1 µg µL-1. 

In addition to the wt-RNA, three types of RNAs each containing TMV-OAs and different heterol-

ogous (non-TMV) portions were produced and named hRNA I–III (heterologous RNA I-III, see 

Fig. 3-1 for the respective constructs) as published in Schneider et al. (2016).  
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Briefly, the DNA template for hRNA I is based on a cDNA containing the major sequence portion 

of the TMV-OAs (Zimmern 1983) (nt 5350–5531 according to (Goelet et al. 1982)) inserted into 

pGEM®-T Easy vector (Promega, Mannheim, Germany), kindly provided by Klara Altintoprak, 

Stuttgart. After plasmid linearization with DraIII-HF, in vitro transcription of ≈ 300 ng linearized 

template was performed using MEGAscript® T7 High Yield Transcription Kit according to the 

manufacturer's instructions at 37 °C, 19 h (to improve the yield for short constructs), subsequent 

treatment with TURBO DNase and final lithium chloride (LiCl) precipitation. A T7 RNA polymer-

ase transcription terminator region (Jeng et al. 1992) was identified at positions 1262–1301 of the 

pGEM® plasmid sequence (see Promega Corporation product information sheet # 9PIP256, revised 

version 8/13, Madison, USA). Hence, a mixture of two RNA fragments were yielded after in vitro 

transcription and is referred to as hRNA I: the pre-maturely terminated product of 1262 nt, and a 

read-through RNA of 2748 nt.  

Figure 3-1 Plasmid constructs for in vitro transcription to produce the heterologous non-TMV-RNAs (hRNAs). Segments be-
tween the relevant T7 or T3 RNA polymerase promoter and the restriction sites used for linearization of the plasmids are 
shown. Residual TMV sequences are colored green with the OAs in red. Heterologous coding and non-coding sequences of 
prokaryotic and eukaryotic origin are colored individually (common abbreviations of plasmid elements are used). AbMV DNA 
A: Abutilon mosaic virus genomic DNA A. Below each plasmid construct, the expected RNAs are depicted in 5' to 3' orientation, 
with the lengths of the different sequence elements indicated. Boxes indicate binding regions of stopper and are detailed in 
Fig. 4-8a. Drawings are not in scale. Adapted from Schneider et al. 2016 according to the Creative Commons Non-Commercial 
Attribution 3.0 International Public License. 
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To obtain the plasmid construct II, the cDNA of the TMV-OAs (comprising TMV nt 5211–5584, 

including the OAs) was inserted into the Abutilon mosaic virus (AbMV; EMBL accession number 

X15983) sequence of a clone (based on the vector pLITMUS28i (NEB)), kindly provided by Tat-

jana Kleinow, Stuttgart. The resultant template was linearized with SacI-HF followed by in vitro 

transcription of ≈ 300 ng linearized template with T7 RNA polymerase (using MEGAscript® T7 

High Yield Transcription Kit, incubation: 37 °C, 4 h; TURBO DNase treatment and LiCl precipi-

tation) to produce hRNA II of 2982 nt.  

The plasmid construct for hRNA III was created from a partial TMV cDNA (comprising TMV nt 

4253–6398, including the OAs) and inserted into pBlueScript II SK(+) (Agilent Technologies, 

Santa Clara, USA). The final template construct was linearized with ScaI-HF, and ≈ 300 ng linear-

ized template was in vitro transcribed by T3 RNA polymerase using a  

MEGAscript® T3 High Yield Transcription Kit (incubation: 37 °C, 4 h; TURBO DNase treatment 

and LiCl precipitation). The desired hRNA III was 3303 nt in length. All RNA constructs were 

stored in aliquots of 1 µg/µL in DMDC-treated H2O at -80 °C.  

3.2.5 Stopper design, characteristics, and handling 

Stopper DNA oligomers (referred to as stoppers regardless of whether they arrested the assembly 

or not) were designed using the guidelines adapted from PCR primers (Dieffenbach et al. 1993) and 

strand displacement reactions (Zhang and Seelig 2011; Yurke et al. 2000). Stopper sequences were 

selected avoiding secondary structures and self-dimerization (Kibbe 2007). The melting tempera-

tures for RNA/DNA hybrids were calculated with the nearest-neighbor two-state-model, thermo-

dynamic parameters (Sugimoto et al. 1995) and salt correction (Owczarzy et al. 2004; Owczarzy et 

al. 2008). Toehold overhangs of all stoppers, and the complementary portion in the release DNA 

strands were identical and 8 nt long as it was suggested for strand displacement reactions (Zhang 

and Winfree 2009; Yurke and Mills 2003). For an overview of sequences and characteristics of 

stoppers see Tab. 3-2.  

The purchased oligonucleotides were resolved in DMDC-treated H2O according to manufacturer's 

instruction to result in a stock-solution of 100 pmol/µL. The stock-solution was stored at -80 °C. 

Working solutions of all stoppers and release DNA oligomers were prepared as aliquots of 

10 pmol/µL diluted in DMDC-treated H2O and stored at -20 °C for at maximum five thaw-and-

freeze cycles. 
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Table 3-2 Sequences and characteristics of the stoppers as well as release DNA oligomers used for the RNA-directed self-
assembly of TMV-CP. Asterisks (*) replace the linked toehold sequence (CTGACTTC), identical for all stoppers. Sequences 
serving as reverse-complementary toehold release portions are underlined. 

[a] indicate the binding site on the RNA relative to the OAs position; [b] nearest neighbor calculation with parameters for RNA-
DNA hybrids, salt correction with 75 mM Na+ and 1.5 mM Mg2+, oligo concentration estimated with 700 nM; #calculation with
parameters for DNA–DNA hybrids (Allawi and SantaLucia 1997), salt correction with 75 mM Na+, oligo concentration estimated 
with 7 μM; [c] in respect of the RNA sequence; [d] expected tube length estimated for respective scaffold in the presence of 
the particular stopper (mean position).
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3.2.6 Hybridization of stoppers 

Hybridization of stoppers to RNA was performed in 75 mM SPP (pH 7.2) supplemented with 

1.5 mM MgCl2. Unless otherwise stated, 3.5 µM DNA oligomers (stoppers) were hybridized to 

140 nM RNA (corresponding to a 25-fold molar excess of stopper over RNA). A typical reaction 

volume for gel evaluation was 7 µL composed of 2.2 µL RNA (1 µg/µL), 1.1 µL SPP-MgCl2-

solution (500 mM SPP, 10 mM MgCl2), 2.45 µL stopper (10 pmol/µL) and 1.3 µL DMDC-treated 

H2O. The standard hybridization procedure included an initial denaturation for 5 min at 65 °C with 

a subsequent linear temperature gradient (0.1 °C s−1) to 30 °C (total cooling time: 350 s), performed 

in a thermocycler, and a subsequent storage on ice until further use for at maximum 10 min as 

published in Schneider et al. (2016). If a longer storage was necessary, the sample was stored at -

20 °C for at maximum four weeks. The following hybridization procedures were evaluated and 

identified at relevant passages: (1) 25 °C, 2 h and (2) 30 °C, 2 h. 

3.2.7 Stop-and-go assembly 

For RNA-directed in vitro assembly, 0.2 μg μl−1 (final concentration, f.c.) of RNA (mass fraction 

wRNA = 0.05 %) hybridized with stopper were mixed with 3.8 μg μl−1 (f.c.) of wt-CPs (mass fraction 

wCP = 0.95 %). For this purpose, typically 7 µL of the hybridization mixture, containing 2 µg RNA, 

as detailed in section 3.2.6 was incubated with 4 µL CPs (10 mg/mL) at 25 °C or 15 °C for 3 h in 

a thermocycler, unless otherwise stated. Reactions were stopped by cooling on ice and stored at 

4 °C for further procedure.  

For toehold-release of stoppers after their hybridization to RNA and after partial nanotube recon-

stitution, a 10-fold molar excess of the complementary release DNA oligomer (35 µM) over the 

stopper was added and incubation performed at 25 °C for 3 h in a thermocycler, if not otherwise 

stated as published in Schneider et al. (2016). To this end, usually 5.5 µL of the before prepared 

sample of partially assembled nanotubes was mixed with 1.2 µL release DNA strand (20 pmol/µL). 

The samples of partially and fully assembled nanotubes were prepared for native agarose gel elec-

trophoresis and transmission electron microscopy (TEM). 

3.2.8 Stop-and-go fabrication of TLPs with two or three CP subdomains (2-DTLPs, 3-DTLPs) 

For various purposes, nucleoprotein tubes with up to three domains were produced mediated by 

different stoppers. Preparation conditions as well as details of the distinct domains are listed in 

Table 3-3 for the individual samples. The prefixed abbreviations depict the CP types and the num-

bers in brackets indicate the length of the individual domains in nm. wt-RNA served as scaffolds  
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for all types of DTLPs. Stopper S3'1 was applied in a 5-fold molar excess over RNA, whereas other 

stoppers were added in 25-fold molar excess, detailed in section 3.2.6. Stop-and-go assembly was 

processed using concentrations as described in 3.2.7. CP amounts for the second and third domain 

were calculated to 1.5-fold assembly excess over the remaining RNA tail. To develop a purification 

procedure using UC, wt-CysBio-DTLPs (261-39) were prepared. The intermediate assembly prod-

ucts, prior and after UC, as well as supernatants and resolved pellets were analyzed via native gel 

electrophoresis (for centrifugation steps and conditions see Table 3-3). The final preparation was 

applied to bio-affinity coupling with avidin or streptavidin-conjugated glucose oxidase ([s]-GOx) 

(for protocol see section 3.2.9) and analyzed via TEM. An advanced stop-and-go protocol including 

purification steps via UC (for details see Table 3-3) was developed to fabricate wt-LysBio-DTLPs 

(261-39) and the 3' terminal domain was visualized using bio-affinity coupling of avidin, detailed 

in section 3.2.9 via TEM as published in Schneider et al. (2016).  

Table 3-3 Conditions of preparation and details of the distinct domains of DTLP types. The prefixed abbreviations depict the 
CP types and the numbers in brackets indicate the length of the individual domains in nm. 

*length of CP domain; #domain sites in relation to nucleoprotein tube orientation; [a] strand displacement of stopper via 
toehold-mediated release by a complementary DNA strand or temperature-induced. 
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Two types of 3-DTLPs were generated for uses as differently addressable templates for diverse 

applications. Cys-wt-LysBio-TLPs (261-30-9) were utilized to install a two-enzyme cascade on two 

of its domains as described in section 3.2.10 and analyzed in a colorimetric assay, detailed in section 

3.3.6. In contrast, Cys-wt-LysBio-TLPs (72-199-29) served as scaffold for directed immunomarking 

of the CPLys-Bio domain to facilitate subsequent in situ atomic force microscopic (AFM) detection 

of an antibody-decorated subdomain as referred in section 3.3.7. 

3.2.9 Bio-affinity coupling of avidin to DTLPs 

DTLPs were investigated by TEM to enable the visualization of a decorated CP subdomain. For 

this purpose, 22 µL (100 µg) of desired 2-DTLPs were incubated at 22 °C for 2.5 h under gentle 

shaking at 200 rpm in a thermomixer with 45 µL of 2 mg mL-1 avidin in phosphate-buffered saline 

(PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) resulting in a 

2-fold molar excess of avidin over biotin-moieties. The unbound biomolecules were excluded by

another UC step (90 500 g, 2 h).

3.2.10 Preparation of a two-enzyme cascade on Cys-wt-LysBio-TLPs (261-30-9) 

To investigate whether DTLPs can be applied as a scaffold for a multienzyme complex consisting 

of groups of enzymes installed on two of three subdomains, glucose oxidase (GOx) and horseradish 

peroxidase (HRP) were conjugated to the 5' terminal and 3' terminal domains. For that purpose, 

maleimide-conjugated GOx ([mal]-GOx) was prepared by incubation of 0.24 µL (60 nmol) of a 

heterobifunctional maleimide-PEG12-NHS linker (10-fold molar excess over GOx) with 96 µL 

(6 nmol) GOx at 20 °C, 2 h under shaking at 600 rpm in a thermomixer. Subsequently, [mal]-GOx 

was purified via a centrifugal filter device (10 kDa MWCO) according to the manufacturer's proto-

col. 60 µL (60 µg) Cys-wt-LysBio-TLPs (261-30-9) were incubated at 22 °C, 2 h in a thermomixer 

with 25 µL [mal]-GOx (2.5 nmol) and 22.5 µL of a streptavidin-conjugated ([s])-HRP (216 pmol, 

commercially traded product), resulting in a one- and two-fold molar excess of enzyme over CPCys 

and CPLys-Bio domains, respectively. The non-coupled [mal]-GOx and [s]-HRP molecules were sep-

arated by UC (95 834 g, 1.5 h) and removed with the supernatant. The enriched enzyme-carrying 

DTLPs were resuspended in 10 mM SPP, 16 h at 10 °C and 600 rpm in a thermomixer and stored 

at RT for up to 2 h prior determination of enzyme activity (for protocol see section 3.3.6).
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3.3  Analytical methods 

3.3.1 RNase H assays 

Hybridization success of DNA stoppers to the RNA scaffolds as well as their complete removal 

mediated by a release oligomer in the absence of CP were evaluated with a modified RNase H assay 

(Donis-Keller 1979). 2 μg of RNA were hybridized with stopper as described in section 3.2.6, in a 

total volume of 7 µL. The sample was separated into two aliquots, one was stored on ice, whereas 

the other was incubated with 1.1 µL of the respective release DNA oligomer (10 pmol/µL) that 

correspond to a 10-fold molar excess over stopper for 4 h at 25 °C in a thermocycler. A control 

sample lacking a stopper was prepared under the same conditions. Each sample was treated with 

3 µL (= 0.3 U) of a freshly prepared DMDC-treated H2O-diluted RNase H solution for 20 min at 

37 °C, followed by heat-inactivation of the enzyme at 65 °C for 20 min in a thermocycler.  

3.3.2 Denaturing gel electrophoresis 

RNA fragments generated in RNase H assays as well as in vitro transcribed RNAs were analyzed 

in 0.3 M formaldehyde-containing 1% agarose gels (1.5 % agarose gels for hRNAs) in 1 x 3-(N-

morpholino)propanesulfonic acid (MOPS) buffer (10x MOPS: 200 mM MOPS, 50 mM NaOAc x 

3H2O, 10 mM EDTA pH 7.0) with buffer circulation according to standard protocols (Green and 

Sambrook 2012) as described in Schneider et al. (2016). RNA samples (1 μg) were incubated in 

15 μl denaturing solution (1.7 μl 10x MOPS, 9.9 μl deionized formamide, 2.9 μl 37 % formalde-

hyde, 0.5 μl DMDC-treated H2O, 0.05 μl 1 % ethidium bromide (EtBr)) for 15 min at 65 °C, sup-

plemented with 1.5 μl loading buffer (1 mM EDTA, 0.4% bromophenol blue, 50 % glycerol) while 

the gel was pre-run at 3.5 V cm−1 for 15 min. Electrophoretic separation was executed at 2.3 V cm−1 

for 15 min and at 3.2 V cm−1 for the remaining time (around 4 h) until the bromphenol blue band 

had reached the bottom of the gel. An ssRNA molecular weight marker (N0362S, NEB) served as 

the calibration standard. Agarose gels were imaged by a ChemiDoc Imaging System. 

3.3.3 Native agarose gel electrophoresis 

Native agarose gel electrophoresis was performed according to an optimized protocol as published 

in Schneider et al. (2016). Equal amounts of each assembly product were applied to a 1 % or 1.5 % 

agarose gel (for wt-RNA- or hRNA-directed assembly products, if not otherwise stated) prepared 

in 50 mM SPP (pH 7.2) and run for 19 h at 1.1 V cm−1 with buffer circulation. To identify the 

residual unencapsidated RNA, buffer as well as gel contained 0.05 % EtBr. EtBr-stained bands 

were imaged by ChemiDoc Imaging System. Subsequently, to exchange the buffer of the gel, it was 
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agitated for 30 min in destain solution (10 % (v/v) glacial acid, 40 % (v/v) EtOH) and subsequently, 

the proteins were stained with 0.1% Coomassie Brillant Blue R250 (in 10 % (v/v) glacial acid, 40 

% (v/v) EtOH) for 1.5 h (Green and Sambrook 2012). Finally, the gel was destained by extensive 

washing with destain solution (exchanged multiple times, each 20-30 min) and a final washing step 

with H2O was necessary to achieve an almost transparent background.  

Insignificant lanes of the gels were cut off of the images, to illustrate only the relevant parts. In this 

case the lanes are depicted clearly separated from each other. Each gel image was exclusively com-

piled out of the same gel compared by both staining methods, respectively (EtBr – left, Coomassie 

– right). Amounts and/or concentrations of particles were evaluated with the software Image J (Ras-

band 1997-2011).

3.3.4 Transmission electron microscopy 

Qualitative and quantitative analyzes of nanotubes, and the spatial arrangement of domain-TLPs 

were performed by transmission electron microscopy (TEM). The products were adsorbed to a 

Formvar©-carbon-coated copper grid and stained 2 min with a solution of 1 % uranyl acetate and 

0.25 mg/ml bacitracin (Mueller et al. 2010). The samples were analyzed in a Tecnai G2 Sphera 

transmission electron microscope (FEI, Eindhoven, Netherlands) at 200 kV with a 16 megapixel 

camera (TemCam F416R, TVIPS, Gauting, Germany).  

3.3.5 Statistical evaluation of products analyzed via TEM 

Randomly selected positions on the grids were imaged and the lengths of nanotubes readily sepa-

rated from each other were measured using the Image J software (Rasband 1997-2011). The result-

ant lengths were classified in 10 nm size classes and three independent assembly experiments were 

analyzed statistically as outlined in Schneider et al. (2016). The inter-experimental variation and 

the consistency between repetitions were determined using the non-parametric Mann–Whitney 

Rank Sum Test for the corresponding size classes. Finally, the length classes were averaged and 

compiled in histograms with their standard deviations using Microsoft Excel. SigmaStat version 

4.0.0.37 (Systat Software, Inc.) was used to execute statistical analyses and boxplot graphs. 

3.3.6 Enzyme activity determination of a two-enzyme cascade on 3-DTLPs  

The activity of enzymes bound to Cys-wt-LysBio-TLPs (261-30-9) (prepared as described in section 

3.2.8) was kindly determined by Claudia Koch as described (Koch et al. 2015). Briefly, 100 µL of 

two differently concentrated DTLP samples (1 ng/µL, 2 ng/µL) were applied to a high-binding mi-

croplate. 100 µL of substrate mixture (f.c.: 100 mM glucose, 5 mM 2,2'-azino-bis(3-
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ethylbenzothiazoline-6-sulphonic acid) (ABTS), 50 mM NaOAc, pH 5.5) per sample were added 

and the absorption was determined spectrophotometrically at λ = 405 nm for 15 min. Concentra-

tions of converted ABTS* were calculated using Lambert-Beer law c = A (d ε405)-1 with detected 

absorption A405, optical path length d = 0.625 cm (fluid level), ε405 = 36.8 mM-1 cm-1 (extinction 

coefficient of ABTS* according to the supplier) and plotted versus time. Control samples of 100 

µL with unbound TMV as well as without biomaterial were prepared using equal conditions, and 

the latter was used to normalize any background absorption. Enzymatic activities of all samples 

were explored as technical triplicates. 

3.3.7 Atomic force microscopic imaging of immune-labelled domains 

To visualize individual domains of Cys-wt-LysBio-TLPs (72-199-29) (prepared as described in sec-

tion 3.2.8), the sample was subjected to bio-affinity coupling of anti-biotin antibodies (A150-109A, 

Bethyl Laboratories Inc., Montgomery, TX, USA) and analyzed by AFM under guidance and sup-

port of Dr. Christophe Demaille, Dr. Agnès Anne and Dr. Arnaud Chovin at the University of Paris-

Diderot, Laboratoire d’Electrochimie Moléculaire, CNRS, Paris, France. 

The ultraflat gold surfaces on glass slides were prepared on the basis of a protocol reported in 

Hegner (1993) and described by Abbou et al. (2004). Adhesive Teflon tape was perforated and then 

glued to the substrate to provide a circular area (≈ 0.45 cm2) of bare gold. 

The sample preparation, backfilling with bovine serum albumin (BSA) and immunomarking was 

executed based on protocols previously described (Anne et al. 2018; Patel et al. 2017; Nault et al. 

2015). Briefly, a 75 µL droplet of the DTLP sample (28 ng µL-1 dilution in 10 mM potassium phos-

phate buffer (PPB), pH 7.4) was incubated on the bare gold for 15 min at RT. It was washed mul-

tiple times with 10 mM PPB and finally with water by drop replacement. The water was removed, 

and the sample dried on the surface by low nitrogen flow and left in air for 5 min before rehydrating 

it in 75 µL PPB. The surface was backfilled with BSA (2 mg mL-1 in 10 mM PPB), incubated for 

30 min at RT, then washed with PPB and left in contact with an anti-biotin IgG (20 µg mL-1 with 

1 mg mL-1 BSA in 10 mM PPB) for 1 h. The sample was rinsed with water prior imaging. 

AFM images were recorded in situ (i.e., in PPB) by a Nanowizard II microscope (JPK, Germany) 

with triangular-shaped contact mode probes (MSNL, Bruker, D, spring constant 0.03 N m−1, tip 

curvature: nom. 2 nm, max. 12 nm) in tapping mode. First degree flattening was applied to the 

images. Images were analyzed via software Gwyddion (http://gwyddion.net/) and JPK SPM data 

processing (JPK, Germany) and measurements compiled in Microsoft Excel. The height of nano-

tubes after BSA backfilling was calculated from cross-sections of ≈ 100 objects readily separated  
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from each other. Heights of the individual domains of DTLPs after immunomarking were deter-

mined by taking 5 to 10 particles of each type for the evaluation and averaged over the whole length 

of each domain.  

3.4 Folding simulation and illustration 

To investigate the local RNA accessibility, simulations of the secondary structure of RNA at diverse 

temperature were performed. Full-length wt-RNA was folded via the web-based software RNA-

fold (version 2.4.18, http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; hereinafter

referred to as RNAfold) (Gruber et al. 2008; Lorenz et al. 2011) at 30 °C, without hard or soft

constraints using the Turner 2004 energy parameter as described in (Lorenz et al. 2011). 

To simulate the folding using selectable temperatures, the web server-based application  mfold 
(version 2.3, http://www.unafold.org/mfold/ applications/rna-folding-form-v2.php; hereinafter 

called mfold) (Zuker 2003) was used that was limited to sequences up to 2400 nt. Folding was

performed without hard or soft constraints using energy parameters as described in Walter et al. 

(1994) and default settings. Simulations were performed at 30 °C and 65 °C with ionic conditions 

for RNA that were fixed to 1 M NaCl and no divalent cations. Suboptimal foldings within 5 % from 

the minimum free energy were estimated. 

The secondary structures of all simulations were visualized with the web based RNA2Drawer app 

(Johnson et al. 2019) using the Vienna format. 

http://www.unafold.org/mfold/%C2%A0applications/rna-folding-form-v2.php
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4 Results 

4.1 Stop-and-go technique: Proof-of-concept 

Major aim of this thesis was to verify the feasibility of the dynamic DNA-controlled assembly 

initially demonstrated for a stopper position 3' of the OAs and an in vitro transcribed RNA template 

by Eber (2012, dissertation, manuscript IV) (see section 2.2.3 for further details) for the generation 

of TMV-like particles with two or three site-specifically defined longitudinal domains of distinct 

lengths and functionality.  

In a first approach, the stop-and-go protocol as well as a convenient analytical method required 

adjustment to enable, demonstrate and investigate this step-by-step assembly. Preliminary results 

have shown that the differentiation of background products from assembly intermediates, generated 

by encapsidation of stopper/RNA hybrids with wt-CP, was more reliable using wt-RNA as a tem-

plate than in vitro transcribed RNAs. Thus, the viability of the stop-and-go procedure was evaluated 

using wt-RNA isolated from plant-derived TMV.  

Some results of the optimized stop-and-go procedure, extensive data for a statistical analysis of the 

assembly states as well as a proof-of-concept experiment to visualize TMV-like nanotubes with 

two precisely defined CP domains have been published in Schneider et al. (2016) and are referred 

to it at the relevant paragraphs.  

4.1.1 Hybridization of DNA strands to wt-RNA 

To first examine an efficient route to stably hybridize stoppers to the desired position at the RNA, 

the application of two stoppers, S3'1 and S3'2, designed to bind 3' of the TMV-OAs, was investigated 

systematically (Schneider et al. 2016). The complementary part of S3'1 and S3'2 to TMV-RNA con-

tains 23 and 22 deoxynucleotides (nt), respectively (see Tab. 3-2). Each stopper is elongated at its 

5' side by an additional 8 nt long sequence that is non-complementary to the wt-RNA serving as the 

toehold for the subsequent strand displacement reaction. In contrast to Eber (2012), hybridization 

of stoppers to the RNA was performed with an initial denaturation at 65 °C for 5 min, followed by 

cooling down to 30 °C with a rate of 0.1 °C in 75 mM SPP (pH 7.2) supplemented with a lower 

concentration of MgCl2 (1.5 mM). To maintain the hybridized state, the mixture was stored on ice 

until further use.  
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An RNase H assay was performed with subsequent analysis by denaturing gel electrophoresis, to 

investigate the hybridization efficiencies at the desired position. Since RNase H cleaves the RNA 

at the RNA/DNA duplex position, no full-length RNA portion but two smaller fractions will be 

obtained, up- and downstream of the binding site of the stopper, if binding efficiency is almost 

100 %. The site of each stopper in respect to wt-RNA is schematically illustrated in Fig. 4-1a (see 

Tab. 4-1 for fragment sizes). Hybridization was examined for two different molar excesses of stop-

per over RNA, 5- and 25-fold, respectively (Fig. 4-1b). A reaction without any stoppers was pre-

pared that showed only one RNA comparable in length to the untreated wt-RNA and confirmed the 

conditions used do not impact the RNase H assay. A negative control reaction was performed by 

adding a non-complementary oligonucleotide (C1) instead of a stopper. This control clearly verified 

that oligonucleotides without any binding capability have no impact on the reaction as full-length 

RNA was visualized. The gel analysis revealed that S3'1 hybridized to almost 100 % of RNA and 

full cleavage was obtained at only 5-fold molar excess over RNA. In comparison, stopper S3'2 re-

quired a higher molar excess over RNA to fully bind to RNA as visualized by the two potential 

fractions 5692 nt and 703 nt, respectively. However, S3'1 showed two additional fractions of hy-

drolyzed RNA (white asterisks in Fig. 4-1b), besides the expected fragments (5555/840 nt). In a 

study on the mechanism of RNase H substrate recognition, it was proposed that four adjacent de-

oxyribonucleotides hybridized to an RNA strand interact with the enzyme, followed by cleavage of 

the RNA at this position into a 5' phosphate and a 3' hydroxyl (Nakamura et al. 1991). According 

to this, the sequence of wt-RNA was analyzed in respect of a binding region of S3'1 with a minimum 

of four successive nucleotides via A plasmid editor (ApE, v2.0.61, http://biolo-

gylabs.utah.edu/jorgensen/wayned/ape). At RNA region 1551-1573, two parts of S3'1 can hybridize 

(for statistical probability of this second binding site see Appendix A1) with four adjacent deoxyri-

bonucleotides and eight mismatches (strikethrough, greyish nucleotides illustrate mismatches in 

stopper sequence: 5' CTCTTTTTCCCGGTTCGAGATCG 3'). Stopper binding to this site 5' of the OAs 

might result in the two additional RNA fractions (estimated to 1550 nt and 4005 nt) found after 

RNase H cleavage. However, whether this binding site may result in an additional blocking position 

during the assembly process requires further investigation (evidence for this additional blocking 

position was depicted in section 4.3.3). 

http://biologylabs.utah.edu/jorgensen/wayned/ape
http://biologylabs.utah.edu/jorgensen/wayned/ape
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Figure 4-1 Hybridization of stopper DNA oligomers to wt-RNA. (a) Scheme of the binding sites of the different stoppers (S3'x) 
on RNA in relation to the OAs position (symbolized as red hairpin). The dark blue lines represent the stopper portions com-
plementary to the RNA (positions in relation to TMV sequence are indicated below each stopper), and the light blue lines 
toehold overhangs. Schemes are not to scale. (b) Agarose gel electrophoretic separation of the RNA portions after RNase H 
cleavage of DNA/RNA hybridization products. Fragments were separated on 1% under denaturing conditions. Stoppers were 
hybridized to the RNA in 5- and 25-fold molar excess, prior to RNase H treatment. The arrow denotes the bands of undigested 
RNA, and brackets the range of fragments expected after digestion. The white asterisks label additional fragments occurring 
upon RNase H incubation. Adapted from Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribu-
tion 3.0 International Public License. 

4.1.2 Impact of stoppers on the self-assembly with CP and visualization of assembly states 

To figure out whether and how the RNA-directed self-assembly of nucleoprotein tubes is affected 

by hybridizing the different stoppers, a CP preparation with preformed 20 S disk formation (Butler 

1972) was added to the RNA samples with and without hybridized stoppers, followed by incubation 

at 25 °C for 3 h (for a scheme see Fig. 4-2a). It was expected that the as-produced TMV-like par-

ticles (TLPs) differ in the partially encapsidated nucleoprotein tube size as well as in their length 

of protruding RNA, depending on the stopper binding site (illustrated in Fig. 4-2b). Hence, the 

analysis method should depict both, the nucleoprotein tube, and the RNA. To visualize the RNA 

tail protruding from the incompletely assembled TLPs via electron microscopy, spreading of ribo-

nucleic acid and subsequent platin shadowing of assembly products prior transmission electron mi-

croscopic (TEM) imaging are required. However, this technique is cost-intensive, time-consuming 

and the analyses of the protein tube as well as the RNA length require a high number of measured 

structures. In contrast, a simple, rapid, and inexpensive method to visualize TMV and TMV-like 

particles including the protruding RNA tail is their separation by gel electrophoresis without prior 

denaturation of the sample. The native gel electrophoresis in 50 mM SPP (pH 7.2) leads to separa-

tion of assembly products in their native form depending on their negative net charge (pITMV 3.5) 

(Oster 1951; Alonso et al. 2013) due to the nearly neutral pH of the buffer  
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system (Hogue and Asselin 1984; Eiben et al. 2014; Geiger et al. 2013). When the particles differ 

in size but exhibit the same relative net charges (f. e. RNAs of different length fully assembled with 

wt-CP), smaller ones depict a higher electrophoretic mobility than longer nanotubes. However, 

when the RNA is incompletely assembled with CP due to a successfully bound blocking element, 

the unencapsidated RNA enhances the negative net charge of the nucleoprotein complex and thus 

increases the electrophoretic mobility additionally to its smaller encapsidated domain. Hybridiza-

tion of different 3' stoppers to a similar RNA type of a defined length in individual samples, fol-

lowed by partial assembly with CP, resulted after separation in a native gel system in a linear cor-

relation of the differently sized nanotubes with their corresponding varying residual RNA lengths. 

Hence, this method was adjusted to be able to reliably distinguish the desired fractions. To prevent 

degradation of the residual RNA of the partially assembled tubes, all experimental procedures were 

performed using RNase free conditions. Ethidium bromide (EtBr) was added to the whole system 

(gel and buffers) to visualize the protruding RNA tail of partially encapsidated products as well as 

the different assembly-incompetent RNA folding states. The gel was run for 19 h with buffer cir-

culation and imaged using a ChemiDoc Imaging system by UV light. Subsequently, the proteins 

were stained by Coomassie Brillant Blue. Both images were compiled and by comparing the EtBr 

signal with the Coomassie Brillant Blue staining, the partially assembled tubes were dependably 

highlighted and differentiated from other assembly products (Fig. 4-2c) (Schneider et al. 2016). 

The longer the residual RNA tail, the higher was the electrophoretic shift in respect of the fully 

assembled particles without any stopper in the reaction (no, C1). The full-length of assembled nano-

tubes was confirmed by a comparison with native TMV particles.  

Since the RNase H assays implied that the molar excess of stopper over RNA depends on the indi-

vidual stopper, i.e., that an optimum of molar excess can shift the equilibrium toward a higher 

blocking yield, different molar excesses over RNA were also compared for the assembly experi-

ments. Blocking with S3'1 showed a similar trend in respect of the molar excesses as it was observed 

in the hybridization assay: at ≥ 5-fold molar excess the assembly was almost completely stopped at 

the desired RNA/DNA duplex position. Furthermore, only one fraction of partially assembled tubes 

was found under the conditions applied (Fig. 4-2c), that means that the second binding site of S3'1 

depicted by the RNase H assay did not stall the encapsidation at this position. On the one hand the 

probability of binding to the 5' position is lower than at the desired 3' position and on the other hand 

the assembly rate into 5' direction is higher and may lead to shearing off S3'1 bound with eight 

mismatches at RNA position 1551-1573 under the conditions used here. 
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Figure 4-2 Influence of stoppers, S3'1 and S3'2, on the self-assembly of CP with wt-RNA. (a) Scheme (not to scale) of partial 
ribonucleoprotein tube assembly, initiated at the OAs, arrested by a stopper (blue) containing a 3' portion (A) that hybridizes 
to the RNA scaffold, and a 5' non-complementary portion (B) serving as a toehold. (b) Cartoons (not to scale) illustrating the 
distinct types of stalled nanotubes with a non-encapsidated RNA portion expected to arise upon effective blocking of their 
assembly by the different stoppers, S3'1 and S3'2, hybridized 3' of the OAs on RNA. (c) Nanoparticle separation of the "stopped" 
products in a native agarose gel in comparison to control reaction products. Two different control samples were prepared: 
"no", i.e., fully assembled nanotubes scaffolded by RNA devoid of stoppers, and "C1", i.e., fully assembled nanotubes obtained 
in the presence of a DNA oligomer with no complementarity to the RNA. Hybridization was performed with variable molar 
excess of stopper over RNA followed by assembly as depicted below the image. TMV and wt-RNA serve as markers. The gel 
was first stained with EtBr (left), followed by Coomassie Brilliant Blue-staining (right). The arrow (upper right) indicates bands 
of fully assembled tubes as confirmed by the TMV particles. Black/white asterisks (*) label bands with higher electrophoretic 
mobility. Bracket depicts non-encapsidated RNA states that are unequal to full-length, native form of RNA (). Adapted from 
Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribution 3.0 International Public License. 
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The reaction with stopper S3'2 showed a different trend concerning the use of different molar ex-

cesses of stopper. Although the RNase H assay implied that the stopper S3'2 was fully hybridized 

to RNA at 25-fold molar excess, the self-assembly could only be stalled in a minor fraction of 

growing particles – even at 50-fold molar stopper excess (Fig. 4-2c). 

To compare the results of RNase H assay and assembly reaction, the gel images were analyzed via 

the software ImageJ (Rasband 1997-2011) and the corresponding percentual yields obtained at a 

25-fold molar excess of stopper over RNA were compiled in Tab. 4-1. While the RNase H assay

implied 100 % hybridization of both stoppers to the RNA, the assembly reaction resulted in 100 %

and 30 % yield of nanotubes stalled by stopper S3'1 and S3'2, respectively. As both, the length as

well as the melting temperatures (Tm) of both stoppers are identic (Tm = 66 °C), it is unlikely that

the stopper completely binds to the RNA but is sheared off during assembly. It is more presumably 

that secondary structures of the complementary RNA region, or intermolecular tertiary interactions

interfere the amenability of the S3'2 target sequences under the conditions used. Computational

folding of a part of the RNA sequence (nt 4396-6395) by mfold (version 2.3, at 65 °C,

http://www.unafold.org/mfold/applications/rna-folding-form-v2.php) (Zuker 2003) showed that 

S3'1 target sequence is accessible at a wider single-strand region with 11 successive nucleotides that 

may mediate the unfolding of the target RNA structure (further details on simulation see section 

4.3.4). In contrast, S3'2 interacts only with four adjacent nucleotides to a small hairpin loop of RNA, 

that is sufficient as a recognition site of RNase H, i.e., the enzyme can cleave the RNA at this 

position. Hence, RNase H assay is useful to preselect stoppers, but the final functionality can only 

be evaluated after the assembly reaction. 

Table 4-1 Hybridization and blocking efficiencies of stoppers S3'1 and S3'2 hybridized to RNA. 

[a] in respect of the sequence position in RNA; [b] calculated from binding sites (5'/3' portions); [c] reflected by the amount 
of cleaved RNA in relation to the non-cleaved RNA deduced from the RNase H assay; [d] estimated for wt-RNA as scaffold in 
the presence of the respective stopper DNA; [e] equates to the amount of partially assembled products calculated by analyzing 
nanotube separation in native gels. All amounts were determined at a 25-fold molar excess of stopper over RNA (see in Ap-
pendix A2 for details).

http://www.unafold.org/mfold/applications/rna-folding-form-v2.php


Results 

51 

The adjusted native gel system with SPP in combination with EtBr illustrated also differences of 

folding states of non-encapsidated RNAs that were unequal to the secondary structure of full-length, 

native RNA (Fig. 4-2c). Identification of the various folding states was not possible, but relative 

and quantitative changes were visualized. As the stoppers were hybridized at 65 °C and during slow 

cooling down to 30 °C, the RNA was only partially denatured prior assembly. This procedure may 

generate assembly-incompetent secondary and/or tertiary structure formation of RNA that did not 

participate in the assembly reaction. Furthermore, the RNA may also be degraded to some extent, 

and shorter segments containing the OAs, assemble into smaller tubes with low Coomassie Brillant 

Blue signal.  

Based on these findings, comparison of different hybridization procedures to bind S3'1 to RNA 

(65 °C, 5 min; 50 °C, 5 min; 42 °C, 16 h) and distinct concentrations of the supplemented MgCl2 

(0, 1.5, 3 mM) as well as defined assembly temperatures (15, 20, 25 °C) were tested in respect of 

the final yield of blocked nanotubes. It was shown that the assembly-competence was dependent 

on the hybridization procedure since different but reproducible EtBr signals and distinct total as-

sembly yields for the various protocols, respectively, were found (data not shown). However, the 

highest blocking yield of S3'1 was achieved after binding the stopper to RNA after a partial dena-

turation step at 65 °C in 75 mM SPP, supplemented with 1.5 mM MgCl2 followed by assembly at 

25 °C as described in the previous section. Indeed, it was found that different stoppers require in-

dividual conditions to provide optimal blocking results. Further evaluation of the conditions for 

individual stoppers are described in Chapter 4.3. 

To confirm the results of native gel analysis that S3'1 blocked the assembly efficiently at the desired 

position to produce one domain of the expected length, the assembly reaction products in the pres-

ence or in the absence of S3'1 were explored by TEM. Mainly straight tubes were determined in 

both samples. Most particles were about 30-40 nm shorter in the presence of stopper S3'1 (stop, 

Fig. 4-3) than the fully assembled nanotubes in the control sample (no). The reduced length of 

around 260 to 270 nm verifies the expectations for an S3'1 binding site-specific stalling of the as-

sembly (Schneider et al. 2016). 
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Figure 4-3 Visualizing the "stop" state of TLP assembly in the presence of stopper S3'1 hybridized to wt‑RNA during the self-

assembly with wt-CPs. TEM analysis of the respective nanotubular products. "stop": partial, stalled assembly directed by 
S3'1/RNA. White arrows show the resulting particles with lengths in the range of 260 to 270 nm. "no": assembly directed by 
RNA without any stopper. The black arrows show fully assembled nanotubes with lengths between 300 and 310 nm. Scale 
bars: 200 nm. Reprinted from Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribution 3.0 In-
ternational Public License.  

4.1.3 Stop-and-go assembly 

To determine whether and under which conditions the assembly could be re-activated after stalling 

the encapsidation, various stop-and-go experiments were performed.  

In an initial trial, in the absence of CP, the removal of stopper S3'1 by a ten-fold excess of the release 

oligomer R3'1 was investigated by an RNase H assay and denaturing gel electrophoresis (see Ap-

pendix Fig. A-1). Stopper S3'1 was hybridized as mentioned before and the complementary strand 

R3'1 was added to the sample and incubated for four hours at 25 °C. Complete removal of stopper 

S3'1 was verified, as undigested full-length RNA was obtained, confirmed by an untreated RNA 

control sample (Schneider et al. 2016). 

To visualize the various assembly intermediates, a step-by-step investigation of the stop-and-go 

assembly in the presence of CPs (for a scheme see Fig. 4-4a) was performed. The suitable stopper 

S3'1 was hybridized to RNA using the before-mentioned temperature-gradient protocol and finally 

mixed with preformed CP disks at 25 °C to initiate the assembly. After three hours a sample was 

stored at 4 °C, to conserve this assembly intermediate state prior toehold-mediated release of S3'1. 

To restart the temporarily blocked encapsidation, another part of the sample was mixed with a ten-

fold excess of the release oligomer R3'1 over S3'1. Another sample served as negative release con-

trol: a ten-fold excess of DNA strand C2, lacking complementarity to S3'1 was added to the partially 

assembled tubes. Those aliquots were again incubated at 25 °C for 4 h and subsequently analyzed 

via native gel electrophoresis and TEM in comparison to a sample assembled in the absence of a 

blocking element (no, Fig. 4-4b-c).The native gel illustrates "stopped" samples (S3'1/‒ in Fig. 4-4b) 

with the expected shift of the partially assembled nucleoprotein tubes, whereas the sample after  
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Figure 4-4 "Stop-and-go": controlled stop of the RNA-directed self-assembly of wt-CP by hybridization of stopper S3'1 to RNA, 
and its subsequent displacement by toehold-release with the DNA "fuel" oligomer R3'1. Reprinted from Schneider et al. 2016 
according to the Creative Commons Non-Commercial Attribution 3.0 International Public License. (a) Scheme of the "stop-
and-go" principle (not to scale). (b) Native agarose gel of products in the "stop", "release" and "control" reaction states, i.e., 
after incubation at 25 °C to allow assembly of nucleoprotein tubes in the absence (no) or presence (S3'1) of the stopper, or 
after its subsequent release by a suitable oligomer (R3'1) in contrast to an oligomer C2 non-complementary to S3'1. The arrow 
indicates the bands of fully assembled tubes as confirmed by comparison with TMV particles. Black/white asterisks (*) label 
bands of increased electrophoretic mobility, reflecting stalled nanotubes. (c) Analysis of the resulting nanotube length distri-
butions. "no": assembly directed by RNA without any stopper; "stop": temporarily stopped assembly directed by S3'1/RNA; 
"go": assembly directed by S3'1/RNA first, after subsequent addition of R3'1. Left: TEM images; scale bars: 200 nm. Right: 
Corresponding histograms with n structures analyzed. Triangles indicate the expected nanotube lengths. The frequencies of 
three independent experiments were averaged for every length class, error bars show the standard deviations. The cumulated 
length data under the brackets were tested for significant differences (Mann-Whitney Rank Sum Test, p < 0.001) between the 
applications. The same lower case alphabetic characters indicate no significant difference.  
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incubation with the complementary release DNA strand (S3'1/R3'1) showed the same electropho-

retic mobility than the samples without addition of any stopper (no/‒). Hence, the native gel analysis 

indicated the successful restart of assembly by a toehold-mediated release of the stopper. Further-

more, TEM imaging confirmed the results of native gel electrophoresis: The electron micrographs 

(Fig. 4-4c) illustrate nucleoprotein complexes exemplarily of each class: stopped (stop) and re-

initiated (go) encapsidation as well as assembly in the absence of a stopper (no). As expected from 

the previous TEM analyses, the uninterrupted growth (no) yielded predominant particle length of 

300 nm. The reproducibility of three independent experiments was investigated and their analyses 

showed no significant difference (see Appendix Fig. A-2). Consequently, the total measurements 

of almost 1000 nanotubes per class were cumulated and depicted in the histograms with the corre-

sponding standard deviation (Fig. 4-4c) (Schneider et al. 2016). Blocking the assembly was highly 

efficient with stopper S3'1, since measurements of the stopped assembly revealed a major fraction 

of nanotubes with a length of 260 to 270 nm. Restart of the before-stalled nanotubes by toehold-

mediated removal of the stopper (go) could be confirmed by a length distribution comparable to 

continuously grown particles (no). In all assembly reactions a background of TMV-like tubes of 

heterogenous lengths was observed that usually resulted from stacked CP formations lacking the 

RNA scaffold or interrupted assembly due to inappropriate RNA secondary structures (Wu et al. 

2010; Eber et al. 2015, 2013; Geiger et al. 2013). Nucleoprotein tubes longer than fully assembled 

TLPs originate from head-to-tail complexes or CP aggregates attached to full-length tubes 

(Zimmern 1983).  

Since the predominant length class of the stopped group corresponded to the RNA portion that was 

calculated to be accessible between S3'1 and RNA's 5' end (Table 4-1), it was assumed that the 

length of the forming nanotube population for other stopper sites is reliably predictable and with a 

complementary release strand the blockage is fully reversible under the conditions used. Conse-

quently, TMV-like particles with two precisely defined, differently addressable, longitudinal CP 

domains (2-DTLPs) may be designed and generated with the stop-and-go technique.  
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4.1.4 Generation and visualization of 2-DTLPs 

To prepare those DTLPs, a purification procedure was required that conserves the blockage of in-

termediate assembly products as well as the protruding RNA. It was found that assembly remained 

blocked by S3'1 over a period of 24 h and 12 d, at 25 °C and 4 °C, respectively. Also, the encapsi-

dation could be successfully reinitiated by the addition of the complementary release strand, i.e., 

the RNA tail remained intact in the majority of particles (data not shown). Ultracentrifugation (UC) 

was investigated to find out whether it enables the removal of non-assembled CP excess and pre-

serves assembly-competent intermediate products. For this purpose, wt-RNA was hybridized with 

the highly efficient stopper S3'1 using the established protocol following assembly at 25 °C to form 

the first 5' domain with wt-CP. The mixture was centrifuged at 90500 g for 2 h in the 45 Ti rotor of 

Optima L90K (Beckman Coulter GmbH) to remove non-assembled wt-CPs and products ≥ 116 S 

were sedimented. A second CP variant was prepared after coupling of the bifunctional maleimide-

PEG11-biotin linker to TMVCys and subsequent complete removal of residual linker molecules as 

shown by Koch et al. (2015). The partial TLPs were mixed with this CPCys-Bio variant (50 % bioti-

nylation efficiency) and the corresponding release strand R3'1 to initiate the formation of TLP's 3' 

domain at 25 °C for 16 h. To sediment the final assembly products, the sample was centrifuged via 

UC using similar parameters as above. Several samples (#1-8 in Fig. 4-5) were taken to monitor 

the qualification of the procedure and analyzed via native gel electrophoresis. Successful blocking 

(#1) as well as restart of assembly (#2) after toehold-mediated release of S3'1 was found with the 

usual efficiency. The supernatant of first UC (#3) contained non-assembled CP but also partially 

assembled tubes, i.e., the desired product was not completely sedimented with parameters applied 

during UC. However, the resolved pellet clearly indicated stalled tubes prior (#4) and after addition 

of R3'1 (#5), consequently, the first CP variant was fully removed by UC. When CPCys-Bio was added 

in combination with the release strand (#6-8), fully-encapsidated particles were visualized by elec-

trophoretic shift to the range of full-length nanotubes and lacking the EtBr signal. Fractions of less 

electrophoretic mobility found in samples #4-6 and #8 seemed to be formed after UC depending on 

concentration of nucleoprotein complexes. A CP cloud was shown in the supernatant (#7), but not 

in the resolved pellet (#8) indicating complete removal of the residual free CPCys-Bio. Around 50 % 

of the second CP variant was coupled with the maleimide-PEG11-biotin linker (data not shown) 

resulting in diverse compositions of the formed 3' segment. As the negative net charge of CPCys, 

CPCys-Bio and wt-CP differ, DTLPs of the same length but with various arrangements of the second  

domain (#6-8) yielded a broader fraction in native gels in contrast to completed nanotubes with 
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Figure 4-5 Monitoring the 2-DTLP preparation and purification procedure. Hybridization of S3'1 to RNA followed by assembly 
of the first 5' domain with wt-CP were performed as depicted below the image. The following steps and the sample numbers 
(#) are depicted in the table (detailed description see text); sup = supernatant. Different samples of preparation were analyzed 
by nanoparticle separation in a native agarose gel. Black/white asterisks (*) label bands of increased electrophoretic mobility, 
reflecting stalled nanotubes. The arrow indicates the bands of fully assembled tubes and the upper bracket marks the residual 
free CPs. 

wt-CP (#2). To analyze the lengths of the distinct domains via TEM, the tetrameric glycoprotein 

avidin was coupled to the exposed biotin of the as-produced wt-CysBio-DTLPs. The subsequent 

TEM imaging showed only a faint coverage with avidin of the desired domain. Hence, the analysis 

of images resulted in unreliable length measurements between various nanotubes so that a clear 

delimitation of the distinct domains was not possible. This could be attributed to the low biotinyla-

tion efficiency (50 %) of the applied CPCys-Bio preparation as it was expected from the used protocol 

(Koch et al. 2015) in combination with coupling of the small biomolecule avidin (≈ 66 kDa, 5.6 x 

5.0 x 4.0 nm (Pugliese et al. 1993)). Although, the decoration of the CPCys-Bio domain with a strep-

tavidin-conjugated glucose oxidase (Koch et al. 2015) yielded better visualization by TEM due to 

the larger molecules, a concrete determination of length was inconclusive since no sharp borders 

were obtained (data not shown).  

However, to reliably estimate the length of a domain, a higher number of biotin molecules accessi-

ble for small molecules, like avidin, appeared crucial. To constitute uniformly decorated segments 

that only expose the similar functional group, another CP variant was explored to enhance the den-

sity of biotin moieties.  
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For this purpose, TMVLys (Geiger et al. 2013) was covalently conjugated with a bifunctional NHS-

PEG12-biotin linker to the additional lysine residue on the outer surface of every CP in two parallel 

samples. In both cases, almost 100 % functionalized CPLys-Bio were obtained (data not shown). 2-

DTLPs containing the as-produced CPLys-Bio were fabricated by hybridization of stopper S3'1 to wt-

RNA, followed by assembly with wt-CP, to generate the first 5'-terminal domain with a desired 

length of 261 nm. The ultracentrifugation procedure was further optimized by an increase of the 

rotational centrifugal force (113 000 g, 2 h) to fully sediment the desired nanotubes blocked at the 

S3'1 site. Accordingly, free wt-CP and smaller TLP aggregates could be removed, and the partially 

assembled nanotubes and the residual RNA tail remained intact. The almost pure sample was mixed 

with the second CPLys-Bio variant as well as with R3'1. After toehold-mediated release of stopper and 

completion of the nanotubes, the desired assembly products were enriched by UC. The purified wt-

LysBio-DTLPs (261-39) were subjected to bio affinity coupling of avidin followed by a final sedi-

mentation via UC and subsequent analysis by electron microscopy. TEM images showed indeed 

nanoobjects with two domains of different size. A longer, smooth domain formed with wt-CP as 

well as the avidin-decorated CPLys-Bio part visualized by a uniform surrounding corona were found 

(Fig. 4-6).  

Figure 4-6 Electron micrographs of TMV-like nanotubes with two subdomains of distinct CP variants. These domain-TLPs were 
prepared through the stepwise, externally controlled stop-and-go procedure as it is schematically depicted in the inset (not 
to scale; adapted from Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribution 3.0 Interna-
tional Public License). The dotted arrow denotes the smooth first assembled wt-CP domain, the small continuous arrow the 
adjacent avidin decorated CPLys-Bio domain. Scale bars: 200 nm.  
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Determination of the individual segments based on 70 nanotubes of a total length ranging from 

285 nm to 320 nm bearing two discriminable domains. The longer 5' part had an average length of 

260 nm, whereas the avidin-decorated segment resulted in 45 nm. The increase of the 3'-terminal 

domain by 5 nm attributed to the length of the biotin-linker-attached avidin (Pugliese et al. 1993). 

Those results confirm the successful fabrication of the desired TMV-like particles with two differ-

ent precisely separated CP regions (Schneider et al. 2016). 
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4.2 Universality of dynamic DNA-controlled assembly 

To explore whether the stop-and-go technique is limited to binding sites of stoppers in the original 

TMV-RNA or if it can be expanded to arbitrary sequences, three distinct plasmid constructs were 

prepared for the generation of heterologous RNAs (hRNAs). Subsequently, the universality of the 

dynamic DNA-controlled assembly of TLPs could indeed be shown with the variable hRNA scaf-

folds and corresponding stoppers (Schneider et al. 2016).  

4.2.1 Production and evaluation of assembly-competent scaffolds with heterologous se-

quences 

The individual DNA constructs were designed and generated by discrete cloning procedures, each 

containing the cDNA sequence of TMV-OAs with variable surrounding context and different non-

TMV sources (schematically shown in Fig. 3-1). Construct I, based on the vector pGEM®-T Easy 

as well as the smallest inserted TMV-OAs portion (nt 5350-5531), was linearized with DraIII and, 

subsequently, hRNA I was produced by in vitro transcription using T7 RNA polymerase. During 

investigations on construct I and the corresponding hRNA I, a T7 RNA polymerase transcription 

terminator sequence was identified at position 1262-1301 (Jeng et al. 1992). This resulted in a mix-

ture of two RNA fractions: a terminated product with a length of 1262 nt and the read-through 

hRNA I with 2748 nt (see Appendix Fig. A-3a). The second plasmid consists of a eukaryotic back-

ground construct (full-length of AbMV DNA A, for details see Chapter 3) inserted into pLIT-

MUS 28i and a short TMV sequence including its OAs (nt 5211-5584). Transcription of the SacI-

HF-linearized construct II yielded pure hRNA II with a length of 2982 nt. The longest TMV se-

quence (nt 4253-6398) was inserted into pBlueScript II SK (+) and served as the third vector con-

struct. The template was linearized with ScaI-HF and transcribed by T3 RNA polymerase. The 

resulting hRNA III was 3303 nt in length and produced with high purity and yield. All hRNA scaf-

folds were confirmed by denaturing gel electrophoresis (see Appendix Fig. A-3a). 

The various hRNAs served as examples for the possibility to encapsidate scaffolds with different 

coding and non-coding RNA sequences of prokaryotic and bacteriophage sources (in hRNA I/III), 

RNA portions with eukaryotic ORF origin in coding and reverse orientation (elements of AbMV 

DNA in hRNA II) as well as non-coding intergenic regions (in all hRNAs). To investigate the as-

sembly-competence, hRNAs were incubated with TMV-CP at 25 °C and the assembly products 

were compared in respect of their nanotube sizes after separation by native gel electrophoresis 

(Fig. A-3b). hRNA I showed two fractions of various electrophoretic mobility, corresponding to  
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fully encapsidated nanotubes of different lengths, since no EtBr signal was found. That means that 

both, the read-through (2748 nt) as well as the terminated hRNA I (1262 nt), were assembled into 

nucleoprotein complexes with high efficiency. hRNA II resulted in diverse assembly products, 

some of them with residual free RNA tails as visualized by EtBr. hRNA III yielded a major fraction 

of fully encapsidated tubes as well as one faint signal of partially assembled tubes. Furthermore, to 

compare the usual assembly reaction (iva) with the conditions during the stop-and-go process, an-

other sample was prepared with a denaturation step at 65 °C prior assembly, corresponding to the 

hybridization procedure lacking a stopper (no). Native gel electrophoretic analysis of assembled 

hRNA I and II illustrated only minor differences of both procedures (iva and no in Fig. A-3c). In 

contrast to nucleoprotein complexes formed by hRNA I and II, the assembly products of hRNA III 

with (no in Fig. A-3c) and without prior denaturation (iva) differed: A third product with the highest 

electrophoretic mobility was produced, additionally to the before-mentioned fully and partially en-

capsidated tubes during imitating the hybridization procedure (no). 

The following TEM analysis of assembly products without addition of a stopper (no) were per-

formed to better understand the individual fractions. The broader size distribution of nanotube 

lengths (Fig. 4-7) scaffolded by all hRNAs compared to assembly of wt-RNA was confirmed. How-

ever, TEM imaging revealed the formation of nucleoprotein rods with a diameter of 18 nm compa-

rable to native TMV. 

TLPs scaffolded by hRNA I resulted in a major length class ranging from 60-65 nm, corresponding 

to fully encapsidated terminated hRNA I, whereas no prominent class in the size of completely 

assembled read-through product (129 nm) was found. Furthermore, the background of smaller ag-

gregates was higher than it is known from assembly products of wt-RNA. Analysis of assembly 

products of hRNA II also revealed around 50 % small nanotubes ranging between 35-75 nm. The 

findings of TEM and native gel were in agreement and indicated that those smaller objects were 

aborted assembly products with protruding RNA, that however was not visible by negative staining 

in TEM. The size class correlating with predicted full-length particles (140 nm) scaffolded by 

hRNA II yielded a frequency of 7 %. Analysis of TMV-like tubes, templated by hRNA III, resulted 

in the prominent size classes 150-155 nm and 155-160 nm, respectively, representing fully encap-

sidated nucleoprotein tubes with an expected length of 155 nm. This was conformed with the pre-

dominant fragment observed in native gels. Furthermore, classes ranging between 90-120 nm 

showed a frequency of around 25 % that could lead to the background seen in gel analysis, however, 

an additional concrete fraction was not found.  
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Figure 4-7 Investigation on the self-assembly with wt-CPs of the distinct hRNAs lacking a stopper (no). TEM analysis: Expected 
particle lengths (nm) are illustrated above each TEM image. Orange asterisks illustrate TLPs of the desired length in the re-
spective class. Scale bars: 200 nm. Length distribution: histograms with n structures analyzed. The orange triangles indicate 
the expected nanotube lengths, the dotted orange triangle depicts the assembly product of the read-through hRNA I. Adapted 
from Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribution 3.0 International Public License. 

Although the distribution of nucleoprotein tube length was higher than for encapsidation of 

wt-RNA, the assembly-competence of all hRNAs was confirmed.  

4.2.2 Analysis of blocking the encapsidation at different heterologous RNA sites and its rei-

nitiation 

As the assembly-competence of the different hRNA templates with wt-CP was shown, it was now 

explored whether the encapsidation of hRNAs could be interrupted with corresponding stoppers 

complementary to distinct heterologous sequences. For this purpose, four to five stoppers were 

designed to target in distinct non-TMV sequences downstream of the OAs (see Fig. 4-8a for bind-

ing sites and Tab. 3-2 for characteristics). Individual experiments were performed using the same 

conditions as established for wt-RNA with and without the various stoppers hybridized to hRNA I, 

II and III, respectively, and analyzed via gel electrophoresis (Fig. 4-8b-d). All stoppers binding to 

hRNA I interfered with the assembly resulting in additional bands of higher electrophoretic mobil-

ity with intense EtBr signal unlike full-length TLPs (Fig. 4-8b). hI-S3'3 showed the highest blocking 
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effect with a low fraction of fully encapsidated tubes. Another trend was found for hRNA II: 

hII-S3'5 strongly blocked the encapsidation, stoppers hII-S3'1 and hII-S3'4 stalled the assembly to a 

minor extent, respectively, whereas hII-S3'2-3 had no impact or could not be differentiated from 

background fractions, that were obtained for all samples (Fig. 4-8c).  

All combinations of stopper/hRNA III showed fully assembled nanotubes as well as the additional 

partially assembled TLPs (Fig. 4-8d, depicted by the curly brackets) that were seen in the experi-

ments without any stopper (no). Precise stalling of the assembly by a DNA strand was only suc-

cessful using h-S3'1. Here, a distinct isolated fragment was detected by protein as well as RNA 

detecting agents that evidently differed from the sample lacking a stopper.  

Figure 4-8 Impact of various stoppers on the assembly of hRNAs with TMV-CP. (a) Scheme illustrates binding sites of stoppers 
on the RNA in respect of regions in the plasmid construct and are in accordance with Fig. 3-1. Drawings are not to scale. (b-d) 
Electrophoretic separation of the assembly products scaffolded by heterologous RNA I to III in 1.5 % native agarose gels. Con-
trol samples (no) were prepared under the same conditions, i.e., fully assembled nanotubes scaffolded by hRNAs devoid of 
stoppers. The arrow indicates bands of fully assembled tubes as confirmed by the control sample. Black/white asterisks (*) 
label concrete bands with higher electrophoretic mobility. White triangles indicate EtBr signals corresponding to these bands, 
and residual free RNA, however, their Coomassie Brilliant Blue signal is too low to visualize concrete fractions. The arrow in 
the brackets shows the terminated product of hRNA I (b). The hash marks (c) and the bracket (d) denote the range of (back-
ground) fragments additionally obtained in all samples using the conditions depicted below the image. 
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Since the denaturing gel electrophoresis clearly indicated only one RNA species in the sample, the 

additional fragments arose during assembly. 

As a brief reminder, native gel electrophoresis visualizes a linear correlation of blocked nanotubes 

with intact residual RNA when the total RNA length as well as the blocking side in respect of the 

OAs are similar. Thus, various 3' stoppers that were known to reliably block the assembly at binding 

sites within the TMV sequence were hybridized to hRNA III, followed by assembly with wt-CP, to 

generate a ladder for determining the nucleoprotein tube size as well as the protruding RNA length 

(Fig. A-4). Analyses of three independent sets of samples without a stopper separated in native gels 

revealed that the additional fragments with higher electrophoretic mobility correlate with a partially 

assembled nucleoprotein rod of ≈ 138 nm and ≈ 122 nm with the residual RNA length of ≈ 360 nt 

and ≈ 690 nt, respectively. The incompletely encapsidated product of ≈ 122 nm, that resulted after 

performing the hybridization procedure at 65 °C, might be aborted in the region that originates from 

the F1 origin sequence.  

To investigate whether the most competent stoppers have additional binding sites of lower speci-

ficity, stoppers hI-S3'3, hII-S3'5 and h-S3'1 were hybridized to hRNA I, II and II, respectively, using 

the standard procedure (65 °C, 5 min  30 °C (-0.1 °C/s)) followed by RNase H cleavage. Analysis 

via denaturing gel electrophoresis confirmed that the stopper bound efficiently to the RNA and no 

unspecific stopper binding resulted under conditions used (data not shown), supporting the findings 

that specific RNA sequence interrupted the assembly with CP. Furthermore, initial investigations 

to completely remove the individual hybridized stopper by a ten-fold excess of the corresponding 

release oligomers were performed in the absence of CP at 25 °C for 4 h. Subsequently, those sam-

ples were also incubated with RNase H, separated on denaturing gels, and verified the complete 

removal of stopper for each scaffold (data not shown). 

To explore full stop-and-go experiments, the most competent stoppers, hI-S3'3, hII-S3'5 and h-S3'1 

were hybridized to the respective hRNAs, followed by assembly with wt-CP. The corresponding 

release DNA strands to restart the assembly, were mixed with the sample without exchanging the 

CP variant.  
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Figure 4-9 Investigation on the controlled RNA-directed self-assembly of wt-CPs by annealing the functional stoppers to the 
distinct hRNAs (stop), and its subsequent displacement by toehold-release with the release DNA oligomer (go). (a) TEM anal-
ysis: Expected particle lengths (nm) for the various classes are illustrated at the left side of each TEM image. Orange asterisks 
illustrate TLPs of the desired length in the respective class. Black asterisks depict the non-blocked as well as the remaining 
stalled nanotubes within the "stop" and "go" samples. The dotted arrow shows a full-length TLP of the read-through hRNA I 
(go). Scale bars: 200 nm. (b) Statistic comparisons (as described for Fig. 4-4): The orange triangles indicate the expected nano-
tube lengths, the dotted orange and the black triangle depicts the assembly product of the read-through hRNA I and the non-
stalled fraction of hRNA III, respectively. Adapted from Schneider et al. 2016 according to the Creative Commons Non-Com-
mercial Attribution 3.0 International Public License. 
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The stop-and-go competence was analyzed by qualitative and quantitative TEM imaging. Electron 

micrographs represent nucleoprotein complexes exemplarily of the different groups of stopped 

(stop) and re-initiated (go) encapsidation (Fig. 4-9a). Three replicated independent experiments 

were analyzed. Since the individual experiments of each group were not significantly different (see 

Appendix Fig. A-5), the findings were accumulated and illustrated in the histograms with the cor-

responding standard deviation (Fig. 4-9b). Equivalent results were observed for hRNA I and II: 

Stoppers strongly blocked the assembly and resulted in nanotubes (stop) of the desired length clas-

ses, 40-45 nm and 120-125 nm, for hI-S3'3/hRNA I and hII-S3'5/hRNA II, respectively, as implied 

by electrophoretic analysis. The background of small assembly products of hII-S3'5/hRNA II was 

similar to the sample lacking the stopper (no), whereas hI-S3'3/hRNA I showed only minor fractions 

of lengths > 50 nm indicating that the stopper efficiently stalled the assembly for both, the termi-

nated as well as the read-through hRNA I. The assembly-reinitiation of before-blocked nanotubes 

by the toehold-mediated release of stopper via the complementary release strand (go) was con-

firmed by the shift of major fractions to the sizes of expected full-length particles and a length 

distribution comparable to continuously grown particles (no). As it was expected from native gels 

as well as from the sample lacking the stopper (no), only a minor fraction of fully encapsidated 

read-through hRNA I was found, exemplarily visualized in the TEM image (go) by the dotted yel-

low arrow. The assembly of hRNA III in the presence of h-S3'1 (stop) yielded a maximal frequency 

of 15 % for size class 110-115 nm correlating with the predicted length of arrested tubes (111 nm). 

Blocking the encapsidation of hRNA III by h-S3'1 was not highly efficient as another prominent 

class was obtained in the range of completely assembled tubes consistent to the findings of native 

gel analysis. However, the complete restart of assembly was verified for a major fraction of nano-

tubes in the size class of full-length particles (155-160 nm) after DNA-mediated release of the stop-

per (go). A significant difference of "stop" and "go" groups, was found for all RNA scaffolds 

(Fig. 4-9b).  

The results based on three heterologous RNA sequences, containing the TMV-OAs to various ex-

tent, have verified the universality of the stop-and-go technique (Schneider et al. 2016) and gave an 

insight into the blocking competence of stoppers in regions of non-TMV origin and the challenges 

of secondary structures of such RNA sequences during assembly with CP. 
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4.3 Challenges of stopping the nucleoprotein tube assembly 

The previous chapters present results with 3' stoppers that block the assembly of wt-RNA as well 

as of hRNAs with wt-CP. Furthermore, the arrested nanotubes could be completed by another CP 

variant after the toehold-mediated release of stoppers. 3' stopping of wt-RNA resulted in different 

amounts of partially assembled particles, depending on the stopper's 3' position at the RNA, that 

means that the yield of subsequent generation of desired TMV-like particles with multiple domains 

is affected. The following studies will reveal deeper insights into blocking capabilities of various 

stoppers complementary to 3' sites in respect of the OAs during DNA-controlled assembly of RNA 

with CP and additionally investigate the use of 5' positions, i.e., upstream the OAs (for schematic 

details see Fig. 4-10). 

4.3.1 Influence of RNA structure on stopper competence 

As some results indicated that the spatial RNA structure hinders hybridization of a stopper, the 

correlation of binding competence, and thus the stop-ability of a stopper and the distinct RNA se-

quence were evaluated. For this purpose, various sets of 3' stoppers each complementary to the 

same RNA region were selected. Stoppers were designed using similar characteristics than for the 

suitable stopper S3'1, with three sets of partially overlapping stopper sequences within the same 

regions of interest. The overlap lengths varied, as detailed in Table 3-2.  

Figure 4-10 Schematic details of stopper binding sites on the wt-RNA in respect of regions in the genome (not to scale). The 
genome map illustrates the regions, coding for the different proteins as well as areas forming the OAs or the tRNA-like struc-
ture, respectively, in respect of the stopper binding regions illustrated in the RNA diagram. In the diagram the binding sites of 
the different stoppers on RNA in relation to the origin of assembly (OAs) position (symbolized as a hairpin, red) are depicted. 
The expected nanotube length (grey box) is calculated using wt-RNA as scaffold for the self-assembly with CP in the presence 
of the respective stopper. 
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The following three sets of stoppers were investigated: S3'3-5 and S3'6-9 are complementary to two 

different RNA regions within the CP coding sequence (Guilley et al. 1979), nt 5733-5784 and nt 

6159-6205, respectively, and S3't1-3 target position 6323-6359, that forms the tRNA-like structure 

(TLS) (Guilley et al. 1975) (binding sites depicted in Fig. 4-10, for sequences and characteristics 

see Table 3-2).  

Newly designed 3' stoppers were evaluated using the above-mentioned standard protocol. Briefly, 

stoppers were hybridized to RNA by an initial denaturation at 65 °C for 5 min, followed by cooling 

down to 30 °C with a rate of 0.1 °C. The nucleoprotein tube assembly was initiated by the addition 

of wt-CP to the stopper/RNA mixture, followed by an incubation at 25 °C for 5 h. The assembly 

products were analyzed via native gel electrophoresis. Stoppers S3'3-5 arrested the nanotube growth, 

visualized by higher electrophoretic mobility and an explicit EtBr signal associated with the free 

RNA tail than full-length TLPs (Fig. 4-11). 

However, stoppers S3'3-5 varied in their blocking efficiencies. Approximately 85 %, 50 % and 95 % 

partially encapsidated tubes resulted from blocking the assembly with S3'3, S3'4 and S3'5, respec-

tively. Stoppers complementary to the tRNA-like region also differed in their stop-competence. 

S3't1 blocked the assembly to a minor degree that was too small to distinguish from full-length 

particles, whereas S3't2 and S3't3 yielded ≈ 100 % stalled TLPs. Calculations of the yields at 25- and 

40-fold molar excess via the software ImageJ obtained no relevant differences.

Figure 4-11 "3' Stop": the influence of distinct 3' stoppers on the self-assembly of wt-CP with RNA using standard conditions: 
Hybridization was performed with two variant molar excesses of stopper over RNA for 5 min at 65 °C, cooling to 30 °C with a 
rate of 0.1 °C/s, followed by assembly for 5 h at 25 °C (depicted below the image). Visualization of "stop" state after nanopar-
ticle separation in a native agarose gel. A control sample was prepared under the same conditions: "no", i.e., fully assembled 
nanotubes scaffolded by RNA devoid of stoppers. The arrows indicate bands of fully assembled tubes as confirmed by the 
control sample. Black/white asterisks (*) label bands with higher electrophoretic mobility. White triangles indicate EtBr signals 
corresponding to these bands, and residual free RNA, however, the yield is too low to differ from full-length tubes. 
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Major differences in the blocking competence for the third set of stoppers (S3'6, 8, 9) were found (see 

Appendix Fig. A-6a for results): S3'6 did not block the assembly, whereas S3'8 as well as S3'9 re-

sulted in 60 % and 100 % stopped nanotubes, respectively. To investigate whether an increased 

number of complementary nucleotides could enhance the strand displacement effect to unfold the 

secondary structure of RNA, S3'7 was designed with an enhanced binding region (37 nt) that par-

tially overlap with the non-efficient S3'6 and completely with the suitable stoppers S3'8 and S3'9. 

However, native gel analysis showed that only 60 % of encapsidated nanotubes were blocked by 

S3'7 (Fig. A-6a). Even hybridization after a partially denaturation treatment at elevated temperature 

adjusted for the higher Tm, followed by a temperature ramp with a second plateau (75 °C, 3 min  

70 °C, 3 min  30 °C (-0.1 °C/s)) did not enhance the blocking efficiency above 60 % (data not 

shown).  

In comparison of the blocking efficiencies of these three sets of stoppers with the low differences 

of characteristics between the individual stoppers, no trend of Tm, %GC and binding length in re-

spect of stop-ability was revealed. However, the results implied that the specific binding position 

has the highest impact due to the individual spatial RNA structure. The site-specific effects on the 

accessibility of RNA will be investigated in section 4.3.4. 

Nevertheless, as a whole, ten out of twelve 3' stoppers were found to stall the assembly with differ-

ent efficiencies using the established standard conditions.  

4.3.2 Effect of the deviant 5' CP assembly mechanism on blocking nanotube growth upstream 

the TMV-OAs 

The previous parts focused on the RNA region downstream (3') the OAs, that amounts to 40 nm of 

the fully assembled nucleoprotein tube. In contrast, the next section investigates whether and how 

the upstream portion might be manipulated during its self-assembly. Since 3' and 5' direction rela-

tive to the OAs differ in their assembly rate and elongation mechanism (Butler and Lomonossoff 

1980; Butler 1999) (see section 2.2.1 for further details), the influence of the bidirectional, asym-

metric assembly of TMV-RNA will be discussed. 

In a first approach, two stoppers (S5'1 and S5'2) addressing sites 5' of the OAs were investigated in 

respect of their hybridization efficiency. Both stoppers possess a TMV-RNA-complementary part 

of 22 nt and a 3' toehold. The binding sites are adjacent to the OAs region with sequences resulting 

in distinct characteristics of both stoppers, although, their binding length is similar (for binding sites 

see Fig. 4-10, for sequences and characteristics see Table 3-2). Hybridization of stoppers to RNA 

was performed using the standard procedure (65 °C, 5 min  30 °C (-0.1 °C/s)) and followed by 
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incubation with RNase H. After RNA cleavage with RNase H at the RNA/DNA duplex position, 

two defined fractions were found in the denaturing agarose gel for both stoppers, indicating efficient 

hybridization of the DNA strands to RNA (Fig. 4-12a) (Schneider et al. 2016). To test whether the 

stoppers also blocked the self-assembly of wt-CP with RNA, the established procedure was exe-

cuted. However, the assembly of the hybridization mixture with wt-CP at 25 °C yielded only about 

25 % or 5 % of partially assembled TLPs, blocked by S5'2 or S5'1, respectively (Fig. 4-12b) 

(Schneider et al. 2016). As the assembly rate into 5' direction is approximately 4-times higher than 

that of the 3' assembly and uses preformed CP disks in a cooperative manner (Butler 1999; Eber et 

al. 2015), it was assumed that the stoppers were sheared off the RNA during the assembly.  

To examine whether the blocking capability at sites 5' of the OAs was only dependent on the as-

sembly direction and thus mechanism, various stoppers complementary to different RNA sites 5' of 

the OAs were configured (see S5'3-9 in Fig. 4-10 and Table 3-2). S5'3 features an extended binding 

length (by 9 nt of the sequence of S5'2), to rule out if a higher binding strength hinders shearing of 

the stopper at similar position. In contrast, stoppers S5'4-9 were designed with 5' toeholds (relative 

to their sequence) and with similar characteristics (TM, %GC-content, binding length) as the suitable 

3' stoppers. To explore this RNA region, the self-assembly in the presence of the newly designed 

5' stoppers was first investigated using the established conditions. Native gel electrophoretic sepa-

ration showed that stoppers S5'4-9 did not stall the assembly process as efficiently as it was expected 

after the RNase H assay, whereas blocking with S5'3 resulted in 25 % partially assembled tubes 

comparable to the blocking efficiency of S5'2 (data not shown). As the findings of low blocking 

effect were similar to the previous observation in studies with stoppers S5'1 and S5'2 (Schneider et 

al. 2016), the experiments suggested consistently that the major impact on the ineffective 5' stop-

ping resulted from the higher assembly rate into 5' direction that displaced the hybridized stoppers.  

To generate multiple domains despite a background of unwanted full-length tubes due to inefficient 

stopping, a higher yield of 5' stalled nucleoprotein tubes was required. Hence, further developments 

on the stop-and-go conditions were performed, to manipulate the assembly in the upstream direction 

of the OAs. As the assembly rate of TMV depends to a certain extent on the temperature, the stop-

and-go procedure might be improved for 5' regions by decreasing the assembly temperature. For 

this purpose, the stoppers were hybridized to the RNA under standard hybridization conditions 

(65 °C, 5 min  30 °C (-0.1 °C/s)). However, for both stopper variants, S5'2 and S5'3, the CP disk 

preparations were assembled with the RNA at temperatures of 25°C and 15°C, respectively, to 

compare the conditions (25 °C) used in 3' direction with a lower temperature. 
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Figure 4-12 Stopping at sites 5' of the OAs. (a) Agarose gel electrophoretic separation (1 % agarose, under denaturing condi-
tions) of the products after RNase H cleavage of DNA/RNA hybridization products of wt-RNA. Stoppers were hybridized to the 
RNA in 5- and 25-fold molar excess, prior to RNase H treatment. The arrows denote the bands of undigested RNA and brackets 
the range of fragments expected after digestion. (b-d) Visualization of "stop" state after nanoparticle separation in a native 
agarose gel. A control sample was prepared under the same conditions: "no", i.e., fully assembled nanotubes scaffolded by 
RNA devoid of stoppers. TMV and/or wt-RNA serve as markers. The arrows indicate bands of fully assembled tubes as con-
firmed by the control sample. Black/white asterisks (*) label bands with higher electrophoretic mobility. White triangles indi-
cate EtBr signals corresponding to these bands, and residual free RNA, however, their Coomassie Brilliant Blue signal is below 
the visualization limit. The arrow head (left side, c) depicts full-length form of RNA. Hybridization was performed followed by 
assembly as depicted below the image: variable molar excess of stoppers S5'1 and S5'2 over RNA using the standard procedure 
(b), stalling by S5'2 and an elongated S5'3 each in comparison of two different assembly temperatures (Tass) (c), and investiga-
tion of further 5' stoppers at Tass = 15 °C (d). (a+b) are adapted from Schneider et al. 2016 according to the Creative Commons 
Non-Commercial Attribution 3.0 International Public License. 
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The blocking efficiencies at both temperatures were compared by nanotube separation via native 

gel electrophoresis (Fig. 4-12c). A brighter EtBr as well as Coomassie Brillant Blue signal depicted 

that stopping the assembly by S5'2 as well as by S5'3 at 15 °C was more efficient than at 25 °C and 

resulted in 65 % and 58 % of partially assembled TLPs, respectively. However, analysis of assem-

bly at the lower temperature revealed that the total assembly yield was reduced by one-third in 

contrast to encapsidation at 25 °C. Since comparable blocking efficiencies were found for the as-

sembly-stop with both, S5'2 and S5'3, respectively, at 25 ° and 15 °C, the extended binding part of 

S5'3 did not increase the blocking effect.  

Stopping at 5' sites of the OAs with stoppers S5'4-9, showed the same trend using different assembly 

temperatures: The yield of stalled TLPs was higher after assembly at 15 °C compared to assembly 

at 25 °C, but the overall yield of nanotubes was reduced with the decreased assembly rate 

(Fig. 4-12d). Furthermore, so far, it was not conclusive, whether the 5' toehold of S5'4-9 has an 

impact on the blocking efficiency due to an enhanced sterical hindrance for binding the next CP 

disk, as it was the first part that was pulled towards the inner disk channel in contrast to the 3' 

toehold of S5'1-3.  

4.3.3 Impact of the hybridization procedure on the assembly competence 

To produce DTLPs in a multiple step procedure, the overall yield of correct intermediates and final 

nanotubes required an improvement, as introduced in the above section. Previous results had shown 

decreased total yields of nanotube assembly for hybridization protocols with an initial heating step 

to 50 °C or 65 °C, respectively (Chapter 4.1), in comparison to simple TLP assembly at 25 °C, that 

may have resulted from RNA refolding into assembly-incompetent secondary structures following 

its partial denaturation. To compare the influence of denaturation/hybridization temperatures, pro-

cedures under milder conditions were studied. The assembly of nucleoprotein tubes was performed, 

after employing milder conditions (25 °C or 30 ° for 2 h) for RNA pre-treatment and binding of 

S3'1. Parallel samples were treated according to the standard procedure (65 °C, 5 min  30 °C 

(-0.1 °C/s)) and the assembly products were analyzed by native gel electrophoresis. The back-

ground of different RNA folding states found after binding of S3'1 to RNA in a partial denaturation 

step at 65 °C visualized by EtBr (curly bracket in Fig. 4-13a) were not seen using the milder hy-

bridization conditions (25 °C or 30 ° for 2 h). Furthermore, a higher amount of partially assembled 

tubes and a smaller portion of residual free CP were found, when the S3'1/RNA hybrid was incu-

bated at 25 °C or 30 ° for 2 h. Additionally, determination of nucleoprotein concentration by 

UV-Vis spectroscopy after sedimentation of products via ultracentrifugation, confirmed that the  
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1.5-fold number of nanotubes were assembled, when the RNA was not partially denatured prior 

assembly initiation at 65 °C. The experiments suggested that lower hybridization temperatures 

(25 °C or 30 ° for 2 h) avoid assembly-incompetent RNA folding states and improves the total as-

sembly yield of the desired nucleoprotein tubes. Similar results were found for blocking the assem-

bly at RNA sites 5' of the OAs at 15 °C after hybridizing the stoppers S5'4-9 at 30 °C, 2 h: the 

1.5-fold amount of assembled TLPs were generated (Fig. 4-13b). Furthermore, partially assembled 

particles, stalled by S5'6 and S5'7 were produced with a higher yield (60 % and 43 %) compared to 

the ones after hybridizing the stoppers at 65 °C (28 % and 24 %). As the yield of nanotube fractions 

blocked by stoppers S5'4, S5'5, S5'8 and S5'9 were roughly estimated to 10 %, those stoppers were 

not further evaluated. However, applying the milder conditions appropriate for hybridizing 5' stop-

pers (30 °C) to the blocking at different sites 3' of the OAs (S3'1, S3'5, S3'9, S3't3), the number of 

suitable 3' stoppers was extremely reduced, as only S3'1 and S3'5 showed stopped TLPs (see Ap-

pendix Fig. A-6b). The other 3' stoppers had no effect on the elongation with CP at 25 °C after 

hybridizing stoppers at 30 °C and resulted in fully encapsidated particles. Hence, it was implied 

that the RNA structure downstream of the OAs mostly required partial denaturation at 65 °C to 

make it accessible for the interaction with stoppers consistently with the previous study on several 

sets of 3' stoppers.  

To combine 3' and 5' stoppers in a simultaneous procedure for generating multiple subdomains on 

TLPs, S3'1 and S3'5 that both efficiently hybridized to RNA at 30 °C were tested to find out whether 

they successfully stalled the encapsidation at the lower assembly rate enforced at 15 °C. Native gel 

electrophoresis indicated that the blocking efficiency of S3'5 was slightly enhanced and resulted in 

≈ 100 % of the desired fraction of partially assembled nanotubes (Fig. 4-13c). In contrast, assembly 

products of RNA/S3'1 showed two incompletely encapsidated, smaller nucleoprotein tube fractions 

in addition to the usual one after native electrophoretic separation. If, however, S3'1 was bound to 

the RNA with the standard procedure (65 °C, 5 min), subsequent encapsidation with CP at 15 °C 

resulted in stalled nanotubes of the desired form (see Appendix Fig. A-6c). It was found that S3'1 

may hybridize to an additional 5' site at the wt-RNA (see Fig. 4.1b and Appendix A1). Since the 

probability of binding to this additional site is enhanced using milder hybridization temperature, 

the additional smaller, partially assembled TLPs may result from the second blocking position in-

duced by the unusual low hybridization temperature (30 °C) without the displacement of the stopper 

due to decreased assembly rate at 15 °C (Fig. 4-13c). In conclusion, different stoppers, targeting 

sites 5' and 3' of the OAs on wt-RNA, were studied in respect of their stop-competence using various 

temperature conditions for both partial denaturation/stopper hybridization and nucleoprotein tube  
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Figure 4-13 Application of milder reaction conditions. Visualization of "stop" state after nanoparticle separation on native 
agarose gels. Black/white asterisks (*) label bands with higher electrophoretic mobility. The arrows indicate bands of fully 
assembled tubes as confirmed by the individual control samples, TMV or fully assembled nanotubes scaffolded by RNA devoid 
of stoppers (no), respectively. (a) Comparison of three distinct protocols (depicted below the image, Thyb: highest temperature 
during hybridization reaction) for binding S3'1 to RNA. The brackets at the lower left side indicate RNA in assembly-incompe-
tent folding state, whereas the brackets at the upper right side highlight residual free CP. Fragments were separated on a 
1.5 % agarose gel. (b+c) Milder hybridization of the various stoppers, 5' (b) as well as 3' (c) of OAs, followed by lower assembly 
temperature was performed as depicted below the gel. White triangles indicate a faint EtBr signal corresponding to those 
bands, however, their Coomassie Brilliant Blue signal is below the visualization limit. The two arrow heads indicate the addi-
tional two fragments with higher electrophoretic mobility.  

elongation. 

Four (S5'2, 3, 6, 7) out of nine 5' stoppers were unequivocally identified to stall the elongation of the 

nucleoprotein complex with efficiencies ranging from 43 % to 65 % using respective stop-and-go 

conditions. In contrast, ten out of twelve 3' stoppers were found to influence the self-assembly with 

varying performance (ranging from 30 % to 100 %) using standard conditions. The milder the tem-

perature during hybridization, the higher the overall assembly yield independent of the blocking 

site, but only S5'6, S5'7, S3'1 and S3'5 were found to bind to RNA at 30 °C most likely due to the 

formation of complex RNA secondary structures. Reducing the assembly rate enhanced the block-

ing efficiency of hybridized 5' stoppers and thus the portion of stalled TLPs (see Table 4-2 for a 

compilation of blocking efficiencies). The values of blocking efficiencies were averaged over min-

imally three independent experiments. Different RNA and CP preparations were tested with the 

respective conditions in hybridization and assembly, however, stopper aliquots of only one stopper 

stock were used. Thus, the individual differences in blocking efficiencies between the various stop-

pers could be concomitant with individual stopper stocks that might not be perfect (Temsamani et 

al. 1995). All stoppers were configured using design rules adapted from PCR primer (Dieffenbach 

et al. 1993) as well as from strand displacement design (Yurke and Mills 2003; Zhang and Winfree 
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2009). Those rules seemed to be insufficient for the prediction of suitable stopper positions due to 

various reasons. On the one hand, secondary structures within the long RNA sequence may be 

insufficiently denatured so that even if a stopper is partially bound by a few nucleotides to the RNA 

the RNA-RNA intramolecular hybridization could not be displaced in the relevant native folded 

structures. On the other hand, even if the stopper could completely bind to the desired position, the 

assembly rate plays a crucial role in a successful blocking event. The effect of the assembly rate 

was experimentally investigated using different denaturation/stopper hybridization and CP assem-

bly conditions as well as various divalent cation concentrations. A route was found to stabilize the 

DNA/RNA hybrids during self-assembly with CP to stop nanotube growth at the predicted sites, in 

order to generate multiple domains in directions 5' and 3' of the OAs (e.g., S5'6, S3'5). However, 

some stoppers did not efficiently stall the encapsidation using those conditions (Table 4-2). As the 

experimental trial-and-error method is challenging and time-consuming, a better prediction for use-

ful stopper binding sites was required. 

Tab. 4-2 Overview over blocking efficiencies of the various stoppers at the diverse workflows 

[a] equates to the amount of partially assembled products calculated by analyzing nanotube separation in native gels. All
amounts were determined at a 25-fold molar excess of stopper over RNA (see in Appendix A2 for details). "-": not determined; 
[b] in respect of the sequence position in RNA; # only the S3'1-single-blocked assembly product was considered. 
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4.3.4 RNA accessibility – a folding simulation study  

The previous results implied that the long wt-RNA sequence may site-specifically differ due to the 

secondary and tertiary intramolecular folding. Hence, the challenge to efficiently bind stoppers to 

their target is, to find sections in the RNA that are accessible for stoppers due to weak interactions 

with other RNA sequence parts or that more complex spatial structures could be unfolded, e.g., by 

way of a temperature-profile applied. This local RNA accessibility was therefore explored by cor-

relating stop-and-go experiments with software-based folding simulations of the applied stopper 

binding positions, to improve the previously used design rules.  

A wide range of RNA folding software with many different functions (simulation of secondary and 

tertiary structure, in-/excluding pseudoknots) is available.  

Only a few of those tools enable simulation of long RNA sequences, like the web-based software 

RNAfold (version 2.4.18, http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; herein-

after referred to as RNAfold) (Gruber et al. 2008; Lorenz et al. 2011). RNAfold releases infor-

mation about the minimal free energy (MFE) structure simulated at variable temperatures; but cal-

culations that deviate far from 37 °C are unreliable. However, to enable a good correlation to ex-

perimental results, the RNA sequences required folding at various temperatures. For this purpose, 

the web server mfold (version 2.3, http://www.unafold.org/mfold/ applications/rna-folding-

form-v2.php; hereinafter called mfold) (Zuker 2003) was used that simulate the folding using

selectable temperatures, but is limited to sequences up to 2400 nt. As it is furthermore expected that 

larger RNA (> 6000 nt) folds into locally stable secondary formations which deviate from the MFE 

structure (Fallmann et al. 2017) and smaller RNAs (≤ 1000 nt) are predicted more accurately, in a 

first approach the wt-RNA sequence of interest and parts of this sequence of 1000 nt length were 

simulated to find the most stable secondary structure. This approach is adapted from Scherr et al. 

(2000) who confirmed with a computer-aided analysis experimental investigations on finding RNA 

sequences that were accessible for antisense nucleic acids to sequence-specific inhibit gene expres-

sion (Scherr et al. 2000; Patzel et al. 1999). 

Since 5' stopping is dependent on the control over assembly rate, here, predominantly the 3' stopper 

positions were considered in the 4396-6395 nt RNA section. Additionally, eight intervals shifted 

by 250 nt were investigated: Five intervals of 1000 nt length, in contrast, the last three intervals 

were also shifted by 250 nt but with varying length of 750 nt, 500 nt and 250 nt, respectively (for a 

scheme see Figure 4-14a). The stopper positions were covered each by five sequence sections. All 

simulations were performed by mfold at 65 °C, as extensive experimental data were gained for

http://www.unafold.org/mfold/%C2%A0applications/rna-folding-form-v2.php
http://www.unafold.org/mfold/%C2%A0applications/rna-folding-form-v2.php
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Figure 4-14 (a) Scheme of RNA sequence interval in respect to the genome map. The cipher in brackets illustrates the total 
count of resulted structures of the respective interval number n°x. Stopper positions are depicted by colored lines. (b) Cartoon 
of exemplary structural elements (left). Predominant secondary structure of the individual stopper binding sequences, visual-
ized with the web based RNA2Drawer app (Johnson et al. 2019) (right). The stopper binding sequences are highlighted by 
colors, the filled circles indicate the start of each sequence.(c) Overview over frequency of preferred secondary structure and 
nucleotides involved in the different structural elements. [a] Frequency of the predominant secondary structures resulted 
from the MFE and suboptimal structures for the sequence intervals; * types of structural elements accessible for hybridization; 
[b] equates to the amount of partially assembled products calculated by analyzing nanotube separation in native gels. All
amounts were determined at a 25-fold molar excess of stopper over RNA (see in Appendix A2 for details). Drawings not to
scale. 
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the standard hybridization procedure. Folding the 3' terminal third (n°0: 4396-6395 nt) resulted in 

an MFE structure and two suboptimal structures. Comparing the three foldings within the region of 

interest, i.e., at the stopper binding positions, those differed only to a minor degree. Simulation of 

the eight intervals resulted in MFE secondary structure as well as a different number of suboptimal 

foldings (3 to 6). All simulations were compared at the specific stopper sites in respect of the sec-

ondary structure elements.  

As nucleotides involved in hairpin loops, bulges, internal loops, and junctions are presumed to be 

accessible in the hybridization event, whereas double-stranded regions are the most stable parts 

(pseudoknots and kissing hairpins were not considered in mfold), the mostly conserved secondary 

structure (Figure 4-14b) for each stopper target position was analyzed and  

represented with the frequency of appearance in Figure 4-14c. Those structure formations that were 

more conserved may be of higher probability of being the preferred structure. The predominant 

secondary structure of the individual stopper binding site was found in all MFE structures. 

The number of nucleotides that are presumed to be accessible for hybridization seemed to be a 

crucial factor. RNA sequences with > 6 nt distributed to bulges, internal loops, hairpin loops and/or 

junction were accessible for stopper binding and experimentally resulted in blocking efficiencies 

of 30 %, 85 % and 100 % for S3'2, S3'3 and S3't2, respectively. However, the target position of S3'6 

also showed six predicted, accessible nucleotides, but no effect on stalling during the assembly was 

found. Hence, not only the total number of nucleotides that are accessible is critical moreover the 

number of continuous accessible bases plays the key role. For example, S3'3 and S3'4 exhibit six 

accessible nucleotides but differ in their blocking efficiencies (85 % and 50 %). As three of the 

accessible nucleotides within the S3'3 position were involved in a huge bulge, those nucleotides 

were presumably rather available for hybridization than two positions of two continuous nucleo-

tides in a bulge of the target site of S3'4, visualized by the interrupted notation in Fig. 4-14 c. 

Analysis of complementary positions of S5'1,2,3 showed that sufficient nucleotides may be accessi-

ble when partially denatured. However, as it was shown in the previous part, blocking was only 

efficient when the assembly rate was reduced. 

Since only minor differences were found between the smaller intervals of 1000 nt and the 3' termi-

nal third region (4396-6395 nt), a further evaluation of this region in mfold at 30 °C was per-

formed, to compare the secondary structures simulations with experimental results of hybridizing 

stopper S3'1, S3'5, S3'9 and S3't3 at 30 °C. Furthermore, to evaluate differences between a full-length 

RNA simulation with the shorter section, additionally wt-RNA was folded in RNAfold at 30 °C.

RNAfold simulation of full-length RNA resulted only in the MFE structure. In contrast, mfold,



Results 

78 

calculated the MFE and 19 suboptimal structures. Here, the most conserved structures of stopper 

target sites S3'1, S3'5, S3'9 and S3't3 varied in their frequencies (70 %, 89 %, 96 %, 44 %) but all 

were found in the MFE structures (see Tab. A-2). RNAfold secondary structures differed from

mfold simulation in respect of the target sites of S3'1, S3'5 and S3't3. Only the predicted secondary

structure of S3'9 site was identical for both, RNAfold and mfold, simulations and was like fold-

ings at 65 °C. Applying the before-presumed rules, all stopper binding sites may accessible adapted 

from mfold calculations at 30 °C, which was contradictory to experimental results. However, S3't3

may not be accessible according to RNAfold structure confirming no blocking effect of this stop-

per concordantly with experimental results. Hence, RNAfold could likely give a better insight into 

foldings of a longer sequence, however, due to the lack of pseudoknot prediction the probably cor-

rect structure for all stopper sequences was not displayed. 

In conclusion, comparing folding simulation data of secondary structures with experimental results 

at the various temperatures, did not offer concrete evidence for efficiently improved prediction 

routes for best-choice stopper sequences. Moreover, as no significant differences were found be-

tween the secondary structure elements simulated at 65 °C versus 30 °C, conformations like pseu-

doknots or kissing hairpins could have a major impact. 

This chapter introduced the challenging and complex search for convenient stoppers. Diverse con-

ditions were tested to hybridize stoppers to RNA as well as to produce partially assembled particles 

mediated by a stopper. The application of defined design rules for DNA oligonucleotides were 

insufficient to predict appropriate blocking elements. A complex RNA structure hinders binding of 

stoppers to particular sequences and so far, procedures to unravel those structures were not identi-

fied. However, it was shown that numerous DNA strands can effectively bind to specific sites, 5' as 

well as 3' of the OAs, using individual adapted procedures. Investigations on local RNA accessibil-

ity by web-based software tools in correlation with experimental results revealed deeper insight to 

RNA sequences that were available for stoppers during hybridization procedure. Consequently, a 

better approach for the prediction of suitable binding sites is the modulation of the RNA formation 

at local sites in combination to established design rules. 

These studies pave the way for further exploration to generate multiple domains on a single TMV-

like nanotube, by simultaneous stop-and-go assembly.  
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4.4 Development, analysis, and functionalization of multiple domains 

The previous chapter revealed various viable 5' and 3' stoppers using respective stop-and-go con-

ditions. However, to generate multiple domains on a single TMV-like nanotube, several stoppers 

need to be used in a concurrent and successive elongation process. In the following section, two 

routes for the simultaneous hybridization of two stoppers to wt-RNA and the subsequent stepwise 

stop-and-go assembly were developed towards the generation of nanotubes with three distinct and 

precisely defined CP domains (3-DTLPs). These custom tailored 3-DTLPs were used to explore 

their advantage to spatially order biomolecules for applications as templates for artificial multien-

zyme complexes or biosensors. Therefore, two types of differently arranged 3-DTLPs induced by 

two 3' stoppers as well as by a 5' and a 3' stopper, respectively, were site-specific conjugated with 

enzymes or antibodies and investigated in respect of the integrity and localization of selectively 

coupled biomolecules.  

4.4.1 Two-enzyme cascade on Cys-wt-LysBio-TLPs (261-30-9) 

In a proof-of-concept experiments Cys-wt-LysBio-TLPs (261-30-9) were explored whether they can 

serve as a suitable template for a two-enzyme cascade. For this purpose, two effective 3' stoppers, 

S3'1 and S3'9 (binding sites depicted in Fig. 4-10, Chapter 4.3), were simultaneously hybridized to 

wt-RNA with their preferred procedure (65 °C → 30 °C (-0.1 °C/s)), followed by assembly of the 

first long 5' domain (261 nm) at 25 °C with CPCys. After UC purification (113 000 g, 2 h) the pellet 

was resolved, and the second domain of nucleoprotein tubes was formed by addition of wt-CP as 

well as the corresponding release strand R3'1. The mixture was again centrifuged (95834 g, 2 h) to 

remove residual unbound wt-CP as well as the various DNA oligomers with the supernatant. To 

generate the last and shortest domain of 9 nm, S3'9 was supplanted by R3'9 to the resolved pellet 

and the preformed partially assembled tubes were incubated with CPLys-Bio (see Fig. 4-15a for a 

schematic illustration). The final UC (95834 g, 1.5 h) removed residual CPLys-Bio as well as dis-

placed stopper and release strands. 

In the preliminary studies, TEM analysis revealed reliable length data and differentiation of two 

divergent domains. However, large enzymes bound onto small domains with 50 % biotin moieties 

gave inconclusive results and even small molecules, like avidin were not clearly identified if cou-

pled to short domains of 10 nm. Hence, to monitor the successive stop-and-go assembly via native 

gel electrophoresis, a control sample was prepared with wt-CP using the same conditions but with-

out the exchange of proteins (Fig. 4-15b). The intermediate samples identified effective blocking  
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at the desired site of S3'1 resulting in one major fraction of partially encapsidated tubes. After toe-

hold-mediated release of this DNA strand by R3'1, the assembly was again stopped at the S3'9/RNA 

hybrid position visualized by an electrophoretic shift to longer tubes with residual RNA tail unlike 

from full-length TLPs. After the third assembly step, S3'9 was effectively displaced by addition of 

the respective release oligomer R3'9 as a concrete band of completely encapsidated TLPs was found.  

As the separation of the diverse intermediate products clearly indicated an effective stop-and-go 

assembly with a low possibility to form by-products using these stoppers and conditions, the as-

produced Cys-wt-LysBio-TLPs (261-30-9) were explored whether they could be applied as suitable 

templates in enzymatic cascade assays. A well-established two-enzyme system is the combination 

of glucose oxidase (GOx) with horseradish peroxidase (HRP) for the detection of glucose and it 

was intensely investigated immobilized to full-length TMVCys in a colorimetric assay (Koch et al. 

2015; Bäcker et al. 2017). To apply this two-enzyme system also to the 3-DTLPs, a heterobifunc-

tional maleimide-PEG12-NHS linker was covalently bound to the lysine residue of GOx 

([mal]-GOx), whereas HRP was used as a commercially available streptavidin-conjugate ([s]-

HRP). [s]-HRP and [mal]-GOx selectively addressed the biotin moieties of the smallest CPLys-Bio 

domain as well as the long CPCys part, respectively, in a simultaneous incubation at 22 °C, 2 h. 

Subsequently, the unbound enzymes were separated by UC. The presence as well as the integrity 

of enzymes on the adapter tubes were tested by a colorimetric assay in solution (Koch et al. 2015). 

Glucose and chromogenic ABTS served as educts and the final conversion into the colored oxidized 

ABTS* was spectrophotometrically analyzed at λ = 405 nm. The concentration of the end-product 

was estimated from absorbance values and illustrated over time (Fig. 4-15c). The absorption of 

TMV at λ = 405 nm in a solution of similar amounts was measured to define the background given 

by non-decorated TMV nanotubes. The samples containing the enzyme cascade resulted in in-

creased ABTS* concentration with the time. A maximal detectable concentration of 160 µM was 

reached after 11.5 min for 200 ng of enzyme carriers, whereas in the same period the half amount 

of enzyme-bound DTLPs yielded 80 µM indicating that both measurements were consistent. This 

enzyme activity test confirmed the integrity of GOx and HRP after conjugation to the carrier sticks 

by a covalent thioether bond and affinity-coupling, respectively. Furthermore, those results pro-

vided indirect evidence of two enzyme-loaded domains separated by an interjacent third segment 

of 30 nm. 
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Figure 4-15 (a) Scheme illustrating the distinct states during the stepwise formation of nanotubes mediated by the different 
stoppers S3'1 and S3'9. The length as well as the protein type of the domains are depicted at each product. Drawings are not 
to scale. (b) The successive stop-and-go assembly was monitored by nanoparticle separation in a native agarose gel. Simulta-
neous hybridization of S3'1 and S3'9 as well as assembly were performed as depicted below the image. The arrow indicates 
bands of fully assembled tubes confirmed by TMV. Black/white asterisks (*) label bands with higher electrophoretic mobility. 
(c) Conversion of glucose and ABTS by the two-enzyme cascade GOx/HRP immobilized on 3-DTLPs, visualized in the cartoon 
(right). Left: Estimated concentration of ABTS* from measured A405 over 15 min. Three technical replicates of two different 
amounts of enzyme-conjugated 3-DTLPs as well as of the control sample (TMV) were determined. For further details see text. 
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4.4.2  Immunomarking and detection of distinct domains on Cys-wt-LysBio-TLPs (72-199-29) 

Immunomarking offers another route to generate artificial enzyme complexes on a carrier that is 

immobilized on a substrate. To ensure reliable visualization of different sections on those nanoob-

jects, TMV-like particles with three desired, asymmetric CP domains were prepared using a 5' and 

a 3' stopper that block the assembly with greatest impact using the same conditions. The highest 

blocking efficiencies at RNA positions, 3' as well as 5' of the OAs, using the combination of milder 

hybridization conditions and lower assembly temperature were achieved by S3'5 (blocking effi-

ciency: ≈ 100 %) and S5'6 (blocking efficiency: ≈ 60 %), respectively (binding sites depicted in 

Fig. 4-10, Chapter 4.3). The combination of both stoppers may generate 3-DTLPs with a 5' termi-

nal, a center and the 3' domain of distinct length of 72 nm, 199 nm and 29 nm, respectively. This 

asymmetric formation enables the differentiation of antibody-conjugated domains via atomic force 

microscopy (AFM).  

In the following, an appropriate protocol was developed, to combine both stoppers in a simultane-

ous reaction for producing 3-DTLPs. So far, the stop-competences of S3'5 and S5'6 were studied in 

individual samples using similar conditions. It was found that the as-produced assembly products 

differed in their sizes of the nucleoprotein domain as well as in the residual RNA length (for a 

scheme see Fig. 4-16a). Since the 5' terminal RNA tail of the RNA/S5'6 construct is folded back 

into the inner channel of the protein tube, the length is only roughly estimated (for an exemplarily 

calculation see Appendix A2). However, the resulting arrested nanotubes might be discriminable 

via native gel electrophoresis due to the deviating sizes and the unequal negative net charges of the 

free RNA. The simultaneous hybridization of S3'5 and S5'6 to wt-RNA, followed by partial encap-

sidation may result in the shortest nucleoprotein tube with the highest negative charge in compari-

son with the singly arrested products. Hence, this desired, 3' and 5', blocked product might be dis-

tinguishable from the other fractions in the native agarose gels. As the findings of studies on 5' 

stopping indicated high temperature-dependence in respect of the blocking capability, a tempera-

ture-controlled release was preferred for S5'6, whereas S3'5 required a DNA-mediated release due 

to its temperature stability. To find the appropriate release parameters, the stop-and-go procedure 

was successively investigated (Fig. 4-16b). Hybridization was performed at 30 °C, 2 h with both 

stoppers simultaneously. The first assembly step (I) was executed at 15 °C, 16 h, whereas the fol-

lowing steps were tested systematically at 25 °C (II) and 30 °C (III) for various time periods. Also, 

the use of the release oligomer R3'5 was examined under distinct conditions. Native gel electropho-

retic separation revealed for the first time simultaneously blocked nanotubes at a 5' and a 3' site 

relative to OAs, respectively, as another nucleoprotein complex with higher electrophoretic shift 
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was found in contrast to singly stopped TLPs. Furthermore, a successful temperature-induced re-

lease of S5'6 was proven, either at 25 °C for more than 6 h or at 30 °C, 16 h. In contrast, S3'5 was 

released to a minor degree at 25 °C, that was comparable to the previous results, but the impact of 

temperature-induced release increased at 30 °C, 16 h. Nevertheless, a suitable stop-and-go proce-

dure could be established for the generation of asymmetric 3-DTLPs, since stopper S3'5 efficiently  

Figure 4-16 (a) Cartoons illustrating the distinct types of arrested nanotubes with the estimated non-encapsidated RNA por-
tions (in nt) by the different stoppers S3'5 and S5'6, hybridized in single reactions and simultaneously to the RNA, respectively. 
The length of the partially assembled nucleoprotein tube is depicted below each product. Drawings are not to scale. (b) The 
"stop" and "go" states of 3-DTLP preparation were visualized by nanoparticle separation in a native agarose gel. Hybridization 
for all samples was performed as depicted below the image, followed by assembly indicated in the table. Two different control 
samples were prepared: partially assembled nanotubes, stalled by S3'5 or S5'6, respectively, assembled at 15 °C, 16 h. The 
arrow indicates bands of fully assembled tubes. Blue/purple "plus" label bands with higher electrophoretic mobility due to 
stopped assembly by S3'5 (+), S5'6 (+) or both, S5'6 and S3'5 (++). 
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arrested the encapsidation at 15 °C, 16 h and could be removed by a fully complementary release 

oligomer R3'5 at 25 °C, concomitantly with stably blocking the assembly by S5'6 at its 5' position.  

In a subsequent step, S5'6 was displaced temperature-induced 16 h at 30 °C. Here, the procedure for 

stop-and-go using S3'5 and S5'6 was examined without any purification step in between, thus, par-

ticles were filled up with the residual wt-CP, that was still present in the reaction solution.  

To generate DTLPs with three differently addressable CP domains, tightly defined in their longitu-

dinal length and arrangement, a proof-of-concept experiment using the before-examined reaction 

conditions complemented by purification steps (to exchange the CP variants) was performed. In the 

following section, the experimental procedure as well as the partial products and intermediates are 

described (for a scheme see Fig. 4-17a).  

Simultaneous hybridization of S3'5 and S5'6 to RNA was performed at 30 °C, for 2 h, followed by 

assembly at 15 °C with wt-CP (step I). Previous investigations on UC conditions have shown that 

the protruding RNA does not degrade and remains assembly-competent after resuspension of the 

intermediate products. Consequently, a first attempt using UC with increased speed was performed, 

to certainly sediment the different assembly products and to remove the non-assembled wt-CP as 

well as other small aggregates with a sedimentation coefficient below 89 S. As findings of native 

gel electrophoresis have shown, two different types of stalled tubes were produced: the desired ones 

(I.1 in Fig. 4-17) blocked at both sites, 5' and 3' as well as the by-product I.2, nanotubes only locked 

by S3'5. The assembly step II was initiated by a toehold-mediated release of S3'5, using the 

fully-complementary release-oligomer R3'5 and the addition of CPLys-Bio at 25 °C. Thus, the desired 

partially assembled nanotubes II.1 with two different domains and an unencapsidated RNA portion 

due to successful assembly blockage by S5'6 (wt-CP, 199 nm and CPLys-Bio, 29 nm) as well as two 

different by-products, II.2 and II.3 were assembled. II.2 resulted from S3'5-arrested tubes and were 

completed with the second CP domain (2-DTLPs: wt-CP, 271 nm and CPLys-Bio, 29 nm), whereas 

II.3 was constituted when S5'6 was supplanted from its site 5' of the OAs due to the temperature

increase in this second assembly step. Subsequently, the particles were completed, 5' as well as 3',

with CPLys-Bio (II.3, 3-DTLPs: CPLys-Bio, 72 nm; wt-CP, 199 nm; CPLys-Bio, 29 nm). In the third as-

sembly step (assembly step III), S5'6 was detached using the temperature-induced release at 30 °C

and CPCys was added to form the last differently addressable domain of the desired product III.1

(3-DTLPs: CPCys, 72 nm; wt-CP, 199 nm; CPLys-Bio, 29 nm). All nanotubes were concentrated via

UC, whereas the residual CPCys aggregates as well as other molecules below 110 S were removed.

The concentration of the nucleoprotein tube mixture was estimated by UV-Vis spectrophotometry

and yielded 140 µg. This was equivalent to 14 % of the possible assembly product, calculated in
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respect to the utilized RNA (50 µg). To evaluate the percentual composition of the individual as-

sembly steps, three independent equivalent samples were prepared in parallel without exchanging 

the CP variant in between the procedure and were analyzed via native gel electrophoresis. The 

percentual amount of each assembly product was estimated from the distinct gel images via the 

software ImageJ (Fig. 4-17b). 

Figure 4-17 Evaluation of stop-and-go protocol with 5' and 3' stoppers. (a) Scheme of the procedure for 3-DTLPs preparation 
(not to scale). The assembly steps I to III are illustrated with the individual addition of CP variants. Potential routes of producing 
the by-products are depicted in grey with numbers I.2, II.2 and II.3 and are illustrated below the scheme. See text for further 
details. (b) Estimation of product yield from native gels via the software ImageJ, averaged from three independent experi-
ments. [a] percentual amount/fraction (particles with the same size), for an exemplarily calculation see Appendix A2. [b] per-
centual amount of product: in respect to the before estimated product/fraction, *both products cannot be distinguished via 
AFM.  
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Since the behavior of the various intermediates and by-products during ultracentrifugation was not 

simply predictable, the arrested nanotubes of assembly step I were centrifuged using the diverse 

parameters that were also utilized for generating 3-DTLPs (for a scheme and results see Appendix 

Fig. A-7), to prove whether the predicted configurations were still present in the mixture. The re-

sulting pellets as well as supernatants were subsequently separated by native gel electrophoresis. 

Although the rotational speed of the first centrifugation step provides the lowest g-force, the resus-

pended pellet #2 showed fractions of both arrested nucleoprotein products I.1 and I.2, whereas the 

supernatant contained the residual CP (#3). This supernatant was centrifuged again with higher g-

force in a second step. Here, no visible pellet was obtained (#4) by removal of the liquid (#5). 

However, the UC glass was filled with resuspension buffer and an aliquot was applied to native gel. 

The similar behavior was observed for the third centrifugation step (#6 and #7). As the samples #3 

to #7 did not show any fraction of nucleoprotein tubes, the yield of arrested tubes in the resuspend 

pellet #2 was roughly estimated by UV-Vis spectrometry that confirmed that the total yield was 

sedimented with the parameters used after the first assembly step. This indicated that the sedimen-

tation coefficient of all intermediates and by-products seems to be ≥ 110 S. Consequently, all prod-

ucts and by-products remained in the reaction mixture with the before-established procedure of 

generating 3-DTLPs. The residual RNA tail of the individual intermediates may shift the sedimen-

tation coefficient to increased S values, so that smaller tubes with long residual RNA sedimented 

faster than fully assembled nanotubes of comparable length. However, the as-performed process 

was suitable to purify the mixture from the free CP variants, indeed as a mixture of 2- and 3-DTLPs. 

Further investigations on appropriate purification methods are necessary to generate pure samples 

of desired DTLPs by the separation of the diverse intermediates and by-products. Existing tech-

niques to purify nucleoprotein complexes, for instance density-gradient centrifugation, analytical 

UC or size exclusion chromatography require studies using non-denaturing conditions as well as 

materials and parameters to protect the protruding RNA remaining the assembly-competence. 

To explore the application of 3-DTLPs for the in situ fabrication of enzyme-cascades for atomic 

force electrochemical microscopy (AFM-SECM), the as-produced mixture of Cys-wt-LysBio-TLPs 

(72-199-29) was analyzed stepwise via atomic force microscopy in tapping mode. The sample was 

diluted to visualize individual items of adsorbed nanotubes. Preliminary trials of in situ AFM im-

aging with various dilutions revealed that DTLPs were not present on the gold substrate (data not 

shown) when the sample remained in potassium phosphate buffer (PPB, pH 7.4) from incubation 

until imaging, as it was suggested for subsequent functional bio-affinity studies (Patel et al. 2017). 

These findings were in agreement with results found for TMV in PPB, pH 7.4 (Knez et al. 2004). 
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TMV is negatively charged using the before-mentioned condition and resulted in only small cover-

age on gold substrates. 

Hence, to adhere DTLPs to the surface, the mixture was incubated 15 min at room temperature 

followed by washing, drying, and rehydration in PPB. This procedure enabled the visualization of 

DTLPs on the gold substrate via tapping mode by AFM imaging in buffer. However, the particles 

were not sufficiently stably adhered to the surface as the nanotubes were cut or detached by the 

AFM tip. This problem increased with higher resolution, thus, DTLPs were analyzed using lower 

resolution. The height of the well-adhered nanotubes was ≈ 15 nm that is smaller than the diameter 

of 18 nm determined by TEM. Since estimating the height of soft biomolecules via AFM imaging 

depends on the substrate as well as pH used, underrated heights typically appeared from objects 

compressed by the tip or by adhesive forces (Knez et al. 2004; Nault et al. 2015).  

As an antibody-based method was used to visualize the CPLys-Bio domain, blocking with bovine 

serum albumin (BSA) was applied to avoid unspecific binding of antibodies to the gold surface (for 

a scheme see Fig. 4-18a). The sample was scanned in liquid via AFM after backfilling to serve as 

a reference and the rough surface showed successful binding of BSA (Patel et al. 2017). Various 

nanotubes were analyzed using the software Gwyddion in respect of their width and resulted in 

increased values (≈ 75 nm, see Appendix Fig. A-8a) compared to TMV's native diameter. This 

overestimation of width is a characteristic tip convolution effect, an AFM artifact, induced by tip 

geometry. However, for further evaluation of DTLPs the width was not of high interest, and, in 

contrast, the length measurements were only affected to a minor degree. Full-length nanotubes were 

predominantly found after length measurements via the software ImageJ that revealed a median 

length of 300 nm and a size distribution similar to TEM analysis (for a histogram see Appendix Fig. 

A-8b).

After analyzing the cross sections of particles, the measurements exhibited a height of ≈ 11 nm

(exemplarily shown for particles 1, 2 and 3 in Fig. 4-18b). In contrast to the height prior BSA

coating, here it was reduced by ≈ 4 nm that is comparable to the dimension of a BSA monolayer

that embedded the virus-like particles (Sugio et al. 1999; Wadu-Mesthrige et al. 1996; Patel et al.

2017). Furthermore, it seems as if BSA enhanced the stability of immobilization since fewer tubes

seemed to be cut or detached by the AFM tip from the surface.

Immunomarking with an anti-biotin IgGs (α-biotin IgG) was applied to the same DTLP sample and 

various areas on the gold substrate were analyzed via in situ AFM imaging (Fig. 4-18c). In contrast

to the native gel analysis, particles smaller than 300 nm with one highlighted domain were found

(depicted by orange arrow heads in Fig. 4-18c) indicating that the particles were damaged either
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during preparation of the sample for AFM imaging or by the tip during scanning the surface. How-

ever, full-length particles with uniform heights as well as with terminal domains of enhanced size 

were found. Increased domains verified successful binding of α-biotin IgG to terminal CPLys-Bio 

domains compared to the segment containing a CP variant lacking the biotin moiety. Consequently, 

drying the sample to immobilize nanotubes at the surface did not affect the biological functionality. 

Figure 4-18 Visualization of CPLys-Bio-domain of TLPs by an antibody-based method via atomic force microscopy. (a) Schematic 
representation (not to scale) of DTLPs on the gold surface after BSA coating and after coupling of α-biotin IgG, respectively 
(from top to bottom). Numeration II.2, II.3 and III.1 are in accordance with Fig. 4-17 and depict the various 2- and 3-DTLPs. 
(b+c) AFM images and exemplary height measurements of nanotubes adhered to a gold surface. The surface was blocked by 
BSA followed by washing with Milli-Q-water and immediate AFM imaging in PPB buffer (b). Subsequently, the sample was 
incubated with α-biotin IgG followed by washing with Milli-Q-water and immediate AFM imaging in PPB buffer (c). 1 to 6 
indicate full-length DTLPs exemplarily analyzed, the white arrows show the starting point of the corresponding cross sections. 
The brighter signal in the topographic image and thus an increase of height confirms successful binding of anti-biotin IgG to 
the CPLys-Bio domain. Orange arrow heads depict DTLPs smaller than 300 nm, lacking one terminal domain. 
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Based on the estimation of the resulting DTLP classes after native gel analysis (Fig. 4-17), around 

three-fourths of the full-length particles expose the shorter CPLys-Bio domain, amenable to α-biotin 

IgG.  

Since both types – DTLPs with three different CP variants (III.1) as well as the ones, only blocked 

by S3'5 (II.2) – resulted in objects with one enhanced terminal domain after immunomarking, they 

cannot be identified using this method.  

As a whole, the successful production of three defined domains on one single TMV-like particle 

was confirmed for nanotubes with two, 5' and 3' terminal, CPLys-Bio domains (II.3) (exemplarily 

shown by DTLPs 4, 5 and 6 in Fig. 4-18c). The analysis depicted an overall length of ≈ 300 nm as 

well as increased heights and widths of both terminal domains as expected. Furthermore, the fabri-

cation of asymmetrical 5' and 3' terminal domains enabled the differentiation of both ends, although 

the detecting agent was the same. Topographic cross-sections visualized that the longer domain was 

concomitant with enhanced height (≈ 16 nm) in contrast to the smaller one (h ≈ 13 nm) caused by 

various number of coupling moieties due to their distinct lengths, 72 nm versus 29 nm. The longer 

interjacent parts of the nanotubes resulted in a similar height (≈ 11 nm) as prior affinity coupling 

and supported the previous completed formation of a BSA monolayer when backfilling the surface 

(Jeyachandran et al. 2009; Jeyachandran et al. 2010).  
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5 Discussion 

The great need for nanoscaffolds that can carry different molecules at a tunable lateral distance in 

defined regions was highlighted in detail in the introduction and served as the basic motivation for 

this thesis. The straight TMV-like particles introduced here with their stiffness and two or three 

regions of selective reactivity to diverse coupling possibilities are good suitable building blocks to 

address these challenges of bionanotechnological applications. This work showed how dynamic 

DNA nanotechnology could be deployed to control the in vitro RNA-directed self-assembly of dis-

tinct viral CP types to generate "striped" DTLPs in a stepwise process. The established stop-and-

go method uses DNA oligonucleotides (stopper) that bind reversibly at predefined sites at the RNA 

template to stop the encapsidation with TMV-CP at this DNA/RNA duplex position, and to allow 

CP exchange prior to stopper removal and resuming the assembly process. Dynamic DNA nano-

technology is usually used to build nucleic acid-based nanostructures for molecular sensing, drug 

delivery or as DNA nanomachines (see review: Bath and Turberfield 2007). To the best of my 

knowledge, this study was the first to combine strand displacement reaction with viral self-assembly 

to generate TMV-like nanotubes with two or three well-defined subdomains, which were evaluated 

for their suitability for two bionanotechnological applications, as an artificial two-enzyme complex 

in solution and as multiplex biosensors immobilized on gold surfaces in preliminary experiments. 

In addition to application-related aims of this thesis, the mechanisms of RNA-directed self-assem-

bly and site-selective hybridization of DNA strands were further elucidated to better predict suitable 

stopper binding sites and reaction conditions for future work. 

All in all, using wild type TMV-RNA and also heterologous RNA sequences, it was proven that it 

is indeed possible to stop RNA-assisted self-assembly of TMV-CPs in a site-selective manner using 

nucleic acid based technology, without covalent cross-linking of the DNA complement with the 

RNA, as it was previously reported in a study of TMV assembly (Fairall et al. 1986). This high 

stability of blocking already makes the stop method interesting for other applications, besides the 

generation of multiple domains. Using the blocking capability of stopper S3'9, 291 nm long partially 

assembled tubes with accessible 3'-RNA tails were successfully produced for coupling with an or-

ganic synthesized branching element to produce 3D tetrahedral structures (see DNA stopper S2 in 

Wenz et al. 2018) and even the preparation of a short 10 nm 3' domain was possible. Also, S3't3 was 

used to produce nucleoprotein tubes with an exposed free RNA end at the 3' terminus for coupling 
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of further macromolecule types (see DNA stopper S1 in Wenz 2018, dissertation, manuscript III, 

p. 103).

Assembly termination on extensive secondary structures 

To investigate the limitations of using the stop-and-go technique, in addition to small (< 10 nm) 

terminal and interjacent domains, the universality of the method was also investigated. Therefore, 

stoppers addressing a heterologous sequence of the in vitro transcribed hRNAs were used and in-

vestigated with respect to their stop-and-go competence. Three hRNAs were designed and the per-

formed experiments showed stable blockage by a 3' stopper and successful restart of assembly after 

toehold-mediated displacement of the stopper by a respective release strand. However, assembly of 

hRNAs with TMV-CP revealed some additional by-products. Densitometric evaluation of the as-

sembly products of hRNA III using the native gels revealed that the assembly truncation originated 

in the region transcribed from the F1 origin sequence. As this sequence pattern forms a hairpin in 

its native function (Hill and Petersen 1982; Ravetch et al. 1977; Tomizawa et al. 1977), it is indi-

cated that it might form a spatial RNA structure that aborts the complete assembly as it has already 

been suggested in previous work that extensive secondary structures hinder a complete packaging 

of the RNA (Sleat et al. 1986; Gaddipati and Siegel 1990). This spatial structure could in addition 

impede the accessibility for h-S3'2-4 to bind in this region since those stoppers aim fully or partially 

at this F1 sequence portion (schematically depicted in Fig. 4-8a). Since the binding site of h-S3'1 is 

upstream of this sequence, this stopper could stall the encapsidation. Nevertheless, these first ex-

periments with hRNAs showed that RNA of TMV-foreign origin can be controlled in its self-as-

sembly with TMV-CP by means of the same dynamic DNA-assisted procedures, provided that the 

hRNA itself is assembly-competent. Using appropriate purification methods for the isolation of the 

desired partially assembled nanotubes, oligodomain particles can also be prepared from syntheti-

cally designed RNAs. 

5' stopping 

In addition to successful stopping at hRNA as well as wt-RNA sites 3' of the OAs, suitable 5' stop-

pers were also identified to stall the assembly of nucleoprotein tubes scaffolded by wt-RNA when 

applying a reduced assembly rate by lowering the assembly temperature. For the mechanism of 

stopping in the 5' direction, it was assumed that the DNA/RNA duplex region cannot be pulled into 

the inner channel of the growing nanotube, as shown in a previous study (Fairall et al. 1986). How-

ever, clear length measurements by TEM of partially assembled nanotubes blocked at a 5' site are 

not available, so that the assumption could not be confirmed.  
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Challenges of analytical method 

The stop-and-go technique bears a number of challenges, and the experimental methods as well as 

theoretical approaches possess limitations.  

The analytical method, i.e., native gel electrophoresis, that was used here preferentially reached its 

resolution limit at two points. Stoppers that produce small partially assembled tubes with low block-

ing efficiencies (e.g., S5'1 and S5'4) could only be visualized by EtBr staining but the overlayed 

Coomassie Brillant Blue signal was not significant. In contrast, stoppers that blocked the assembly 

close to the RNA termini with low stalling capability (e.g., S5'9 and S3't1) showed stained protein, 

but this was not clearly distinguishable from the full-length tubes and lacked the RNA signal likely 

due to the short length of the RNA tail. Thus, the stoppers with inconclusive results were not further 

evaluated. Nevertheless, with this native gel electrophoretic protocol a fast overview over condi-

tions applicable for the respective stoppers was achieved and gave insights into different interme-

diate states of the assembly as well as a quantitative impression of incomplete blocking and/or 

assembly events, most likely due to unfavorable RNA folding states. 

Experimental view of RNA accessibility 

As stoppers were designed using guidelines adapted from PCR primers (Dieffenbach et al. 1993) 

secondary structures, like hairpin formation and self-dimerization of stoppers were avoided (Kibbe 

2007), sequences with melting temperatures were selected to achieve Tm ≈ 60 °C and the length of 

stopper sequences was forced to have high selectivity and specificity. In contrast the strength of 

hybridization supported by a GC content > 50 % was dependent on the desired site, but had to be 

selected in a way that a subsequent release of stopper by a strand displacement reaction was possible 

and even the toehold length and composition was designed as it was suggested for strand displace-

ment reactions (Zhang and Seelig 2011; Yurke et al. 2000; Yurke and Mills 2003). 

As a whole, determination of blocking efficiencies showed that stopping was mainly independent 

of Tm values, binding lengths, and GC content of stoppers, but obviously had to consider the inter-

action of various parameters specific for every stopper site. Stalling the assembly at RNA sites 3' 

of the OAs indicated a site-specific effect on hybridization possibility, whereas the efficiency of 5' 

stopping most likely depended on the assembly rate, i.e., the speed and forces achieved during the 

cooperative addition of pre-formed CP disks (Schneider et al. 2016). That means, that hybridization 

and stalling is strongly site- and region-specific (regarding the local sequence context and its rela-

tive position up- or downstream the OAs) concomitant with an extreme temperature-dependency. 

Even a presumed increase of sterical hindrance and disruption of further CP disk attachment by 

5' stoppers with a 5' toehold was not confirmed. 
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In contrast to other DNA-based technologies, for instance PCR, in situ or microarrays hybridization 

assays, the temperature of hybridizing stoppers to RNA cannot be enhanced to completely denature 

secondary and tertiary structures in the RNA as well as the DNA oligomer. As a lower assembly 

yield was found after a partial denaturation step at 65 °C preceding hybridization of stopper S3'1 to 

RNA (in comparison to a more efficient assembly after treatment at 30 °C), this indicated incorrect 

backfolding, i.e., the generation of assembly-incompetent RNA folding states. Unfavorable second-

ary structures might be heat-induced and likely include intragenomic long-range RNA-RNA base 

paring as it is known for positive-sense RNA viruses that build such long-range interactions to 

modulate viral processes (for a review see Nicholson and White 2014). A lower assembly rate by 

using lower assembly temperatures decreased the overall yield of assembly products, but it was 

shown that more RNA molecules stayed intact to be integrated into the assembly process and finally 

enhanced the yield using milder denaturation/hybridization conditions before and during stopper 

binding. These results point at important roles of the RNA secondary structure during the in vitro 

self-assembly and may bring forward a deeper understanding.  

Two aims require a compromise: the first one is to bind the DNA stably but reversibly to a defined 

site at the RNA, thus also the RNA has to lose secondary and tertiary structures, whereas the second 

goal is that the following refolding of RNA during the partial encapsidation with CP results in a 

sufficient yield. On the one hand, unfolding the RNA to enable binding of stoppers required in-

creased temperature, on the other hand the enhanced temperature induced other folding intermedi-

ates that were likely complex and stable so that backfolding into assembly competent states was not 

possible. Furthermore, some RNA sites were stably folded in secondary and/or tertiary structures 

so that even heating could not unravel those folding states, which hindered binding of various stop-

pers.  

To prevent heat-induced degradation of nucleic acids during denaturation and hybridization, an-

other problem to consider, the Tm might be decreased by the reduction of divalent ions and by the 

addition of denaturing solvents (e.g., urea, formamide) (Wetmur 1976). However, the latter would 

require a purification to an assembly-compatible solution prior encapsidation with CP, and poten-

tially such agents may even compromise the assembly competence of the TMV components irre-

versibly. In a previously published study metastable structures were facilitated by a short so-called 

trigger RNA to refold into the thermodynamic stable structure, providing this desired structure for 

use as a sensor for micro RNAs (Kobori et al. 2019). 

Implementation of such supporting DNA or RNA strands could avoid misfolding of the large RNA 

into kinetically trapped structures during the backfolding process after hybridization of stoppers, 
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and thus enhances correctly folded, assembly-competent RNA to increase assembly efficiency of 

the desired nanotubes. 

Simulation-based view of RNA accessibility 

Rules established for PCR primer design as well as for strand displacement reaction were not suf-

ficient for the prediction of suitable stopper target positions due to various reasons as discussed 

above. Hence, this study suggests a combination of computer-based and experimental methods to 

predict the accessibility of a target sequence at the RNA to efficiently block the self-assembly for 

the generation of multiple domains. The results of software-based folding using mfold and RNA-

fold suggested that RNA sequences with > 6 nt distributed to bulges, internal loops, hairpin loops 

and/or junctions were accessible for stopper binding and experimentally resulted in high blocking 

efficiencies, but the distribution of three to four continuous accessible nucleotide stretches was es-

sential. As bulges and loops are often involved in long-range interactions (Nicholson and White 

2014), temperature-induced new long-range interactions could also decrease accessibility. A study 

on toehold-length in strand displacement reactions by Zhang and Winfree (2009) revealed that the 

rate constant rapidly increased with increasing length for a typical toehold comprised of a mixture 

of all four bases. This supported the assumption that the RNA-RNA intramolecular folded structure 

can be resolved by a stopper in dependence on the number of continuous accessible nucleotides in 

the target sequence even if the RNA-RNA interaction is stronger than the RNA-DNA hybridization 

(Sugimoto et al. 1995; Searle and Williams 1993).  

However, all software-based RNA foldings were limited to ionic conditions of 1 M Na+, without 

considering divalent cations in contrast to experimental investigations. As a brief reminder, the 

experimental data compared to the software-based findings were performed as follows: stoppers 

were hybridized to RNA in 75 mM SPP (pH 7.2) supplemented with 1.5 mM MgCl2 by an initial 

partially denaturation step for 5 min at 65 °C with a subsequent temperature gradient (0.1 °C s−1) 

to 30 °C. Mg2+ ions, that were present in the hybridization procedure, stabilize folded intermediate 

states (Tinoco and Bustamante 1999). The negative charge of RNA molecules perturbs its folding 

into complex structure, whereas the addition of positive divalent ions (like Mg2+) facilitates the 

folding, as those reduce the repulsion between the phosphates of RNA.  In this study, various con-

centrations of MgCl2 were applied to the assembly reaction and the assembly yields were compared. 

The predicted Tm of stoppers was increased by 5 °C to 8 °C in Mg2+ ranges from 0 mM to 3 mM 

(Sugimoto et al. 1995). However, a previous UV absorbance study revealed the transition temper-

atures of a pseudoknot into hairpin formation as well as the hairpin into single-stranded structure 
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(Gonzalez and Tinoco 1999; Tinoco and Bustamante 1999). Without the addition of Mg2+ ions, the 

first transition of the pseudoknot was found at 27 °C, in contrast the second transition from hairpin 

into single-stranded form required 63 °C. The addition of 50 µM Mg2+ shifted the transition to 

higher temperature. The pseudoknot melted at 68 °C, but the hairpin was stabilized by divalent ions 

and its melting temperature increased up to 90 °C. Thus, contradictory results of the comparative 

study "experiments versus simulation" were obtained, since mfold as well as RNAfold discount

the addition of 1.5 mM MgCl2 that was present in solution. The formed hairpins and/or pseudoknots 

were likely still stable at 30 °C or even at 65 °C. Furthermore, it verifies that the calculation of Tm 

only in respect of the stopper sequence is not sufficient, since it does not reflect the temperature to 

unfold a large RNA sequence with complex secondary and tertiary structure at the respective posi-

tion.  

A well-studied region of TMV-RNA with respect to its secondary structure is the 3' UTR. As this 

motif is known to form complex structures, five pseudoknots (nt 6211-6395), including the tRNA-

like structure (van Belkum et al. 1985; Rietveld et al. 1984), it may be, that the partial denaturation 

at 65 °C for 5 min under the salt conditions used did not unlock the complex secondary structure of 

this RNA region and that only a few hybridized nucleotides of the individual stoppers (S3't1-t3) did 

not block the assembly sufficiently. The known predicted pseudoknot formation of TLS was corre-

lated with the simulated RNA sequence of the S3't1-3 binding sites (Fig. 5-1). However, the structure 

predicted by mfold was found to be similar to the literature data and the pseudoknot formations

did not bind additional nucleotides. This in turn supports the assumption that the stabilizing effect 

of Mg2+ ions was much stronger than expected by calculation of the TM.  

To adapt the software-based prediction to the experimental procedure, both software used in this 

study, RNAfold and mfold, offer the possibility to include experimental results as hard- or soft

constraints, however, the integration of empirical data into the prediction requires careful handling, 

since it is not warranted that the resulting structures are accurate (Fallmann et al. 2017).  
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Figure 5-1 Secondary structure representation of the tRNA-like structure (left) (modified according to the Creative Commons 
Attribution 4.0 International Public License from Tanguay and Gallie 1996) versus the simulated secondary structure including 
the RNA sequences complementary to S3't1-3 (right). The blue outlined nt highlight the individual sequences complementary 
to the stoppers. The red asterisks (*) depict nt of interest that are different in the two structures. The greyish dotted line 
indicates pseudoknot binding, which results from the left structure. 

Less manual evaluation of the simulated secondary structures would also facilitate more effective 

screening of the structure. One option would be the IntaRNA software (Richter 2012; Mann et al.

2017; Miladi et al. 2019), which calculates the accessibility of the RNA for hybridization of another 

RNA strand. Initial comparative experiments with IntaRNA revealed no trend of the 3' stoppers

used with respect to the calculated energies for hybridization or for unfolding target or query. How-

ever, since the toehold was also considered in the calculations with IntaRNA, differences of some

stoppers due to the toehold sequence in the interaction with RNA were revealed here. Another 
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advantage of IntaRNA is the prediction of the seed region of the interaction. However, this also

did not provide any additional insights for the present study. To complete the calculations, the dif-

ference in binding of DNA to RNA would need to be contrasted with RNA-RNA attraction. 

Consequently, the performed software-based calculations are a first approach to complement the 

previously used stopper design rules but are limited in validity. Further analysis of experimental 

results as well as further empirical data are required, to apply hard- or soft constraint to simulation. 

On the other hand, to reliably predict accessible stopper binding sites, a temperature-selectable sec-

ondary as well as tertiary structure folding tool for longer sequences including pseudoknot calcula-

tion might be helpful. In addition, an extended study on the application of MgCl2 during the hy-

bridization reaction could be carried out to bring reaction temperatures to an optimum with the 

amount of Mg2+ ions used. This in turn could allow more accurate prediction of RNA accessibility 

through software-based methods. 

Another advantage of a preceding software-based folding studies in combination with the 

knowledge gained in this thesis is that long RNAs can be screened for potential additional stopper 

binding sites depending on the experimental conditions used to avoid further unwanted hybridiza-

tions like that of S3'1 to nt 1551-1573.  

Visualization, functionalization, and application-related investigations of DTLPs 

A first proof-of-concept experiment visualized the generation of 2-DTLPs and confirmed the pos-

sibility to site-selectively functionalize one domain. For this purpose, avidin was bound to the bio-

tinylated CP subdomain. A bifunctional NHS-PEG12-biotin linker as well as a maleimide-PEG11-

biotin linker were applied to covalently couple to TMVLys and TMVCys, respectively, with conju-

gation efficiencies of 100 % and 50 % with the TMV particle preparations applied in this study. 

Depending on the application of such DTLPs, the biotinylation efficiency of 50 % of the as-pro-

duced nanotubes may be sufficient, e.g., for binding large molecules like streptavidin-conjugated 

enzymes as it was recently used for biosensors (Koch et al. 2015; Bäcker et al. 2017; Koch et al. 

2018). However, the use of smaller molecules (e.g., avidin) to reliably visualize the subdomain via 

transmission electron or atomic force microscopy requires higher occupancy rates as it was found 

in this study for CPLys-Bio. Here, avidin (≈ 66 kDa, 5.6 x 5.0 x 4.0 nm (Pugliese et al. 1993)) could 

uniformly cover the subunit and enhanced its size to reliably measure its width and length. 

Further investigations have provided the possibility to fabricate TLPs with three distinct, precise 

CP domains for the first time. Two routes were established and the as-produced 3-DTLPs were used 

in two different more application-related studies.  
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Cys-wt-LysBio-TLPs (261-30-9) were used to prepare a two-enzyme cascade by site-selective bind-

ing of glucose oxidase (GOx) and horseradish peroxidase (HRP) for the detection of glucose in a 

colorimetric assay as it was intensely investigated immobilized to full-length TMVCys (Koch et al. 

2015; Bäcker et al. 2017). The maleimide linker-attached GOx ([mal]-GOx) addressed CPCys, 

whereas a streptavidin-conjugate of HRP ([s]-HRP) targeted the biotin moieties of the smallest 

CPLys-Bio domain. The enzyme activity assay verified the integrity of the coupled enzyme on the 

nanocarrier surface as well as indirect proof was obtained of the production of two differently func-

tionalized domains isolated from one another by a third segment. The determined turnover rates of 

the two-enzyme cascade built on 3-DTLP carriers were low compared to the values from the ex-

tensively investigated initial study (Koch et al. 2015). However, in the earlier study, an excess of 

carrier rods was incubated in the microtiter plate to immobilize them. Only after that, the enzymes 

were bound to the immobilized adapters. Due to the differences in immobilization of the nanocar-

riers, binding of the enzymes, and production of the TLPs, the data obtained from this thesis were 

not comparable to those obtained in the previous study (personal communication with C. Koch). 

Further investigation into the advantages of arranging enzymes brought into spatial proximity by 

the nanoscaffold and what sizes of domains are ideally suited must follow. In addition, a more ideal 

spatial arrangement of the viral nanocarrier, e.g., by hybridization using nucleic acids covalently 

bound to solid surfaces or gold nanoparticles (Mueller et al. 2011; Eber et al. 2013), must now be 

carried out to further increase the efficiency of the enzyme cascade. 

The AFM measurements of the 3-DTLPs presented in this thesis demonstrate the possibility to 

decorate multiple domains specifically with biomolecules and study them in situ. Thus, these results 

provide a good basis for further investigations of oligo- or multiple-DTLPs for the use in AFM-

SECM approaches. In the recently submitted article 2-DTLP (Cys-CysBio-DTLPs (261-39 nm)) im-

mobilized on an ultra-flat silicon oxide surface generated a nanotubular scaffold to assemble a re-

dox-enzymatic system, comprising the quinoprotein glucose dehydrogenase (PQQ-GDH) enzyme 

and its ferrocene (Fc)-PEG redox mediator (Paiva et al. 2022). The enzymatic activity was visual-

ized by AFM-SECM measurements. The CPCys-Bio domain allowed these to be decorated with only 

a few enzyme molecules (< 10), so that the highest spatial resolution of enzyme molecules studied 

by electrochemical microscopy to date could be achieved. While in this study the redox mediator 

was bound to the enzyme via antibodies, the Fc-PEG molecules could be bound to another domain 

in the next step to investigate the scaffolding effect of DTLPs (Conrado et al. 2008). Finally, this 

already suggests that oligo-DTLPs not only enable the binding of diverse enzyme variants, but also 

the coupling of ligands and co-factors into specific domains. 



Discussion 

99 

The dynamic DNA-controlled stop-and-go technique offers a high degree of flexibility to guide 

various segments of differently addressable CP domains. However, to reliably define the length of 

those segments, a better prediction method was required. The modulation of the folding formation 

of RNA sections gave an insight but it will never illustrate the behavior of the full sequence. Thus, 

other options for simulation of long sequences including pseudoknot formations to predict suitable 

binding sites require deeper evaluation.  

The production of DTLPs with two, three or multiple domains delivers many options to use the 

predefined domains for functionalization with various biomolecules to use them for example in 

sensor applications. Moreover, the as-prepared TMV-like nanotubes with two or three domains are 

more defined in their position as well as in the length of the differentially addressable CP segments 

than previously published studies (Eiben et al. 2014; Eiben 2018; Fukuda et al. 1980; Geiger et al. 

2013; Brown et al. 2021). Thus, the presented stop-and-go method provides a suitable basis to pre-

pare single particles with oligo- or multiple CP domains, finely adapted to the desired bionanotech-

nological application. 
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Appendix 

A1 Additional binding site of S3'1 to wt-RNA 

To prove the assumption of an additional binding position, the TMV-RNA sequence was analyzed 

via A Plasmid Editor (ApE, v2.0.61, available at: http://biologylabs.utah.edu/jorgen-

sen/wayned/ape.). Various positions were identified with mismatches varying between eight to nine 

nucleotides. All sequences were analyzed by DINAMelt with the Two-hybrid model 

(http://www.unafold.org/Dinamelt/applications/hybridization-of-two-different-strands-of-dna-or-

rna.php) (Markham and Zuker 2005). Only position 1551-1573 nt (upstream of the OAs) showed 

significant hybridization and thus was identified as an additional binding region considering eight 

mismatches.  

#greyish, strikethrough nucleotides depict the mismatch in the stopper sequence; *from 0 °C by 1 °C to 100 °C as DNA; [A0] = 

3.5e-06 M, [B0] = 1.4e-07 M; [Na+] = 0.075 M, [Mg2+] = 0.0015 M. 

If the hybridization temperature is below the calculated Tm ≈ 47 °C, the statistically probability of 

binding to this position might be enhanced.
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A2 Example of estimating the yield of nucleoprotein tubes from a native gel 

The formation of proteins stained are similar for each nucleoprotein tube independent from its 

length. Quantitation of product per sample was estimated by analyzing the fractions of one lane via 

the software ImageJ. The estimation is exemplarily shown for the mixture of full-length (300 nm) 

and partially assembled particles (S3'2/RNA, 267 nm). The pixel intensity of Coomassie Brillant 

Blue staining was calculated in percent (a). Given that the sum of both protein tubes equates to 

100 % protein in this sample, it follows the percentaged protein amount/fraction (b). Comparing 

the measured pixel intensity with the amount of protein per fraction (c), the percentaged amount of 

product tubes was calculated (d). 

Table A-1 Example of estimating the yield of nucleoprotein tubes from gel.  

(a) pixel intensity of Coomassie Brillant Blue staining; (b) percentaged protein amount/fraction; (c) ratio of pixel intensity to
amount of protein per fraction; (d) percentaged amount of product tubes 
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A3 Stop-and-go with S3'1 

Figure A-1 Reversibility of stopper S3'1 hybridization to the RNA scaffold through its displacement by toehold-release achieved 
with DNA oligomer R3'1. Adapted from Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribution 
3.0 International Public License. Left: Scheme of the release process (in the absence of CPs, not to scale). Right: Agarose gel 
electrophoretic separation of the products after RNase H cleavage of DNA/RNA hybridization products of RNA. Fragments 
were separated on a 1 % agarose gel under denaturing conditions. Arrows denote bands of undigested RNA, brackets the 
range of fragments expected after RNase H digestion. White asterisks label additional fragments occurring upon RNase H 
incubation.  

Figure A-2 Comparative statistical analysis of the "stop"- and "go"-classes obtained in three experiments performed with 
stopper S3'1. The expected "stop"-class of 260-270 nm (left) as well as the "go"-class of 300-310 nm (right) length did not differ 
significantly between all independent experiments (p = 0.630 and p = 0.752, respectively). Data are presented as boxplots 
(line: median, box boundaries: 25/75 % quartiles, whiskers: 10/90 % percentiles, dots: 5/95 % percentiles). Reprinted from 
Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribution 3.0 International Public License. 
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A4 Stop-and-go using hRNAs as scaffolds 

Figure A-3 (a) Electrophoretic analyses of the in vitro transcribed heterologous RNA scaffolds I to III (a-c) in 1.5 % denaturing 
agarose gels (adapted from Schneider et al. 2016 according to the Creative Commons Non-Commercial Attribution 3.0 Inter-
national Public License). The sizes of the corresponding ladder fractions are depicted at the left side of each gel, whereas the 
desired product length is illustrated by an arrow. The arrow in the brackets shows the terminated product of hRNA I. (b) Native 
agarose gel analysis of in vitro assembled hRNA scaffolds with predicted nanotube length (c) Native agarose gel analysis of in 
vitro assembled hRNA scaffolds: iva versus no stopper. The curly bracket indicates additional by-product of assembly. 
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Figure A-4 (a) Visualization of various stop states of hRNA III after nanoparticle separation in a native agarose gel (b) Analysis 
of densitometrical determination of the native gel (a) to estimate nanotube sizes and protruding RNA lengths of the various 
assembly states.  
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Figure A-5 "Stop-and-go": Statistical analysis of the "stop"- and "go"-classes obtained in three experiments each performed 
with three different heterologous RNAs. Both the expected "stop"-class (left) and the "go"-class (right) did not differ signifi-
cantly between the independent experiments for each hRNA. Data are presented as boxplots (line: median, box boundaries: 
25/75 % quartiles, whiskers: 10/90 % percentiles, dots: 5/95 % percentiles). Reprinted from Schneider et al. 2016 according 
to the Creative Commons Non-Commercial Attribution 3.0 International Public License. 
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A5 Evaluation of temperature conditions using wt-RNA as scaffold 

Additionally, previously identified 3' stoppers S3'1, 5, 9, t3 that bind under denaturing hybridization 

conditions and efficiently block the assembly at 25 °C were tested whether they are convenient at 

milder conditions. To discriminate the effects of milder conditions, in a first approach, the hybrid-

ization was performed using 30 °C, 2 h, followed by assembly at 25 °C. S3'1 and S3'5 stalled the 

assembly to the usual extent. However, not each of these 3' stoppers arrested the encapsidation after 

hybridization at 30 °C, for 2 h (Fig. A-6b). This verified that the complex secondary structure re-

quires almost complete denaturation prior assembly to successful bind the stopper (Guilley et al. 

1975; Rietveld et al. 1984).  

Figure A-6 Visualization of "stop" states after nanoparticle separation on native agarose gels. Hybridization and assembly was 
performed as stated below the gel images. The arrow indicates fully assembled particles. Black/white asterisks (*) label bands 
with higher electrophoretic mobility. (a) 0.8 % native agarose gel, broken while Coomassie Brilliant Blue staining (b) 1 % native 
agarose gel, the curly bracket highlights non-assembled TMV-CP (c) 1 % native agarose gel. Decreased assembly temperature 
has no effect on the blocking amenability of stopper S3'1. "iva": in vitro assembly of wt-RNA with wt-CP.  
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Table A-2 Overview over frequency of preferred secondary structure and accessible nucleotides.  

[a] Frequency of the predominant secondary structures resulted from the MFE and suboptimal structures for the sequence 
intervals; * sum of all types of structural elements accessible for hybridization; [b] equates to the amount of partially assem-
bled products calculated by analyzing nanotube separation in native gels. All amounts were determined at a 25-fold molar

excess of stopper over RNA (see in Appendix A2 for details).
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A6 Evaluation of assembly products via ultracentrifugation 

Figure A-7 Influence of different revolution speeds during ultracentrifugation. The sample was prepared as follows: hybridi-
zation of both stoppers, S5'6 and S3'5, to RNA was performed at 30 °C for 2 h, followed by assembly with wt-CP ON at 15 °C 
and subsequent centrifugation. (a) The steps of ultracentrifugation and sample numbers (#) are illustrated in the scheme (not 
to scale). The supernatants (#1, #3, #5) were proceeded for UC. (b) The different fractions of DTLPs were analyzed by nano-
particle separation in a native agarose gel. "iva" (in vitro assembly of wt-RNA with wt-CP) as well as TMV indicate fully assem-
bled particles (arrow). Blue/purple "plus" (+) label bands with higher electrophoretic mobility due to stopped assembly by 
only S3'5 (+), S5'6 (+) or both, S5'6 and S3'5 (++). The upper bracket marks the residual free CPs, whereas the lower one highlights 
the non-assembled RNA. 
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A7 Evaluation of nanotube length from AFM images 

Figure A-8 (a) AFM image and corresponding width measurements of nanotubes adhered to a gold surface. 1 to 4 indicate 
full-length DTLPs exemplarily analyzed, the white lines represent the positions of corresponding cross sections. (b) Analysis of 
the resulting nanotube length distribution via the software ImageJ. n = 193 particles were measured from AFM images dis-
counted tip convolution effects. Hence, nanotubes seemed to be 10-20 nm increased in their length. 
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