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ABSTRACT OF THE DISSERTATION 

 

The physical and chemical parameters of in vitro packaging of heterologous RNA into virus-like 

particles 

 

by 

 

Cheylene Rachelle Tanimoto 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2022 

Professor William Gelbart, Chair 

 

The evolved strategies of viruses are wondrous and should be investigated and 

understood better to exploit their gene delivery “tricks” for the development of effective 

therapeutics. Simple RNA viruses – those consisting of a positive-sense/ready-to-translate RNA 

genome inside an ordered capsid made up of multiple copies of a single protein – have been used 

as platforms for delivery of therapeutic cargo to cells. For example, early work by several groups 

established that spontaneous self-assembly of virus-like particles (VLPs) can be carried out in 

vitro from purified components of RNA and the capsid protein (CP) from the plant viruses 

tobacco mosaic virus (TMV), cowpea chlorotic mottle virus (CCMV) and brome mosaic virus 

(BMV). CCMV and BMV CP can encapsulate non-viral RNAs into monodisperse, RNase-

resistant spherical capsids if the length of the RNA is between 2,500 and 4,500 nucleotides (nts); 

longer RNAs are packaged into “multiplets” – multiple 28-nm VLPs, where RNA is shared 
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between two or more particles. Additionally, researchers have exploited the self-replicating 

nature of viruses, specifically nodamura virus (NOV), to amplify expression of genes of interest 

(GOIs). The GOI can vary widely from reporter genes to RNA encoding for cancer or viral 

antigens. This self-replicating RNA, or replicon, can be packaged into CCMV VLPs using an in 

vitro assembly method. In this study, I investigate viral strategies such as self-assembly and self-

replication with the goal of delivering self-replicating functional RNAs encapsulated in spherical 

VLPs to mammalian cells as therapeutics.  

This thesis work reports on a systematic series of experiments elucidating the physical 

chemical properties of self-assembled VLPs as delivery platforms for mRNA replicon 

therapeutics. I am interested in understanding the physical chemical parameters governing 

successful self-assembly – solution ionic strength, pH, protein concentration, charge and size of 

cargo being packaged – to develop robust therapeutics. To probe the role of these in determining 

RNA-protein and protein-protein interactions and ensuing assembly of nucleocapsids, 

interferometric scattering (iSCAT) microscopy was used to follow the assembly kinetics of 

individual BMV VLPs around BMV RNA1 using a range of solution ionic strengths and protein 

concentrations. The iSCAT experiments revealed that nucleation times become longer and more 

broadly distributed when RNA-protein interactions are reduced (high ionic strength) and/or 

protein concentrations are decreased, corresponding to an increase in nucleation barriers. To 

further explore the role of RNA-protein and protein-protein interactions, assemblies were carried 

out in a variety of assembly buffers spanning ranges of pH from 5 to 7 and of ionic strengths 

from 0.1 to 0.5 M, and assembly products were imaged using negative-stain electron microscopy 

(EM). Additionally, the salt- and pH-dependence of protein-protein interactions were 

characterized by differential scanning fluorimetry. To quantify the dependence of GOI protein 
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expression on the numbers of GOI replicons (derived from NOV RNA1) transfected into 

mammalian cells, cell lines were transfected with increasing masses of replicon RNA mixed with 

an inert carrier RNA, with the total mass of the transfected RNA held constant while increasing 

the fraction of replicon. Fluorescence microscopy, flow cytometry, and trypan-blue exclusion 

assays show a non-monotonic dose-dependence of protein expression – i.e., “less is better” – in 

cells transfected with replicon RNA. To package long replicon molecules – those with GOI > 

1,000 nts – into RNase-resistant VLPs, the RNA needs to be compacted to fit into a BMV VLP. 

To probe the role of charge and size of cargo on self-assembly, long RNA molecules were pre-

compacted with increasing concentrations of polyvalent cations and assembled into BMV VLPs. 

VLPs were analyzed by negative-stain EM and gel electrophoresis. Finally, the same replicon 

molecule was packaged into spherical and rod-like VLPs using the CP of CCMV and TMV, 

respectively, with the goal of comparing how the shape of these particles impacts their efficacy 

as a therapeutic delivery vehicle.  
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CHAPTER 1 

Introduction to self-replicating mRNA molecules and in vitro 

packaging of RNA by viral capsid protein 

 Viruses are nanoscale intracellular obligate parasites composed of a genome (DNA or 

RNA) surrounded by a protective protein shell, called a capsid. In many (especially, mammalian 

viruses) cases, a lipid bilayer membrane provides the genome with protection in addition to – or 

sometimes instead of – a protein capsid. A virus enters a cell, and the virus disassembles to allow 

the viral genome to be replicated. New virus particles assemble in the complex cellular milieu 

from freshly replicated genome and freshly translated capsid proteins. These new particles, of 

which millions of copies are made from a single starting particle, go on to infect more cells. 

Every aspect of this complex process has evolved over time to result in successful entry into 

cells, replication in cells, and assembly of protective particles specifically carrying the viral 

genome. Investigation of these strategies could enable the design and development of effective 

therapeutics. This work investigates the viral strategies of self-assembly and replication with the 

goal of delivering self-replicating therapeutic messenger RNA (mRNA) encapsulated in in vitro 

assembled virus-like particles (VLPs) to mammalian cells.  

1.1 In vitro self-assembly of virus-like particles (VLPs) 

Spherical VLPs 

 Significant to this investigation is brome mosaic virus (BMV), a plant virus from the 

genus bromoviridae. BMV has a multipartite genome made up of single-stranded RNA (ssRNA) 

molecules: RNA1 (3,234 nucleotides [nts]), RNA2 (2,865 nts), RNA3 (2,117 nts), and sub-

genomic RNA4 (876 nts)1,2. These RNA molecules are packaged into three separate virions with 
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about 3,000 nts of RNA in a capsid shell composed of 180 copies of a single capsid protein (CP) 

with RNA1 and RNA2 in their own particles and RNA3 and RNA4 co-packaged into a single 

particle. Most notably, this virus – and a closely-related virus, cowpea chlorotic mottle virus 

(CCMV) – can spontaneously self-assemble in vitro from purified components3–5. Not only can 

BMV and CCMV CP encapsulate their own genomes in vitro, but they have also been shown to 

encapsulate non-viral RNA and other negatively charged cargo into virus-like particles6–9. These 

resulting particles are virus-like because they look like infectious virus particles, but they do not 

contain a genome that would make the particles infectious. 

 In a well-studied in vitro self-assembly protocol for BMV and CCMV VLPs, RNA and 

CP are mixed in a neutral pH and high ionic strength solution10–12. At this high ionic strength, the 

electrostatic interactions between the negatively charged phosphate backbone of the RNA and 

the positively charged arginine-rich motif (ARM) in the N-terminal tail of the CP are screened. 

As the mixture is dialyzed against a lower ionic strength solution, these interactions are turned on 

and the RNA is saturated by CP binding resulting in the formation of nucleoprotein complexes 

(NPCs)10. Then the mixture is dialyzed against a lower pH solution (pH 4.75), close to the 

isoelectric point of the CPs, to allow for lateral attractions between CPs leading to the formation 

of monodisperse, perfectly symmetric, RNase-resistant VLPs6. While this “two-step” assembly 

method (i. reducing ionic strength; ii. reducing pH) is used to make robust VLPs, BMV CP has 

also demonstrated assembly competence in several “one-step” solution conditions5,13.  

 In the present study BMV VLP self-assembly is examined in a variety of solution 

conditions (ionic strength, pH, and CP concentration) to examine the role of RNA-CP and CP-

CP interaction strength in successful VLP formation. In Chapter 2 (Single-particle studies of the 

effects of RNA-protein interactions on the self-assembly of RNA virus particles), interferometric 
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scattering (iSCAT) is used to follow the kinetics of individual BMV VLPs assembling in a pH 6 

solution and a range of ionic strengths and protein concentrations. Chapter 3 discusses 

experiments using electron microscopy (EM) to visualize VLPs formed in one-step-assembly 

buffers of varying pH and ionic strength.  

Rod-like VLPs 

The other important in vitro assembling virus for this investigation is tobacco mosaic 

virus (TMV). Like BMV and CCMV, TMV is a plant virus with a ssRNA genome that can be 

assembled in a test tube from purified components. These three – BMV, CCMV, and TMV – are 

the only viruses that have been shown to assemble in vitro from purified components. TMV 

virions, however, take the shape of hollow, helical rods in which the RNA is embedded in the 

protein shell as opposed to being in the hollow interior14–16. The TMV virions are helical rods 

with a length of 300 nm, an inner radius of 2 nm, and an outer radius of 9 nm. The RNA inside 

also demonstrates helical symmetry and is embedded 2 nm into the protein shell15,16. Each turn of 

the helix is composed of about 16.3 CP, where 1 CP is interacting with 3 nts of RNA. The RNA 

needs to contain a specific “packaging signal” – a sequence with high affinity for CP necessary 

for packaging. For TMV, this sequence is termed the origin of assembly site (OAS) – a stem-

loop structure located about 900 nts from the 3’-end of the wild-type genome – and has been 

identified as the site of nucleation for assembling virus particles17,18. In Chapter 6, a self-

replicating mRNA molecule with the TMV OAS is packaged into both spherical and rod-like 

VLPs, using BMV and TMV CP, respectively, and the particles are visualized using electron 

microscopy.  



4  

1.2 Packaging self-replicating mRNA therapeutics into VLPs 

 Replicons are self-replicating RNA molecules – an RNA that encodes a protein that will 

replicate this RNA molecule. We derive our replicons from the genome of Nodamura virus 

(NOV). NOV is a ssRNA virus that infects insects. Its genome is composed of two molecules – 

RNA1 encodes an RNA-dependent RNA polymerase (RdRp) and RNA2 encodes a capsid 

protein19. RNA1 is a replicon because it encodes the RdRp that will replicate both RNA1 and 

RNA2. A gene of interest (GOI) can be added to the end of the open reading frame encoding the 

RdRp producing a replicon that will generate many copies of the RNA and therefore the GOI.  

The GOI can be reporter genes like fluorescent proteins (enhanced yellow fluorescent protein, 

EYFP) or luciferase, or therapeutic molecules like cancer antigens or microRNA.  

 The present study focuses on replicons encoding reporter genes and testing their 

replication in mammalian cells and packaging efficiency in spherical and rod-like VLPs. In 

Chapter 4, NOV-EYFP replicons are transfected in mammalian cells, with accompanying 

demonstration that delivery of too many replicon molecules can result in strong amplification of 

RNA and protein that results in cell death. The following chapters discuss packaging of RNA 

into spherical and rod-like VLPs. In Chapter 5, long RNA molecules are pre-compacted with 

polyvalent cation in an attempt to package the RNA in single 28-nm spherical particles, while in 

Chapter 6 NOV replicons are cloned to contain a TMV OAS such that the RNA can be packaged 

in rod-like TMV VLPs. Chapter 7 discusses future directions for the testing of these particles in 

mammalian cell culture and mice with our collaborators at the University of California, San 

Diego. 
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CHAPTER 2 

Single-particle studies of the effects of ionic strength and protein 

concentration on the self-assembly of RNA virus particles 

2.1 Abstract 

 Understanding the pathways by which simple RNA viruses self-assemble from their coat 

proteins and RNA is of practical and fundamental interest. Although RNA-protein interactions 

are thought to play a critical role in the assembly, our understanding of their effects is limited 

because the assembly process is difficult to observe directly. We address this problem by using 

interferometric scattering microscopy, a sensitive optical technique with high dynamic range, to 

follow the in vitro assembly kinetics of each of over 500 individual particles of brome mosaic 

virus (BMV) – for which RNA-protein interactions can be controlled by varying the ionic 

strength of the buffer. We find that when RNA-protein interactions are weak, BMV assembles by 

a nucleation-and-growth pathway in which a small cluster of RNA-bound proteins must exceed a 

critical size before additional proteins can bind. As the strength of the RNA-protein interactions 

increases, the nucleation time becomes shorter and more narrowly distributed until the assembly 

kinetics become indistinguishable from diffusion-limited adsorption. In contrast, the time to 

grow a capsid after nucleation varies weakly with both salt and protein concentration. These 

results show that the nucleation rate is controlled by RNA-protein interactions, while the growth 

process is driven less by RNA-protein interactions and more by protein-protein interactions and 

intra-protein forces. The nucleated pathway observed with the plant virus BMV is strikingly 

similar to that previously observed with bacteriophage MS2, a phylogenetically distinct virus 
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with a different host kingdom. These results raise the possibility that nucleated assembly 

pathways may be common to other RNA viruses.  

2.2 Introduction 

Since the 1950s, the question of how RNA viruses self-assemble has inspired theoretical 

and experimental work in many fields of basic and applied science. Simple RNA viruses, which 

consist of a single-stranded RNA genome inside an ordered capsid made up of multiple copies of 

a single protein (Figure 1A), have served as model systems for studying the physical principles 

of structural virology involving virus particles of all shapes and sizes20,21. But the mechanisms 

and pathways by which these viruses assemble into the correct structure, while avoiding the 

many possible malformed structures, are not yet understood.  

Many different RNA viruses self-assemble nucleocapsids (most are non-infectious 

particles, with the exception of a rare few), though the most well-studied come from two 

families: Bromoviridae, a family of plant-infecting viruses that includes brome mosaic virus 

(BMV) and cowpea chlorotic mottle virus (CCMV); and Fiersviridae (previously Leviviridae), a 

family of bacteria-infecting viruses that includes MS2 and Qβ. These families are as distinct 

phylogenetically as any two RNA virus families can be, having a last common ancestor that is 

thought to predate the emergence of eukaryotic cells22. Accordingly, there are many well- 

established physical and biological differences among viruses in these families. Yet the four most 

studied members—BMV, CCMV, MS2, and Qβ—do have some structural commonalities: they 

are icosahedral viruses with a triangulation number (T) – the number of structural units per face 

of the icosahedron – of 3, they have no lipid envelope, and each capsid surrounds about 3000-

4000 nucleotides of single-stranded RNA.  
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The assembly of such structures is a nontrivial process. Identical coat proteins must adopt 

non-equivalent positions to make a T=3 capsid, with some arranging in pentagonal configurations 

and others in hexagonal configurations21,23,24. Furthermore, these configurations must form in the 

correct proportions and positions for the capsid to close. Despite these challenges, assembly of 

virus-like particles of CCMV5,25,26, BMV5,26, and MS227 occurs in high yield even in vitro and in 

the absence of host-cell factors. The challenge of viruses to avoid the many possible metastable 

states en route to complete assembly has been likened to the Levinthal paradox of protein 

folding28,29.  

But unlike proteins, RNA viruses have a template for assembly: their own RNA. Current 

theoretical models of RNA virus self-assembly posit markedly different roles for the RNA, 

depending on the relative strengths of RNA-protein and protein-protein interactions, sequence- 

dependent RNA-protein interactions, RNA-mediated protein-protein interactions, and several 

other factors30. Although specific interactions between RNA substructures and coat proteins have 

been hypothesized to help the virus avoid malformed configurations29, viruses from different 

families differ greatly in their RNA structures and RNA-protein interactions. It is therefore 

unclear whether there are common features of the assembly process for different T=3 viruses or 

if there are distinct assembly pathways that depend on RNA-protein interactions.  

Recent measurements of assembly kinetics suggest the latter: that assembly of viruses 

from different families follows different pathways. Fluorescence correlation spectroscopy (FCS) 

experiments31,32 of the kinetics of binding of MS2 coat protein and RNA indicate that assembly 

starts with a small cluster of RNA-bound proteins that trigger a change in the hydrodynamic 

radius of the RNA. In contrast, cryo-electron microscopy10 and small-angle X- ray scattering 

(SAXS)33 experiments of the assembly of CCMV coat protein and RNA show that disordered 
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RNA-protein complexes formed at neutral pH anneal over several thousand seconds into well-

formed capsids when the pH drops below 6.  

But because these experiments involve different assembly conditions and different 

measurement techniques, their outcomes might not reflect fundamental differences in the 

assembly pathways of these viruses, but rather technical differences in the methods and protocols 

used to study them.  

Furthermore, most of the techniques that have been used do not measure the assembly 

process directly at the scale of individual particles because—one way or the other—they involve 

averaging over many particles. Such averaging can obscure the mechanisms and pathways that 

underpin stochastic assembly processes like viral assembly, in which each individual particle can 

follow its own unique sequence of intermediate states. Thus, it remains an open question whether 

a common assembly pathway might exist between these viruses. 

Garmann, et al. recently demonstrated that interferometric scattering (iSCAT) 

microscopy34 can resolve the assembly kinetics of individual virus-like particles35, providing a 

method to directly measure and compare the assembly pathways of different viruses. To perform 

the iSCAT experiment, viral RNA molecules are tethered to the surface of a functionalized glass 

coverslip under the desired buffer conditions36 (Figure 1B). Next, iSCAT images of the RNA- 

decorated coverslip are collected as viral coat proteins are injected at the desired concentration 

and in the appropriate buffer. As the proteins bind to the surface-tethered RNA, dark spots 

appear in the iSCAT images (Figure 1C). Subtracting the intensity associated with the RNA 

then yields images in which the intensity of each dark spot is proportional to the number of 

proteins that have accrued onto each individual RNA. Accordingly, plotting the trace of the 

intensity of a spot as a function of time reveals the assembly kinetics for that particle, and 
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plotting the collection of traces reveals the assembly kinetics for the ensemble of particles 

(Figure 1D).  

Previous work35 examined the assembly of bacteriophage MS2 and found that the 

assembly kinetics were consistent with a nucleation-and-growth pathway in which a small cluster 

of RNA-bound proteins must exceed a critical size before the binding of additional proteins 

becomes favorable. Despite an apparently small critical nucleus size (a few coat-protein dimers), 

we found that MS2 capsids grow monotonically to full or nearly full size with high yield.  

Although this previous study highlighted the importance of the RNA in the assembly 

process, the strong and specific RNA-protein interactions in MS2 make it difficult to 

systematically address the central question of how the RNA affects the pathway. By contrast, the 

RNA in BMV interacts with the coat proteins through non-specific electrostatic interactions37. As 

a result, the strength of RNA-protein interactions can be tuned by changing the ionic strength of 

the buffer solution10–12. BMV therefore offers not only an interesting comparison to MS2—it is 

phylogenetically distinct but structurally similar—but also the means to understand the role of 

RNA-protein interactions.  

In this study, we infer the assembly pathways of BMV from iSCAT measurements under 

different RNA-protein interaction strengths, allowing us to critically assess competing models of 

the assembly process. We follow the assembly trajectories of more than 500 individual virus 

particles under different assembly conditions, and we correlate the results with the absence and 

presence of ordered nucleocapsids as detected with electron microscopy. We find that BMV can 

assemble by a nucleation-and-growth process that is qualitatively similar to that of MS2. We 

show that the strength of RNA-protein interactions strongly affects the nucleation time, but only 

weakly affects the growth time, suggesting that RNA plays a central role in nucleating the viral 
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capsid, but a relatively minor role in its growth. We discuss these observations in the context of 

recent models and hypotheses of RNA virus self-assembly. 

 

Figure 1. Overview of the system and the measurement. (A) A 3D model of BMV reconstructed from cryo-
electron microscopy data38 shows the protein capsid (gray) surrounding the RNA (gold). The model reveals most of 
the icosahedral capsid but only a small portion of the RNA, the rest of which adopts a disordered arrangement 
within the capsid. (B) A cartoon of the experiment shows viral coat proteins assembling around RNA strands that 
are tethered by DNA linkages to the surface of a functionalized glass coverslip. (C) The assembling proteins are 
imaged at 1000 Hz for 600 s using iSCAT microscopy. Each dark spot that appears in the images corresponds to 
proteins bound to an individual RNA strand. The darkness, or intensity, of each spot is proportional to the number of 
proteins bound to that RNA. The displayed images are the average of 1000 consecutive frames. (D) Traces of the 
intensity as a function of time (1000 frame moving average) reveal the assembly kinetics for each particle. 
Experimental conditions are 0.135 μmol/L protein and 250 mmol/L NaCl. The initial spike in intensity present in 
many of the traces is associated with vibrations introduced into the system as coat protein is injected. The thick, 
black trace corresponds to the boxed particle in (C). We compare the final intensities of the traces to the estimated 
intensity range of full capsids, which is shown as a vertical bar to the right of the traces.  
 

2.3 Materials and Methods 

2.3.1 Buffers used 

Disassembly buffer: 50 mmol/L Tris-HCl, pH 7.5; 500 mmol/L CaCl2, 1 mmol/L 

ethylenediamine tetraacetic acid (EDTA), 1 mmol/L dithiothreitol (DTT), 0.5 mmol/L 

phenylmethylsulfonyl fluoride (PMSF). Protein storage buffer: 20 mmol/L Tris-HCl, pH 7.2; 1 
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mol/L NaCl; 1 mmol/L EDTA; 1 mmol/L DTT; 1 mmol/L PMSF. TAE buffer with NaCl: 40 

mmol/L Tris-HCl pH 8.3, 20 mmol/L acetic acid, 1 mmol/L EDTA; and 84 mmol/L, 167 

mmol/L, or 250 mmol/L NaCl. Assembly buffer: 42 mmol/L 2-(N-morpholino)ethanesulfonic 

acid (MES), pH 6; 84 mmol/L, 167 mmol/L, or 250 mmol/L NaCl; 8.4 mmol/L MgCl2; and 3 

mmol/L acetic acid. For DSF measurements, we also prepared assembly buffer at pH 7 by 

replacing MES with sodium phosphate. 

2.3.2 Synthesis of BMV RNA1  

BMV RNA1 was made by in vitro transcription of the DNA plasmid pT7B1, linearized with 

BamHI (New England Biolabs, USA)*, with a T7 polymerase transcription system (Thermo 

Fisher, USA) and purified with an RNEasy Mini Kit (Qiagen, DEU), both following the 

manufacturers’ specifications.  

2.3.3 BMV coat protein purification  

BMV was purified from infected barley leaves (Hordeum vulgare)3, and coat protein was 

purified as described previously39. Nucleocapsids were disassembled by dialyzing against 

disassembly buffer at 4 °C overnight. The RNA was pelleted and the coat protein isolated by 

ultracentrifugation at 90,000 rotations per minute for 100 min at 4 °C in a Beckman TLA110 

rotor. Coat protein was extracted from the supernatant and immediately dialyzed against protein 

storage buffer. Protein concentration and purity were assessed by UV-Vis spectrophotometry; 

only protein solutions with 260/280 ratios less than 0.6 were used for assembly. Protein was 

frozen in liquid nitrogen and stored at −80 °C until ready to use, at which point it was defrosted 

on ice and stored at 4 °C for up to two weeks. 
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2.3.4 Measuring the binding yield between fluorescently labeled 20U RNA and BMV CP 

using a nitrocellulose-binding assay 

Fluorescently labeled 20U RNA at a concentration of 4 nmol/L was mixed with 0.043 μmol/L 

BMV CP2 in TAE buffer with either 84 mmol/L, 167 mmol/L, or 250 mmol/L NaCl, and left for 

30 min at room temperature. The RNA was labeled at its 5’-end with an AlexaFluor647 dye 

(Integrated DNA Technologies, USA). 250 μL aliquots of each RNA-protein mixture were 

passed through a nitrocellulose membrane (0.45 μm pore size; Thermo Fisher, USA) that was 

presoaked in TAE buffer with 250 mmol/L NaCl using a 96-well dot-blot apparatus (Biorad, 

USA) under weak vacuum. Then the membrane was washed by passing through an additional 

500 μL of the corresponding assembly buffer. The amount of membrane-bound RNA was 

quantified at each salt concentration by measuring the fluorescence emission intensity of the 

AlexaFluor647 dye using a fluorescence scanner. The amount of protein bound to the membrane 

was constant for all salt concentrations, as determined by staining with Ponceau S solution 

(MilliporeSigma, USA). Because protein is retained by the membrane, but free RNA is not, the 

intensity of membrane-bound RNA is taken to be proportional to the yield of RNA-protein 

binding.  

2.3.5 Measuring the apparent melting curve of BMV by differential scanning fluorimetry 

(DSF) 

WT BMV was dialyzed against assembly buffer with pH 6 or pH 7 overnight at 4 °C. Aliquots of 

WT BMV at a final concentration of 0.2 mg/mL, 2.5x SYPRO orange fluorescent dye 

(Molecular Probes, USA), and a final salt concentration of 85 mmol/L, 167 mmol/L, or 250 

mmol/L NaCl were prepared. DSF was performed in triplicate in a 96-well plate CFX Connect 

quantitative PCR machine (Bio-Rad, USA). All samples were heated from 25 °C to 95 °C, in 1 
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°C increments with a 1-min stabilization period at each temperature before the sample was 

measured. Excitation/emission wavelengths of 470/550 nm were used to detect the fluorescence 

emission of SYPRO orange binding to hydrophobic regions of coat protein exposed upon capsid 

disassembly. The apparent melting temperature is defined as the temperature at which the 

derivative of the fluorescence emission signal (−𝑑𝐼/𝑑𝑇) is maximal.  

2.3.6 Negative-stain electron microscopy  

Negative-stain electron microscopy was used to image the protein structures that assemble 

around RNA in solution. The assembly reaction was carried out in assembly buffer by mixing 

860 nmol/L BMV CP2 with 7.5 nmol/L BMV RNA1 and incubating at room temperature for 10 

min. 6 μL of assembly reaction was deposited on glow-discharged carbon-coated copper (200-

mesh) PELCO Pinpointer grids (Ted Pella, USA). After 1 min, the grids were blotted with 

Whatman filter paper, and then stained with 6 μL of 2 % uranyl acetate for 1 min followed by 

complete stain removal and storage in a desiccator overnight. Micrographs were acquired using a 

Tecnai G2 TF20 High-Resolution electron microscope (FEI, USA) with an accelerating voltage 

of 200 kV. Images were collected at 3 μm to 4 μm underfocus with a TIETZ F415MP 16-

megapixel CCD camera (4000 by 4000 pixels, pixel size 15 μm).  

2.3.7 iSCAT experiments 

iSCAT measurements were performed as described in detail in Reference 18. In brief, a spatially 

filtered, 450 nm diode laser was coupled into an oil-immersion objective to illuminate a small 

region of the coverslip with a collimated beam. Three-dimensional active stabilization was used 

to extend the measurement duration. We estimate the intensity range of full BMV capsids by 

scaling the measured intensity range for MS2 capsids11 by the relative mass of BMV and MS2 

capsids. Coverslips were functionalized with a layer of polyethylene-glycol (PEG) molecules, 
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about 1 % of which were functionalized with a 20-base DNA strand (5’-

GGTTGGTTGGTTGGTTGGTT-3’), to which BMV RNA1 strands were tethered using a 60-

base DNA linker strand (5’-

CCGTGGTCGACAAGGGATTGAACCTCGTTCCGTGGTCTACAACCAACCAACCAACC

AACC-3’). Assembly kinetics experiments were performed at room temperature in assembly 

buffer with 84 mmol/L, 167 mmol/L, and 250 mmol/L NaCl and protein concentrations of 0.043 

μmol/L, 0.135 μmol/L, and 0.427 μmol/L BMV CP2.  

2.4 Results 

2.4.1 RNA-protein interactions can be controlled independently of protein-protein 

interactions 

We first demonstrate that we can control the strength of RNA-protein interactions. By 

measuring the yield of RNA-protein binding between 20 nucleotide-long poly-U RNA and BMV 

coat-protein dimers (CP2) using a nitrocellulose binding assay40, we find that increasing the 

concentration of salt decreases the amount of RNA-protein binding (Figure 2A). This result is 

consistent with binding being driven by electrostatic interactions between the negatively charged 

phosphate backbone of the RNA and the positively charged N-terminus of the coat protein37. 

To test whether varying ionic strength also affects protein-protein interactions, we 

perform Differential Scanning Fluorimetry (DSF) on wild-type BMV particles to study their 

thermal stability, a measure of lateral interactions between proteins in the capsid. We find that 

the thermal stability is approximately constant over the range of NaCl concentrations tested 

(Figure 2B). In contrast, the stability of BMV drops sharply when the pH is increased from 6 to 

7, consistent with previous results41,42 showing that increasing pH weakens protein-protein 

interactions in BMV (Figure 2B). The absence of a change in stability with increasing salt is 
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important because it suggests that ionic strength only weakly affects protein-protein interactions, 

and therefore that ionic strength can be used to specifically modify RNA-protein interactions. 

Next, we use negative-stain electron microscopy to test for capsid formation as we vary 

ionic strength. In assembly reactions involving BMV CP2 and BMV RNA, we find that 84 

mmol/L NaCl leads to heterogeneous assembly products, with some well-formed particles and 

many malformed particles, whereas 167 mmol/L and 250 mmol/L NaCl gives rise to more 

homogeneous spherical particles with roughly the same size and curvature as wild-type BMV 

(Figure 2C). 

Taken together, these measurements show that we can control the strength of RNA-

protein interactions, and that changing these interactions changes the assembly products. These 

results set the stage for iSCAT single-particle measurements that probe how the assembly 

pathways might change as RNA-protein interactions are varied. 

 

 

Figure 2. Ionic strength affects RNA-protein binding and the assembly process but does not affect the 
thermal stability of assembled particles. (A) Nitrocellulose binding measurements show that the yield of RNA-
protein binding depends strongly on ionic strength. The binding yield measurements are normalized with respect to 
the amount of binding at 84 mmol/L NaCl. (B) Differential Scanning Fluorimetry (DSF) measurements of the 
melting temperature of wild-type BMV in assembly buffer at pH 6 with varying NaCl, and at pH 7 with fixed NaCl, 
show that the capsid stability depends weakly on ionic strength, relative to pH, across the conditions tested. (C) 
Uranyl acetate negative-stain transmission electron microscope images of BMV particles assembled in assembly 
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buffer at varying ionic strengths. The 84 mmol/L NaCl sample is notably heterogeneous, presenting many more 
malformed particles compared with the higher-salt assemblies, which are more monodisperse. Wild-type BMV 
particles are shown as a reference. 
 

2.4.2 iSCAT measurements show that BMV assembles by a nucleation-and-growth 

pathway under certain conditions 

We use iSCAT to measure the self-assembly kinetics of individual BMV particles as a 

function of the RNA-protein interaction strength, as controlled by the salt concentration (84 

mmol/L, 167 mmol/L, and 250 mmol/L NaCl). We also vary the protein concentration (0.043 

μmol/L, 0.135 μmol/L, and 0.427 μmol/L CP2) for a total of 9 possible experimental conditions. 

However, we did not test one of these combinations (250 mmol/L NaCl and 0.043 μmol/L CP2) 

because, given the results for the other 8 conditions, we expect the assembly timescales to be 

longer than our 600 s measurement time. In each of the 8 experimental conditions tested, we 

performed measurements in duplicate. In total, we measured and analyzed the assembly kinetics 

of 511 particles, 72 of which are shown in Figure 3. 

We see qualitative differences among these single-particle traces for different RNA-

protein interactions, most notably in the time at which each trace begins to increase rapidly (the 

“start time”). Consider the middle column in Figure 3, which corresponds to 0.135 μmol/L CP2. 

When RNA-protein interactions are strongest (corresponding to 84 mmol/L NaCl), each trace 

begins increasing immediately after the protein is introduced. In contrast, for weaker RNA-

protein interactions (corresponding to 167 mmol/L NaCl), each trace remains at a low intensity 

for a variable amount of time before increasing, with some traces having start times greater than 

100 s at the lowest protein concentration. When RNA-protein interactions are weaker still 

(corresponding to 250 mmol/L NaCl), the distribution of start times extends to longer values, 

with some traces having start times as large as 500 s at the intermediate protein concentration. 
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Remarkably, one of the two experiments for 250 mmol/L NaCl did not result in any traces 

increasing above their initial value over the 600 s experiment. 

These experiments allow us to rule out diffusion-limited accretion of proteins on the 

RNA as an assembly pathway for at least some of these conditions. If assembly were purely 

diffusion-limited43, we would expect the onset of assembly to vary only with the concentration of 

protein. Instead, our results show that the start times vary with ionic strength at the same protein 

concentration. 

The variation in start times points to a free-energy barrier to protein accretion on the 

RNA—in other words, a nucleation barrier35. In classical nucleation theory, the barrier is 

associated with an initially unstable cluster—here, of proteins—becoming large enough that 

subsequent proteins bind favorably. Because nucleation is a stochastic process, the time required 

to form a sufficiently large cluster varies from particle to particle. These timescales are reflected 

in our start-time measurements. The observation that the distribution of start times broadens and 

shifts to larger values as RNA-protein interactions are weakened (but protein-protein interactions 

are not significantly changed) reveals that nucleation in BMV is a heterogeneous process, driven 

at least in part by attractive interactions between the RNA and the assembling proteins. 

For the strongest RNA-protein interactions there is no obvious evidence of a nucleation 

barrier: At 84 mmol/L NaCl, the traces have nearly identical start times, as shown in the top row 

of Figure 3. At these conditions, we see that the final intensities of the traces, a measure of the 

number of proteins attached to the RNA, increase with increasing protein concentration. 

Moreover, the final intensities tend to decrease with decreasing RNA-protein interaction 

strength. This result is qualitatively consistent with our electron microscopy measurements, 

which show heterogeneous, malformed, larger-than-wild-type particles for the strongest RNA-
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protein interactions (see structures highlighted by arrowheads in Figure 2C), and increasingly 

homogeneous, spherical, roughly wild-type-size particles as the RNA-protein interaction strength 

decreases. Understanding why the assembly products vary with RNA-protein interaction strength 

requires a more quantitative analysis of the assembly kinetics, and in particular how nucleation 

rates compare to growth rates. 

 

Figure 3. Single-particle measurements reveal qualitative differences in the assembly kinetics with varying 
ionic strength and protein concentration. Plots of traces showing intensity as a function of time from iSCAT 
experiments. Each trace represents the assembly of a single particle consisting of BMV coat protein and BMV RNA. 
We show 9 randomly selected traces at each condition. The bars to the right of the traces show the range of 
intensities that are consistent with a full capsid.  
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2.4.3 The shapes of the assembly traces reveal differences between nucleation and growth 

phases  

To extract quantitative information from each recorded trace, we analyze the traces as 

shown in Figure 4 to determine three kinetic parameters: the final intensity (𝐼"), the start time 

(𝑡#), and the growth time (𝜏!). The values of these parameters for experiments with 0.135 

μmol/L CP and varying ionic strength are shown as histograms in Figures 5A–C. 

Consistent with our qualitative analysis of the traces, the start-time histograms show that 

decreasing the strength of RNA-protein interactions increases the median start times and 

broadens their spread, as quantified by the median absolute deviation or MAD (Figure 5A). We 

find that the median start times increase by more than a factor of 6 and the MAD of start times 

increases by more than a factor of 14 when we weaken the RNA-protein interactions by 

increasing the salt concentration from 84 mmol/L to 250 mmol/L (Figure 5A). By contrast, the 

growth times and final intensities are more narrowly distributed and less affected by changes in 

RNA-protein interactions, showing an increase by a factor of roughly 1.5 in the median growth 

times and no increase in the MAD of the growth times (Figure 5B). The median final intensities 

show a corresponding decrease in particle size by factor of over 1.5 (Figure 5C). 

These results show that RNA-protein interactions primarily affect the nucleation phase of 

the assembly pathway and only weakly affect the growth phase, if at all. Specifically, stronger 

RNA-protein interactions reduce the characteristic nucleation time until, at sufficiently large 

interaction strengths, it is no longer possible to tell if the assembly pathway is nucleated because 

all particles begin to assemble in apparent synchrony. We discuss this point in more detail in the 

Discussion. 
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To gain further insights into the nucleation kinetics, we examine the effect of protein 

concentration on the start-time distribution. We plot the MAD of start times, 𝑡MAD, for each 

protein concentration and each RNA-protein interaction strength (corresponding to values of salt 

concentration) in Figure 6A. In principle, the slope, 𝛼, of the fitted line represents the exponent 

in a power-law scaling  𝜏$%& ∝ 𝑐'(, where 𝑐 is the protein concentration. We find that for 

intermediate RNA-protein interaction strength (corresponding to 167 mmol/L NaCl), the 

measured start times become much more narrowly distributed as the protein concentrations 

increase, scaling with an exponent 𝛼 = 1.5 ± 0.2. These results are once again consistent with 

assembly being a nucleated process—at higher protein concentrations the law of mass action 

drives more proteins onto the RNA, favoring larger clusters and shortening the time needed to 

form a nucleus. 

In contrast, for strong RNA-protein interactions (corresponding to 84 mmol/L NaCl), the 

start times remain narrowly distributed for all protein concentrations tested. Because the 

experimental uncertainties in our start-time measurements are on the order of seconds, small 

absolute differences in MAD values are not statistically significant. Thus, the line between 

nucleation and diffusion-limited aggregation becomes blurred. While it is possible that nucleation 

is occurring on a time scale too fast for us to measure, it is also possible that strengthening RNA-

protein interactions qualitatively changes the assembly pathway such that it is no longer 

nucleated. We discuss these results further in the Discussion. 

The growth kinetics are much less affected by varying either protein or salt concentration, 

as shown in Figure 6B. For all but one of the conditions tested, the median growth times differ 

by a factor of 2.5 at most. Only for 0.043 μmol/L CP2 and 84 mmol/L NaCl does the median 
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growth time extend to 100 s. And while the median growth times tend to decrease with 

increasing protein, the amount by which they decrease is constant for all RNA-protein interaction 

strengths, as seen by the indistinguishable slopes of the best-fit lines in Figure 6B (slopes are 0.7 

± 0.3 at 84 mmol/L NaCl and 0.5 ± 0.1 at 167 mmol/L NaCl). Thus, while protein concentration 

appears to have a large effect on the start times, it has a much weaker effect on the growth times. 

Likewise, while RNA-protein interaction strength has a large effect on the start times, it does not 

significantly affect the growth times. 

These results may explain why larger particles are favored at higher protein 

concentrations for all RNA-protein interactions tested, and at stronger RNA-protein interactions 

for all protein concentrations tested. These trends can be seen in the heat map shown in Figure 

6C. In both cases—increasing protein concentration and increasing RNA-protein interaction 

strength—the nucleation times decrease relative to the growth times. Multiple nucleation events 

can therefore happen on the same RNA before any given nucleus has time to grow into a full 

capsid. Consequently, malformed structures consisting of multiple partially assembled capsids 

can occur. Indeed, the electron microscope images in Figure 2C show aggregates consisting of 

multiple capsid-like fragments that have the same curvature as the wild-type virus. The number 

and size of these aggregates decreases with decreasing RNA-protein interaction strength. 
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Figure 4. Extracting quantitative information from the assembly traces: 𝑰𝒇, 𝒕𝒔, and 𝝉𝒈. An intensity trace of the 
assembly of a single particle (black curve, corresponding to the boxed particle in Figure 1C) can be fit (red curve) to 

a piecewise function 𝐼(𝑡) = )
	𝐼$, 𝑡 < 𝑡%

	𝐼$ 	+ 	𝐼&.1 − exp4− (𝑡 − 𝑡%) 𝜏'⁄ 78, 𝑡 ≥ 𝑡%
 where I(t) is the intensity as a function of 

time, 	𝐼$ is the initial intensity (which can be offset from zero because of microscope drift), 𝐼& is the final intensity, 
𝑡% is the start time—the time at which the trace begins to rise from its initial value, and 𝜏' is the growth time (the 
time for the trace to reach (1-1/e) = 0.63 of its final value once it has started increasing). The exponential function is 
not intended to imply a particular assembly mechanism (such as Langmuir adsorption) but rather is chosen because 
it is a simple function that fits the data well for most traces, allowing us to extract a characteristic growth timescale. 
In this way, we determine a set of three kinetic parameters, 𝐼&, 𝑡%, and 𝜏', for each of the traces measured in each of 
the experimental conditions tested.  
 

Figure 5. RNA-protein interactions strongly affect nucleation but only weakly affect growth. Histograms of 
start time (𝑡%), growth time (𝜏'), and final intensity (𝐼&) are plotted for three experiments with 0.135 μmol/L CP2 and 
either 84 mmol/L, 167 mmol/L, or 250 mmol/L NaCl: (A) Start times 𝑡% increase and broaden with decreasing 
RNA-protein interaction strength; (B) growth times 𝜏' are less affected by RNA-protein interactions; and (C) the 
final intensity 𝐼& decreases with decreasing RNA-protein interaction strength. The bold portion of the x-axis in (C) 
shows the size range for full capsids. In panels A–C, the median (Med) and median absolute deviation (MAD) of 
each fit parameter are listed. Both the median and MAD are robust to outliers that arise from the few traces that are 
fit poorly by the piecewise function.  
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Figure 6. Experiments at varying protein concentration suggest that nucleation occurs by a collective process 
involving multiple proteins, while growth occurs by a lower-order process. (A) A log-log plot of the spread of 
start times as a function of protein concentration for each ionic strength tested. Experiments with 84 mmol/L salt are 
plotted as squares, 167 mmol/L salt as triangles, and 250 mmol/L salt as circles. Duplicate measurements are plotted 
for each set of conditions except for 250 mmol/L salt and 0.135 μmol/L CP2, in which one of the duplicates did not 
yield assembly during the 600 s measurement time, and 250 mmol/L salt and 0.043 μmol/L CP2, which was not 
tested. Lines have been fit to the data from the 84 mmol/L and 167 mmol/L salt experiments to show how the 
dependence on protein concentration becomes steeper at higher salt. (B) Log-log plot of the median growth times 
shows a concentration dependence that is roughly the same for all ionic strengths. (C) Heat map of the median final 
intensity, normalized by the intensity of a full capsid, of each duplicate measurement. The darkness of the gray color 
represents the magnitude of the intensity, which is proportional to the size of the assembled particle. While the 
intensities increase with increasing protein and decreasing salt, many of the assembled particles do not reach the size 
of a full capsid, indicating that they are missing proteins. These smaller particles might have partial capsids that fail 
to completely close around the tethered RNA strand. Duplicate measurements are separated by commas.  
 

2.5 Discussion 

We discuss our results for the self-assembly kinetics of individual BMV particles in 

comparison with previous results using the same technique to study bacteriophage MS235, 

focusing first on their similarities. By highlighting similarities in the assembly kinetics, we aim 

to identify common features of the assembly process that might be found in other RNA viruses. 

The assembly traces for BMV are strikingly similar to those previously reported for MS2 

(Figure 7) when RNA-protein interactions in BMV have been sufficiently weakened by 

sufficiently high salt concentrations (167 mmol/L or 250 mmol/L NaCl). For both viruses, we 

observe (i) broad distributions of start times that narrow with increasing protein concentration, 

consistent with a nucleation step; (ii) growth times that decrease with increasing protein 

concentration, but less rapidly than do the start times, consistent with growth involving a lower-

order process; and (iii) increases in the fraction of overgrown particles with increasing protein 
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concentration, with overgrown particles consisting of aggregates of partially formed capsids. We 

note that the concentration of coat protein used in the assembly of MS2 is roughly a factor of 10 

higher than that used with BMV, related to BMV coat protein having a stronger overall binding 

affinity for RNA. 

Another interesting similarity between BMV and MS2 assembly is that the apparent 

critical nucleus size is small—a few proteins—in both cases. We estimate this nucleus size from 

the amplitude of the fluctuations prior to the start time. In nearly all traces under conditions of 

moderate to weak RNA-protein interactions (167 mmol/L or 250 mmol/L NaCl), these 

fluctuations are comparable to the noise level, which corresponds to the scattered intensity from 

a few CP2. We use the term “apparent critical nucleus size” because averaging reduces our ability 

to observe large sub-critical fluctuations. Nonetheless, this small apparent critical nucleus is 

comparable to that observed for MS2, and for both viruses we find that growth proceeds 

monotonically for nearly all traces (Figure 7A and B). 

These results raise the question of how either BMV or MS2 is able to grow so rapidly, in 

a way that ensures the capsid has the correct curvature, from such an apparently small nucleus. 

Nucleation by itself cannot solve the “Levinthal paradox” of virus assembly because the nucleus 

is too small to dictate the formation of a T=3 structure during growth. And yet, following 

nucleation, both BMV and MS2 display essentially monotonic growth to the size of a full capsid, 

with little if any disassembly or backtracking along the way. Furthermore, the curvature of the 

assembly products observed by electron microscopy is similar to that of wild-type capsids even 

when the products are malformed aggregates of partially assembled capsids. How, then, do the 

coat proteins add to a growing nucleus, forming both the pentamers and hexamers needed for the 

proper curvature, without frequent stalling events or needing to detach from the particle? 



25  

 

Figure 7. Comparison of the assembly traces for BMV and MS2 reveals similar nucleation-and-growth 
kinetics. (A) BMV assembly traces for 0.043 𝜇mol/L protein and 167 mmol/L NaCl. (B) For comparison, we show 
traces recorded for bacteriophage MS2 assembly under conditions of 2 𝜇mol/L protein and 84 mmol/L NaCl (data 
from (18)). Both sets of traces reveal a broad distribution of start times followed by rapid and monotonic increases 
in intensity. In both sets of traces, most traces plateau to a final value that is roughly consistent with a full capsid, 
with several traces plateauing to larger values. The bars to the right of the traces show the range of intensities that 
are consistent with a full capsid. These ranges are different for MS2 and BMV, reflecting the different molecular 
masses of their coat proteins.  
 

A recent hypothesis is that specific subsequences on the RNA mediate the growth process 

to produce the correct curvature and structure. These subsequences are sometimes called 

“packaging signals”—a term that has come to refer to any elements of the RNA secondary 

structure that have high local affinity for coat protein. A model for MS2 assembly has been 

proposed in which upwards of 60 strategically positioned packaging signals29,44 guide assembly 

of the coat proteins. While not providing direct evidence in support of this model, high- 

resolution cryo-electron microscopy studies of MS2 particles show a dozen or so specific 

interactions between the RNA genome and its surrounding protein capsid45, suggesting that 

packaging signals play a role in ordering the genome. But BMV is different. The absence of such 
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order in the structure of the packaged BMV genome38, and the lack of evidence of strategically 

positioned packaging signals in BMV RNA, argue against there being a general paradigm that 

depends on a special distribution of specific RNA-protein interactions. 

It is therefore interesting that we observe similar assembly kinetics for BMV and MS2. 

Our measurements suggests that whatever role packaging signals play in the self-assembly of 

these two viruses, their effect appears to be at most quantitative, with the qualitative features of 

the assembly process determined by general non-specific interactions between the assembling 

proteins and the RNA. Determining the quantitative effects of packaging signals will ultimately 

require kinetic experiments in which the RNA sequence and secondary structure is controlled46. 

Our experiments with BMV show that one should look to protein-protein interactions and 

intra- protein forces, rather than RNA-protein interactions, to understand how the capsid grows 

after nucleation. The median growth time does not vary with salt concentration (Figure 5B), 

indicating that RNA-protein interactions are not involved in the rate limiting step of the growth 

phase of assembly. Protein-protein interactions or intra-protein forces must therefore direct the 

rate-limiting step. We have also shown that the median growth time varies less strongly with 

protein concentration than does the start time (Figure 6A-B). A simple scenario consistent with 

these observations is that the RNA does not play a significant role in the assembly process after 

nucleation. Instead, during the growth phase, new proteins bind directly to other proteins in the 

assembling particle. These incoming proteins bind individually, not as clusters. 

Thus far we have discussed the similarities between BMV and MS2 assembly, but there 

are differences that arise when RNA-protein interactions are strong. Under conditions of 84 

mmol/L NaCl and 0.043 μmol CP2, experiments on BMV assembly show a small spread in start 

times and relatively large growth times (see upper left plot in Figure 3). With MS2, we found 
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that when the spread in start times is smaller than the average growth time, many oversized 

structures form. Our interpretation was that multiple nucleation events occur on the same RNA 

strand before the first nucleus can grow and sequester the RNA. With BMV, we observe similar 

overgrown structures but only at higher protein concentration (Figure 2C). We do not observe a 

significant number of overgrown structures at low protein concentration. One possible 

explanation is that assembly is diffusion-limited when RNA-protein interactions are strong, 

occurring with no nucleation barrier, and that the small observed variation between traces is due 

to measurement noise. Alternatively, it is possible that the assembly is nucleated, but the 

nucleation time is too small to resolve. In data not shown, we perform simulations to determine if 

our measurements are consistent with any of the above scenarios—a diffusion-limited pathway 

subject to measurement noise or a nucleated pathway with a small nucleation time. These 

simulations suggest that our measurements are consistent with either of these pathways. Thus, 

additional experiments that can resolve smaller spreads in start times are needed to determine the 

assembly pathway when RNA-protein interactions are strong. 

There also remains the question of if and when an ordered capsid arises from the RNA-

protein complex. Interferometric scattering measurements do not address this question because 

the intensity depends primarily on the number of RNA-bound proteins and weakly, if at all, on 

their structure. There are at least two possibilities for the pathway underlying those traces that do 

not show a clear separation between nucleation and growth. One is a barrier-less formation and 

growth of partially to completely ordered capsids, and the other is a barrier-less accretion of 

disordered proteins, followed by the onset of order among the bound proteins. These pathways 

cannot be distinguished in iSCAT because the measurement is blind to the onset of order. The 

same is true even when there is a clear separation between nucleation and growth processes. 
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Here we observe a barrier to protein accretion, but it is possible that the proteins are not ordered. 

An analogous situation occurs in a bulk phase transition when gas-to-solid condensation takes 

place through a liquid-state intermediate. Thus, while our measurements can definitively resolve 

the presence of a barrier to protein accretion, future structural measurements are needed to 

distinguish whether the barrier involves ordered or disordered proteins. 

2.6 Conclusions and Future Directions 

The iSCAT experiments, with their high temporal resolution and ability to resolve the 

kinetics of assembly of individual viral capsids, offer the most detailed view to date of virus self-

assembly pathways. Although iSCAT cannot reveal at what stage the capsid becomes ordered, 

much information can be gleaned by combining the technique with electron microscopy and bulk 

assays, as we have shown. 

These experiments have shown that when RNA-protein binding is weak, the assembly 

kinetics of BMV are similar to those of MS2, involving a nucleation phase in which small 

numbers of proteins bind to the RNA, followed by a monotonic growth phase in which a capsid-

worth of proteins steadily accrues. When RNA-protein binding is strong, we observe no clear 

barrier to protein accretion and hence no separation between nucleation and growth. Because our 

method may obscure nucleation events that occur on fast timescales, future studies are needed to 

determine whether for strong RNA-protein interactions there is a qualitatively different assembly 

pathway involving a saturated—“en masse”10,47—adsorption of proteins on the RNA. 

When the assembly is nucleated, we have shown that the time required to form a nucleus 

depends strongly on the strength of RNA-protein interactions, whereas the time needed to accrue 

a capsid-worth of proteins does not, suggesting that the RNA plays a more central role in the 

nucleation phase than in the growth phase. These results are consistent with protein accretion 
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being a heterogeneous process in which subcritical protein clusters form on—and are stabilized 

by—the RNA. This role of the RNA degree of freedom—involving both RNA-protein binding 

and the conformation of the RNA itself48—compromises the notion of the nucleus being a fixed 

arrangement of coat proteins, such as a hexamer49 or a pentamer50 of dimers, although the 

uncertainties in our measurements cannot rule out this possibility. Future structural experiments, 

or kinetic experiments that address a broader range of timescales, may clarify whether the RNA 

enables different nucleus structures in different conditions. 

Our experiments also reveal important features of the growth process. The shapes of the 

iSCAT traces show that growth can take place rapidly and without significant errors starting 

from an apparently small critical nucleus of only a few proteins. Furthermore, the weak 

dependence of growth times on protein concentration suggests that growth occurs by a lower-

order process, such as the addition of individual protein subunits from solution, rather than 

higher-order collective processes involving clusters of proteins.  

The model of capsid assembly that emerges from our results is as follows: the strength of 

RNA-protein interactions primarily controls the kinetics of nucleation but not the local structure 

or curvature of the capsid, while protein-protein and intra-protein interactions control the growth 

phase and the emergence of the T=3 structure. This model is compatible with simulations and 

theory showing that the growth of a T=3 structure is driven by minimization of the elastic energy 

of the capsid51,52, which in general is related to the stretching and bending of coat-protein dimers 

as well as of the bonds between them. The elastic-energy hypothesis could explain why BMV 

and MS2 show similar assembly pathways. 
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To test this hypothesis, future experiments and analysis might focus on the growth 

process rather than nucleation. Recently, BMV, MS2, and Qβ capsids of different sizes and 

symmetries have been observed53–58. Experiments that determine how such malformed or 

overgrown capsids form would shed light on the interactions that control growth. Another useful 

next step is to develop coarse-grained computer simulations47 that include the diffusion of 

proteins to the surface that is inherent to the iSCAT experiments. With such models it would be 

possible to directly compare ensembles of simulated kinetic traces to the ensembles of traces 

measured with iSCAT. If agreement between these simulations and our data can be obtained, it 

would point the way toward a detailed mechanism of the nucleocapsid formation process. 

The commonalities in the in vitro assembly pathways of BMV and MS2 are remarkable 

in light of the vast phylogenetic distance between these viruses, their different RNA structures, 

and the differences in the specificity and strength of RNA-protein interactions. We do not know 

if the same pathways are operative in vivo, and there is reason to suspect that, at least for MS2, 

there may be differences between the in vivo and in vitro pathways. Whereas wild-type BMV 

particles consist of only two components, the RNA genome and (180 copies of) the capsid 

protein, wild- type MS2 particles contain a single copy of a different gene product (the 

“maturation” protein) that replaces a coat protein dimer and breaks icosahedral symmetry. The in 

vitro assemblies of MS2 are reconstituted from viral RNA and capsid protein alone, without the 

maturation protein and with T=3 structure. 

Nonetheless, the existence of two different icosahedral, T=3 capsids that assemble in 

vitro in similar ways is intriguing from both a physical and evolutionary perspective. From a 

physical perspective, this result suggests that the assembly of T=3 viruses might be understood 

through a general physical theory. From an evolutionary perspective, it highlights the question of 
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how icosahedral viruses with quasi-equivalent (𝑇 > 1) capsid subunits evolved. In MS2, for 

example, a single point mutation in the coat protein changes the structure of the capsid from T=3 

to T=1 58. Because capsids are self-assembled, such mutations can in principle also change the 

assembly pathway. Future studies might use interferometric scattering to explore how mutations 

affect the assembly of virus-like particles from different virus families, with the aim of 

discovering whether there are conserved interactions that promote robust assembly of the T=3 

structure. 
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CHAPTER 3 

One-step in vitro self-assembly of virus-like particles as a function of 

pH and ionic strength  

3.1 Abstract 

 Although all viruses assemble in cells, only a few have been shown to assemble in a test 

tube from purified components. Assembly in a test tube allows for control of the system, which 

will enable us to tune parameters like protein-protein and protein-RNA interactions through 

solution conditions and interrogate what interactions are important for successful assembly of 

virus-like particles (VLPs). This work investigates the role of pH and ionic strength on wild-type 

brome mosaic virus (BMV) particle stability by measurements of apparent melting temperature 

in various solution conditions. VLPs are in vitro self-assembled in a range of pH and ionic 

strength conditions and assembly products are analyzed by negative-stain electron microscopy. 

Wild-type BMV particle stability decreases with increasing pH but is less affected by changes in 

ionic strength. The particles show the highest stability at pH 6 and ionic strengths below 167 

mM. The one-step assemblies at pH 6 and 167 mM NaCl also produced the highest yield of well-

formed VLPs out of the many solution conditions tested. While additional conditions should still 

be tested (specifically lower pH solutions), these results suggest that one-step assemblies can 

yield well-formed VLPs within 10 minutes.  

3.2 Introduction 

 In the 1950s and 1960s, the first and only viruses – tobacco mosaic virus (TMV), cowpea 

chlorotic mottle virus (CCMV), and brome mosaic virus (BMV) – demonstrated the ability to 

assemble in vitro from purified components6,25,26,59–61. These simple RNA viruses, consisting of a 
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single-stranded RNA (ssRNA) genome inside of an ordered capsid made up of multiple copies of 

a single capsid protein (CP), have inspired theoretical and experimental work in understanding 

the mechanism and pathways involved in the formation of these structurally ordered and 

protective particles.  

 There are two prevailing scenarios for spontaneous viral self-assembly of spherical 

capsids around a ssRNA genome according to whether protein-protein or protein-RNA 

interactions are dominant: (i) growth by recruitment of unbound proteins; and (ii) growth by 

rearrangement of bound proteins. In the first case, a critical nucleus of capsid forms from the 

small number of proteins that have bound to the RNA, with ensuing growth and completion of 

the capsid facilitated by recruitment from the solution of additional proteins to this nucleus, 

driven by protein-protein interactions. In the second case, the RNA is saturated by protein 

(because of strong protein-RNA interactions) before a critical nucleus emerges and grows by the 

spread of order amongst the already bound proteins. Molecular dynamics simulations predict that 

the assembly mechanism can be tuned by solution conditions that alter protein-protein and 

protein-genome interactions47. The recruitment mechanism is favored when protein-protein 

interactions are strong relative to protein-genome interactions, while the rearrangement 

mechanism is favored when the opposite situation prevails. 

We choose to focus on the example of BMV self-assembly as it is a well-characterized 

spherical virus that can be in vitro reconstituted – and yet its assembly mechanism is not yet 

understood. Early work by several groups established that spontaneous self-assembly of virus-

like particles (VLPs) can be carried out in vitro from purified components6,26,59. BMV (and the 

closely related CCMV) CP can also encapsulate non-viral RNA in vitro into robust, 

monodisperse, RNase-resistant capsids, so long as the RNA length is between about 2,500 and 
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4,500 nts6. The in vitro self-assembly protocol our lab has traditionally employed involves a two-

step process in which RNA and CP are initially mixed in a pH 7.2, I = 1.0 M solution (ionic 

strength) and (i) dialyzed against a pH 7.2, I = 0.1 M solution, then (ii) dialyzed against a pH 

4.75, I = 0.1 M solution. The first dialysis into a lower ionic strength solution allows for non-

specific interactions between the negatively charged phosphate backbone of the ssRNA and the 

positively charged arginine-rich motif at the N-terminal tail of the CP, resulting in saturated 

adsorption of the RNA by the CP. The second dialysis into a lower-pH solution, closer to the 

isoelectric point of the proteins, allows the lateral interactions between CPs (that are already 

adsorbed onto the RNA) to become more strongly attractive (dominated by a combination of 

hydrophobic, hydrogen-bonding, and divalent-ion-mediated forces). This two-step protocol 

necessarily enforces the rearrangement assembly mechanism by controlling which interactions 

are favored by solution conditions (ionic strength and pH).  

While our method consistently results in robust, monodisperse, RNase-resistant capsids, 

there are several other assembly conditions under which BMV will assemble in vitro. For 

example, Heibert et al. in 1968 assembled BMV VLPs in vitro by dialyzing against a pH 7.4, I = 

0.01 M solution5. Additionally, Cuillel et al.13 assembled BMV by dialyzing a solution initially at 

pH 7.8, I = 1.6 M into various lower pH and ionic strength solutions. They observed successful 

assembly products by neutron scattering when assembling in buffers below pH 6.5 and ionic 

strengths below 0.8 M13. BMV’s ability to self-assemble under various conditions leads us to 

believe it is the ideal system to study how assembly mechanisms are tuned by solution 

conditions. 

 The present work investigates the role of pH and ionic strength on the stability of wild-

type (WT) BMV particles and the assembly of well-formed BMV VLPs. Differential scanning 



35  

fluorimetry (DSF) is used to assess the strength of the CP-CP interactions for WT BMV in range 

of pH and ionic strength buffer conditions. We use these same buffers to conduct one-step (in a 

single buffer) in vitro self-assembly experiments and assess the resulting BMV VLPs using 

negative-stain electron microscopy. We find that protein-protein interactions are affected 

strongly by pH and weakly by ionic strength and that well-formed VLPs can be made in a variety 

of one-step solution conditions.  

3.3 Materials and Methods 

3.3.1 Buffers used 

Disassembly buffer: 50 mmol/L Tris-HCl, pH 7.5; 500 mmol/L CaCl2, 1 mmol/L 

ethylenediamine tetraacetic acid (EDTA), 1 mmol/L dithiothreitol (DTT), 0.5 mmol/L 

phenylmethylsulfonyl fluoride (PMSF). Protein storage buffer: 20 mmol/L Tris-HCl, pH 7.2; 1 

mol/L NaCl; 1 mmol/L EDTA; 1 mmol/L DTT; 1 mmol/L PMSF. Assembly buffers: 42 

mmol/L 2-(N-morpholino)ethanesulfonic acid (MES), pH 6; 0-1 mol/L NaCl; 8.4 mmol/L 

MgCl2; and 3 mmol/L acetic acid. We also prepared assembly buffer at pH 6.5 and at pH 7 and 

7.5 by replacing MES with sodium phosphate. 

3.3.2 Synthesis of BMV RNA1 

BMV RNA1 was made by in vitro transcription of the DNA plasmid pT7B1, linearized with 

BamHI (New England Biolabs, USA), with a T7 polymerase transcription system (Thermo 

Fisher, USA) and purified with an RNEasy Mini Kit (Qiagen, DEU), both following the 

manufacturers’ specifications. 

3.3.3 WT BMV and BMV capsid protein purification 

WT BMV was purified from infected barley leaves (Hordeum vulgare)3, and coat protein was 

purified as described previously39. Nucleocapsids were disassembled by dialyzing against 
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disassembly buffer at 4 °C overnight. The RNA was pelleted and the coat protein isolated by 

ultracentrifugation at 90,000 rotations per minute for 100 min at 4 °C in a Beckman TLA110 

rotor. Coat protein was extracted from the supernatant and immediately dialyzed against protein 

storage buffer. Protein concentration and purity were assessed by UV-Vis spectrophotometry; 

only protein solutions with 260/280 ratios less than 0.6 were used for assembly. Protein was 

frozen in liquid nitrogen and stored at −80 °C until ready to use, at which point it was defrosted 

on ice and stored at 4 °C for up to two weeks. 

3.3.4 Measuring the apparent melting curve of WT BMV by differential scanning 

fluorimetry (DSF) 

WT BMV was dialyzed against assembly buffer at pH 6, 6.5, 7, or 7.5 overnight at 4 °C. 

Aliquots of WT BMV at a final concentration of 0.2 mg/mL, 2.5x SYPRO Orange fluorescent 

dye (Molecular Probes, USA), and a final salt concentration of 0-1 mol/L NaCl were prepared. 

DSF was performed in triplicate in a 96-well plate CFX Connect quantitative PCR machine (Bio-

Rad, USA). All samples were heated from 25 °C to 95 °C, in 1 °C increments with a 1-min 

stabilization period at each temperature before the sample was measured. Excitation/emission 

wavelengths of 470/550 nm were used to detect the fluorescence emission of SYPRO orange 

binding to hydrophobic regions of coat protein exposed upon capsid disassembly. The apparent 

melting temperature is defined as the temperature at which the derivative of the fluorescence 

emission signal (−𝑑𝐼/𝑑𝑇) is maximal. 

3.3.6 Negative-stain electron microscopy  

Negative-stain electron microscopy was used to image the protein structures that assemble 

around RNA in solution. The assembly reaction was carried out in assembly buffer by mixing 

860 nmol/L BMV CP with 7.5 nmol/L BMV RNA1 and incubating at room temperature for 10 
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min. 6 μL of assembly reaction was deposited on glow-discharged carbon-coated copper (200-

mesh) PELCO Pinpointer grids (Ted Pella, USA). After 1 min, the grids were blotted with 

Whatman filter paper, and then stained with 6 μL of 2% methylamine tungstate (pH 6.4-6.8) for 

1 min followed by complete stain removal and storage in a desiccator overnight. Micrographs 

were acquired using a Tecnai G2 TF20 High-Resolution electron microscope (FEI, USA) with an 

accelerating voltage of 200 kV. Images were collected at 3 μm to 4 μm underfocus with a TIETZ 

F415MP 16-megapixel CCD camera (4000 by 4000 pixels, pixel size 15 μm). Particles were 

measured manually from negative-stain electron micrographs using ImageJ62.   

3.4 Results  

3.4.1 WT BMV particle stability affected by pH but less so by ionic strength 

The apparent melting temperature was determined from differential scanning fluromietry 

measurements (Figure 8). The apparent melting temperatures for WT BMV particles in solutions 

that range in pH from 6.0 to 7.5 and NaCl concentration from 0 to 1.0 M are shown in Figure 9. 

In pH 6.0 solutions, WT BMV particles are stable to around 75°C for ionic strengths 0 to 0.17 

M, then stability drops to around 70°C in ionic strengths above 0.5 M, ending with a stability 

around 65°C in 1.0 M.  For WT BMV virions in pH 6.5 solutions, the thermal stability of the 

particles varied more widely with ionic strength starting below 70°C and decreasing to below 

45°C at higher ionic strengths. WT BMV particles in pH 7.0 and 7.5 solutions demonstrated 

similar behavior across ionic strengths with thermal stability starting around 48°C and dropping 

to 42°C in higher ionic strength solutions.  
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Figure 8 Plot of differential scanning fluorimetry data (-dI/dT) versus temperature. Differential scanning 
fluorimetry data for WT BMV at pH 6 and a range of ionic strengths from 0 to 1.0 M. The apparent melting 
temperature is defined as the temperature at which the derivative of the fluorescence emission signal (-dI/dT) is 
maximal.  
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Figure 9. Apparent melting temperature of WT BMV as a function of pH and ionic strength. The apparent 
melting temperature for WT BMV in solutions of pH 6.0 (yellow), 6.5 (green), 7.0 (light blue), and 7.5 (dark blue) 
and 0, 0.01, 0.03, 0.05, 0.08, 0.1, 0.17, 0.25, 0.43, 0.50, 0.75, and 1.0 M NaCl concentrations. At pH 6.0, the 
particles show the highest stability (highest apparent melting temperature) over the range of ionic strengths ranging 
from 65-75°C. The particles have a lower apparent melting temperature at pH 6.5 and still lower at pH 7.0 and 7.5.  
 

3.4.2 BMV virus-like particles assembled in one-step 

BMV RNA1 and BMV CP were combined in an assembly solution at a specific pH and 

ionic strength, incubated at room temperature for 10 minutes, and then imaged using negative-

stain electron microscopy. Representative electron micrographs for assemblies performed at a pH 

of 5.0, 6.0, or 7.5 and ionic strengths of 84, 167, 250, or 430 mM NaCl are shown in Figure 10.  

Many aggregated particles or partially assembled particles are visible, especially in the pH 5.0 

assemblies. pH 6 assemblies in ionic strengths below 250 mM NaCl and the two pH 7.5 

assemblies show several well-formed VLPs.  
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Figure 10. Negative-stain electron micrographs of virus-like particles assembled in buffers of pH 5.0, 6.0, or 
7.5 and ionic strengths of 84, 167, 250, and 430 mM. Negative-stain electron micrographs are organized by 
increasing protein-RNA attraction strength (decreasing ionic strength) on the x-axis and increasing protein-protein 
attraction strength (decreasing pH) on the y-axis. Assemblies were not performed for assembly conditions pH 7.5, I 
= 430 mM and pH 7.5, I = 250 mM. Scale bar is 100 nm. 
 

 The diameter of particles from electron micrographs of assemblies performed in pH 6.0 

solutions were measured and histograms of the particle size distributions are shown in Figure 

11. For pH 6.0 assemblies, the average particle diameter measured at 84, 167, 250, and 430 mM 

NaCl is 28.66 ± 3.78 nm, 26.01 ± 2.27 nm, 26.55 ± 3.96 nm, and 29.98 ± 4.06 nm, 

respectively. There were fewer well-formed particles to measure in the higher ionic strength 

assemblies, with as few as 100 measured for the 250 mM NaCl sample.  
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Figure 11. Histograms of the size distribution of BMV virus-like particles assembled at pH 6 and 84, 167, 250, 
or 430 mM NaCl. Histograms of the geometric mean of orthogonal measurements of the diameter of the particles 
are shown as diameter versus fraction of particles. The mean, median, standard deviation, and number of particles 
(N) are shown for each data set.    
 

3.5 Discussion 

BMV capsids are held together by lateral attractions between CP dimers. The lateral 

attractions between CP are pH-dependent due to electrostatic repulsions generated by 

deprotonation of adjacent acidic residues on amino acids at neutral pH63. The 30°C decrease in 

thermal stability of WT BMV at elevated pH values (75°C in pH 6.0, 45°C in pH 7.5) illustrates 

a decrease in effective lateral CP-CP attractions. The thermal stability of the virions varied less 

across ionic strengths, decreasing about 10°C from 0 M NaCl to 1.0 M NaCl for pH 6.0, 7.0, and 
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7.5. For pH 6.5, the thermal stability of the particles decreased significantly (25°C) across ionic 

strength solutions.  

 Well-formed VLPs were observed in assemblies performed at pH 6 and pH 7.5 and ionic 

strengths of 84 mM and 167 mM NaCl. Aggregation of particles was observed in assemblies 

performed in pH 5.0 when CP-CP attractions are strong.  The most well-formed VLPs were 

observed in assemblies at pH 6.0, 167 mM NaCl, suggesting weaker CP-CP and CP-RNA 

interactions favor formation of well-formed particles.  

3.6 Conclusions and Future Directions 

 These experiments examined the role of pH and ionic strength on the assembly of BMV 

VLPs and suggest that well-formed VLPs can form in under 10 minutes at pH 6.0, 167 mM 

NaCl. There are likely other conditions of moderate CP-CP and CP-RNA attraction that will 

produce well-formed, monodisperse VLPs. While we begin to see aggregation of particles at low 

pH when CP-CP attractions are high, there are notable well-formed particles when the ionic 

strength is sufficiently high (430 mM NaCl). A more systematic study and robust analysis of 

VLPs formed in one-step assembly processes could aid the understanding of RNA virus 

assembly mechanisms. 
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CHAPTER 4 

Non-monotonic dose dependence of protein expression in cells 

transfected with self-amplifying RNA  

4.1 Abstract 

Self-amplifying(sa) RNA molecules – “replicons” – derived from the genomes of 

positive-sense RNA viruses are receiving increasing attention as gene and vaccine delivery 

vehicles. This is because mRNA forms of genes of interest can be incorporated into them and 

strongly amplified, thereby enhancing target protein expression. In this report, we demonstrate a 

non-monotonic dependence of protein expression on the mass of transfected replicon, in contrast 

to the usual, monotonic case of non-sa RNA transfections. We lipotransfected a variety of cell 

lines with increasing masses of enhanced yellow fluorescent protein (eYFP) as a reporter gene in 

sa form and found that there is a “sweet spot” at which protein expression and cell viability are 

optimum. To control the varying mass of transfected replicon RNA for a given mass of 

lipofectamine, the replicons were mixed with a “carrier” RNA that is neither replicated nor 

translated; the total mass of transfected RNA was kept constant while increasing the fraction of 

the replicon from zero to one. Fluorescence microscopy studies showed that the optimum protein 

expression and cell viability are achieved for replicon fractions as small as one tenth of the total 

transfected RNA, and these results were quantified by a systematic series of flow cytometry 

measurements.  

4.2 Introduction 

RNA-based therapeutics and technologies are of great interest due to their versatility and, 

upon delivery to mammalian cells, their ability to be directly translated in the cytosol into 



44  

proteins of interest64,65. However, the resulting gene expression from conventional mRNAs is 

often quite low, as RNAs are quickly degraded by cellular ribonucleases (RNases) and therefore 

exist only transiently in targeted cells66. To improve upon the duration and yield of protein 

synthesis from mRNAs, Biddlecome, et al.67 have recently exploited a self-amplifying RNA 

(saRNA) molecule – a replicon – to deliver therapeutic genes of interest, taking advantage of 

RNA replicons constructed68 from the Nodamura virus (NOV).  

NOV is a positive-sense single-stranded RNA (+ssRNA) insect virus whose segmented 

genome consists of two RNA molecules: RNA1 (3.2 knt in length), which codes for the RNA-

dependent RNA polymerase (RdRp), and RNA2 (1.3 knt), which codes for the viral capsid 

protein19. Replication of NOV proceeds through the initial translation of the RdRp. This 

polymerase then synthesizes the reverse complement, or negative-sense, genome from which 

more copies of the positive-sense genome are transcribed69.  Inserting a gene of interest (GOI) at 

the end of the RdRp open reading frame in RNA1, and separating it from the RdRp gene by a 

T2A ribosome-shifting sequence, results in a therapeutic replicon – an RNA that is self-

amplifying (sa) by virtue of it being translated directly into a gene product, the RdRp, that binds 

and replicates it68, including the GOI. NOV and the related flock house virus have been studied 

extensively and are noted for their ability to replicate to high levels in mammalian cells, making 

the NOV replicon an attractive therapeutic candidate for a host of human diseases70–72. Replicons 

made from mammalian +ssRNA viruses, in particular the alphavirus species Sindbis virus, 

Venezuelan equine encephalitis virus, and Semliki forest virus (SFV), have been more widely 

developed for vaccine purposes73, but we have pursued nodavirus-derived examples because they 

are short enough to be in vitro self-assembled into spherical virus-like particles using the capsid 

protein from bromoviruses67. 



45  

Because the replicons made from RdRp genes of +ssRNA viruses do not encode for any 

structural proteins normally found in a viral genome, e.g., the capsid protein encoded by NOV 

RNA2, they are classified as non-infectious RNA molecules and are not true viral genomes. 

However, their mechanisms of replication are very similar to those of actual viruses, so upon 

delivery to cells they can induce a “pseudoinfection” that is less toxic to cells while still 

displaying many characteristics of natural viral infections74. Although NOV replicons are shown 

to have limited cytotoxicity in most cell types, their self-replicating nature nevertheless raises 

concerns of therapeutic overload if delivered at the traditionally high doses of RNA normally 

employed in transfection75. 

Cationic-lipid-based transfection is one of the most commonly used ways to deliver 

nucleic acids to adherent cell lines and is often the first step in testing an mRNA-based 

therapeutic like a replicon76. Lipid-based transfection agents contain a mix of cationic and 

neutral lipids that self-assemble into “lipoplexes” – complexes of lipid and mRNA whose 

positive surface charge interacts with the anionic plasma membrane of cultured cells, facilitating 

delivery of the RNA into the cytoplasm. There, mRNA is translated by the ribosomal machinery 

and, in the case of replicons, subsequently undergoes the self-amplification cycle in which one 

replicon molecule generates thousands of copies of itself (with concomitant strong expression of 

its gene product – RNA replicase – along with those of any added genes of interest).  

In typical transfection experiments, each lipoplex contains several hundreds of copies of 

the RNA to be delivered77. For transient mRNAs, this delivery influx is necessary to overcome 

inevitable RNA degradation, which leads to moderate gene expression. However, when hundreds 

of saRNAs are delivered in this way, high levels of RNA replication (and ensuing translation of 

the saRNA) can be detrimental, even cytotoxic, for the cell. In a natural viral infection, after all, 
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a single copy of the viral genome in the cytoplasm is sufficient to induce cytotoxicity on a 

cellular level; by this logic, much lower dosages of replicon therapeutics should be required – 

and desired – for effective expression of the GOI in cell culture. In accord with this, efforts to 

prepare replicon-persistent cells have been successful to the extent that RdRp mutations of the 

+ssRNA-viral genome and to the corresponding replicon result in lower levels of RNA 

replication and hence less cytotoxicity78,79.   

In order to control the numbers of RNA molecules delivered to culture cells, it is not 

sufficient to simply change the mass of RNA in the transfection mix. This is because the 

lipoplexes change their size and structure for different absolute and/or relative amounts of RNA 

and/or lipid77. Accordingly, instead of transfecting only the RNA of interest, we mix it with a 

second RNA and keep fixed the total masses (hence charges) of RNA and of lipid components: 

only the relative masses of the “active” RNA and the “carrier” RNA are varied. More explicitly, 

the active RNA is an saRNA containing a reporter mRNA gene along with the replicase mRNA 

gene whose protein product strongly amplifies the saRNA; the carrier RNA is an mRNA that is 

weakly translated because it is uncapped69 and its gene product has virtually no effect on the host 

cell. By keeping constant the total mass of RNA (and of transfection lipids), we ensure that the 

lipoplexes taken up by the cells remain constant in their structure and transfection properties, 

with their composition of “active” and “carrier” molecules equal to that prepared in the 

transfection mix. In this way, because the total mass of RNA in the lipoplexes and the total 

number of lipoplexes are constant, the number of replicons delivered to the cells is simply 

proportional to the number in the transfection mix, which we control.  

The aim of this study is to determine the dependence of gene-of-interest (GOI) protein 

expression on numbers of GOI replicons transfected into each of different cell types, taking 
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advantage of the above-described way of controlling the relative numbers of transfected 

replicons. More explicitly, we used – as our replicon – RNA1 of Nodamura (NOV), which 

encodes the RdRp that replicates it in mammalian as well as insect cells. An eYFP reporter gene 

was added to RNA1 so that it too is replicated as soon as the RdRp gene is translated to give 

RNA replicase (Figure 12). As the carrier RNA we used an in vitro transcribed, uncapped, form 

of RNA1 of the plant virus, brome mosaic virus (BMV), which encodes an RdRp that is not 

functional in mammalian cells, referred to as B1. By varying the relative masses of the two 

RNAs, for a fixed total mass of RNA (and transfection lipid), the changing number of transfected 

replicons was controlled. Increasing numbers of the reporter-gene replicons were transfected in 

this way into different adherent cell lines, which were then monitored for effective eYFP 

production by fluorescence microscopy and by flow cytometry, and assayed for cell cytotoxicity 

and death by Trypan-Blue-exclusion staining. 

 

Figure 12: Schematic of RNA constructs. A replicon (eYFP-saRNA) was constructed by adding an enhanced 
yellow fluorescent protein (EYFP) gene to the end of the open reading frame of Nodamura virus RNA1 (NOV 
RNA1) encoding for an RNA-dependent RNA polymerase (RdRp) and separating the genes by a T2A ribosome-
shifting sequence. 5’cap indicates the RNA was capped during in vitro transcription. BMV RNA1 (B1) was used as 
a “carrier” RNA during transfections. eYFP-mRNA encodes for eYFP. 
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4.3 Materials and Methods 

4.3.1 Synthesis of NOV eYFP replicon RNA (eYFP-saRNA) 

The plasmid encoding the NOV eYFP replicon, pNoda-B1-FPG, described in detail by Gitlin et 

al.68 was constructed and generously provided by Dr. Gitlin, for which we are grateful. After 

plasmid linearization with enzyme XbaI (New England BioLabs), the RNA was transcribed in 

vitro using a T7 polymerase mMessage mMachine Kit (Thermo Fisher) and purified with an 

RNEasy Mini Kit (Qiagen), both following the manufacturer’s specifications. The mMessage Kit 

was used to produce capped eYFP-saRNA – and eYFP mRNA, see Synthesis of eYFP mRNA 

below – because we want them to be translated in transfected cells. 

4.3.2 Synthesis of BMV RNA1 (B1) 

Uncapped BMV RNA1 (B1) was made by in vitro transcription of the DNA plasmid pT7B1, 

described in detail in Cadena-Nava, et al.6, linearized with BamHI (New England BioLabs) with 

a T7 polymerase MegaScript Kit (Thermo Fisher) and purified with an RNEasy Mini Kit 

(Qiagen) according to the manufacturer’s specifications. The higher-yield but non-capping 

MegaScript Kit was chosen because the B1 RNA should not be translated after transfection into 

cells69. 

4.3.3 Synthesis of eYFP mRNA 

Capped eYFP mRNA was made by in vitro transcription of the DNA plasmid pSP64eYFP, 

linearized with EcoRI (New England BioLabs), with a SP6 polymerase mMessage mMachine 

Kit (Thermo Fisher) and purified with an RNEasy Mini Kit (Qiagen), both following 

manufacturers’ specifications. All plasmids are available upon request. 
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4.3.4 Transfection of BHK-21, HEK-293, and CHO-K1 adherent cells 

BHK-21, HEK-293, and CHO-K1 cells (all from ATCC) were each split 24 hours prior to 

transfections and grown to 70-90% confluence into 6-well or 24-well plates in 2 mL or 500 μL 

Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher) for BHK-21 and HEK-293 cells, 

and F12K medium (Thermo Fisher) for CHO-K1 with 10% Fetal Bovine Serum (FBS, Thermo 

Fisher) and 1% penicillin/streptomycin (Thermo Fisher). Cells were transfected with 2.5 μg (6-

well) or 0.5 μg (24-well) of total RNA per well using, respectively, 10 or 2 μL Lipofectamine 

2000 (Thermo Fisher) according to manufacturer’s specification. Negative control experiments 

included: mock-transfected cells that were treated with the corresponding amount of 

lipofectamine only, B1-transfected cells that were treated with the full amount (2.5 μg or 0.5 μg) 

of B1 RNA in lipofectamine, and control cells were not treated with any lipofectamine or RNA 

(untransfected). The RNA transfection amounts are shown in Table 1 and vary both in amounts 

of eYFP self-amplifying RNA (eYFP-saRNA) and non-sa/uncapped B1 RNA, with the total 

RNA mass staying constant. Lipofectamine reagent was diluted 1:10 in OptiMEM medium 

(Thermo Fisher) with the total volume determined by the number of wells being transfected. The 

RNA masses were mixed together as described in Table 1 and diluted to the same volume of 

diluted lipofectamine with OptiMEM. The diluted RNA and diluted lipofectamine were mixed in 

a 1:1 ratio and incubated at room temperature for 5 minutes. The cell media was aspirated, the 

transfection mixture was overlaid onto the confluent cells, and the cells were incubated for 8 

hours at 37°C in 5% CO2. The transfection medium was removed after 8 hours and the cells were 

fed with 2 mL or 500 μL of DMEM (for BHK-21 and HEK-293 cells, F12K for CHO-K1 cells) 

with FBS and antibiotics; this medium was left for the required time period before being 
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analyzed using fluorescence microscopy, flow cytometry, and trypan-blue-exclusion assays. 

Each transfection was performed in biological triplicate. 

Table 1. Amounts of eYFP replicon, B1, and total RNA included in each treatment of the 
transfection experiment using 24-well plates. All values were increased 5-fold in transfection 
experiments using 6-well plates. 

Transfection 

Condition 

eYFP 

replicon 

mass 

(ng) 

B1 

RNA 

mass 

(ng) 

Total 

RNA 

mass 

(ng) 

Moles of 

replicon 

(x10-15) 

Moles of 

B1 RNA 

(x10-15)  

Total moles 

of RNA 

(x10-15) 

Moles 

B1 per 

mole of 

replicon 

Volume of 

Lipofectamine

2000 Reagent 

per well (μL) 

Mock 0 0 0 0 0 0  0 

Lipofectamine-

only 

0 0 0 0 0 0  2 

B1 0 500 500 0 469 469  2 

5 ng eYFP-

saRNA 

5 495 500 4 464 468 116 2 

50 ng eYFP-

saRNA 

50 450 500 37 422 459 11 2 

250 ng eYFP-

saRNA 

250 250 500 185 234 419 1.3 2 

500 ng eYFP-

saRNA 

500 0 500 370 0 370 0 2 
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4.3.5 Flow cytometry analysis 

The BHK-21 and CHO-K1 cells were harvested at 8, 16, 24 and 48-hours post-transfection. 

After aspirating the cell medium, the cells were trypsinized by incubation at 37°C for 3-5 

minutes in 250 μL 0.25% Trypsin-EDTA (Thermo Fisher). After quenching the trypsin with 250 

μL DMEM (+FBS +antibiotic), the cells were collected by centrifugation (5 minutes, 200 xg), 

washed twice with 500 μL of Dulbecco’s phosphate-buffered saline (DPBS, Thermo Fisher), and 

then fixed by resuspending in 500 μL 1% paraformaldehyde (VWR). Cells were analyzed using 

the MACSQuant® Analyzer 10 Flow Cytometer (Miltenyi Biotec) to collect forward and side 

scatter profiles for live/dead cell analysis and fluorescence intensity distributions for eYFP 

detection (488-nm excitation). The resulting data were analyzed with FlowJo software and 

subsequent visualization in RStudio using the ggplot2 function. Cells were gated for viability 

based on forward and side scatter, and then a manual gate was imposed on the EYFP 

fluorescence using the machine’s GFP laser settings to determine the percentage of fluorescent 

cells as compared to untransfected controls. A total of 24,000 events was recorded for each 

sample of transfected cells. Statistical significance between all combinations of RNA treatments 

was determined by a two-way ANOVA with repeated measures followed by a Tukey’s Honest 

Significant Difference using the TukeyHSD function in R 

(https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/TukeyHSD) to determine 

the significance of differences between treatments, which was determined at a p-value of 0.001.  

4.3.6 Fluorescence microscopy of transfected cells 

Live cells were examined by fluorescence microscopy at 8, 16, 24, 36, 48 and 72-hours post-

transfection using an Amscope IN300TC-FL microscope at 20x magnification. Brightfield 

images were taken using a 5MP CCD camera and processed using the ISCapture software with 
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an exposure setting of 200 milliseconds. Fluorescence images were taken using 450-490 nm 

excitation and 520 nm emission filters with a 2.2 second exposure time using the same camera 

and software for processing.  

4.3.7 Trypan-blue-exclusion assays 

Transfected cells were examined at 8, 16, 24, 48 and 72-hours post-transfection. The medium 

was aspirated from one well of each transfection condition, the cells were trypsinized by 

incubating at 37°C for 3-5 minutes in 250 μL of 0.25% Trypsin-EDTA. After incubation, the 

trypsin was quenched with 250 μL DMEM (+FBS +antibiotic) as described above in Section 2.5. 

After thorough mixing, 10 μL of the cells was added to 10 μL of 0.4% Trypan-Blue stain 

(Gibco), and 10 μL of the resulting mixture was added to a hemocytometer and examined under 

an Amscope IN300TC-FL microscope with a 20x objective. The cells were counted by eye and 

the percentage of live cells calculated, assuming that live cells have excluded the stain 

completely and dead cells have stained blue completely. Statistical significance between all 

combinations of RNA treatments was determined by a two-way ANOVA with repeated measures 

followed by a Tukey’s Honest Significant Difference test using a p-value cutoff of 0.001. In 

fluorescence microscopy studies, HEK-293 cells showed fluorescence expression profiles similar 

to that of BHK-21 cells (data not shown), but due to difficulty keeping the cells attached to plates 

throughout the entire transfection, the HEK-293 cells were excluded from further analyses.  

4.4 Results 

4.4.1 eYFP expression in BHK-21 cells peaked at small fractions of transfection 

BHK-21 cells were transfected with 5, 50, 250, or 500 ng of eYFP-saRNA in 24-well 

plates, with 500 ng representing a typical RNA amount used in standard lipofectamine 

transfections. In each case (see Table 1) the replicon RNA was mixed with an uncapped mRNA 
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(RNA1 from brome mosaic virus, termed B1) so as to have a total of 500 ng of RNA in the 

transfection mix. The cells remained in culture for 72 hours post-transfection, with both 

fluorescence and brightfield images taken at 6 designated time points to assay fluorescent protein 

production and cell health. 

Similarly, transfections were carried out with mixtures of non-sa eYFP mRNA and 

uncapped B1 RNA, with 5, 50, 250, and 500 ng of eYFP mRNA mixed with B1 RNA to a total 

of 500 ng, but a quantitative dose dependence could not be deduced, because at short times and 

low masses the fluorescence was too weak to be observed. All further discussion will refer to 

transfections with the replicon form of the eYFP mRNA (eYFP-saRNA), which showed a non-

monotonic dependence of fluorescence on the mass of transfected replicon, as discussed below.  

 

Figure 13: Representative fluorescence images collected at 8, 16, 24, 36, 48 and 72-hours post-transfection for 
BHK-21 cells transfected with 5, 50, 250, or 500 ng of eYFP-saRNA. Scale bar = 100 μm. Gray boxes indicate no 
image collected because no fluorescence was observed (specifically, at the 8-hour time points for 5 and 50 ng 
transfections). 
 



54  

The images in Figure 13 showed that cell fluorescence peaked broadly at 36 to 48 hours 

post-transfection, and that the highest fluorescence was seen for transfections with 50 ng of 

eYFP-saRNA. Significantly, cells transfected with as much as 500 ng of eYFP-saRNA 

fluoresced less strongly than those treated with 250 or 50 ng, and showed fluorescence levels 

comparable to those in cells transfected with as little as 5 ng. Brightfield images acquired (data 

not shown) did not show significant changes in the number of cells per image. For more 

quantitative and reliable studies of protein expression levels and determination of their dose 

dependence, however, the flow cytometry assays are preferred over fluorescence imaging.  
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Figure 14: A. Flow cytometry data of %-eYFP-positive BHK-21 cells at 8, 16, 24 and 48-hours post-transfection 
with 5, 50, 250, or 500 ng of eYFP-saRNA or eYFP mRNA. B. Median fluorescence intensity of eYFP-positive 
cells at each time point for each RNA amount. All samples when compared to the negative control (eYFP mRNA) 
had a p-value < 0.001. 
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Flow cytometry analysis (Figure 14A) confirmed the fluorescence microscopy data, with 

the 50 ng saRNA transfection amount showing generally the highest percentage of eYFP-

positive cells. Additionally, the percentage of eYFP-positive cells for samples transfected with 5 

and 500 ng of eYFP-saRNA did not differ statistically (p-value = 0.66) but were both 

significantly different from the percentage of eYFP-positive cells seen in samples transfected 

with 50 and 250 ng of eYFP-saRNA (p-values ≤ 4.69E-13). Expression appeared to peak much 

earlier than in the microscopy time course (16 hours post-transfection vs. 36 hours), which is 

likely attributable to the higher sensitivity of detection of the flow cytometer versus that of the 

fluorescence microscope camera, as well as the very bright signal emitted by dying cells that 

only become visible later in the time course. The cells appeared to express eYFP very strongly 

starting early in the time course, but at levels not detectable by the fluorescence microscope, 

which also is in line with previous work67 showing the peak of saRNA amplification at 16 hours 

post-transfection. All saRNA-transfected samples had significantly higher eYFP-positive cells 

than the eYFP-mRNA control (p-values ≤ 1.24E-08).  

The cells transfected with 500 ng saRNA showed very low levels of fluorescence, 

comparable only to those transfected with 5 ng saRNA, for the majority of the time course. The 

drops in expression in the two highest (250 ng and 500 ng) saRNA transfection amounts that 

occur at 16 hours post-transfection are likely explained by the higher saRNA amounts causing 

more of a strain on cellular resources when the saRNA reaches its peak of amplification, limiting 

fluorescent protein expression at those times. Transfection efficiency appeared to average around 

30% positive cells, which is expected with lipoplex-based transfections. Figure 14B shows the 

median fluorescence intensity (MFI) of each transfection. The MFI for each of the saRNA 

treatments were statistically different from the mRNA control (p-values ≤ 3.44E-06) but are not 
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statistically different from one another (p-values ≥ 4.86E-01). The saRNA transfection traces 

showed a gradual increase over time that reflects the brighter fluorescence of dead cells at later 

times. This signifies that using lower doses of saRNA does not negatively affect the amount of 

protein produced per cell.  

4.4.2 BHK-21 cell viability correlates inversely with saRNA dosage 

Trypan-blue-exclusion assays were performed on BHK-21 cells transfected with the same 

increasing (5, 50, 250, or 500 ng) amounts of eYFP-saRNA, again at 5 time points up to 72 hours 

post-transfection. Numbers of live and dead cells were counted to calculate the percentage of live 

cells that remained in each well (Figure 15) at the designated times.  

 

Figure 15: Trypan-blue-exclusion assays of BHK-21 cells collected at 8, 16, 24, 48 and 72-hours post-transfection 
with 5, 50, 250, or 500 ng of eYFP-saRNA or 500 ng B1 RNA only. Control samples include untransfected cells, 
cells transfected with lipofectamine reagent only (no RNA), and cells transfected with 500 ng of B1 RNA. Samples 
of 250 and 500 ng eYFP-saRNA when compared to the negative controls (untransfected, lipofectamine, and B1 
RNA) had a p-value < 0.01.  
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As expected, the highest viabilities were found in cells transfected with the smallest 

amount of RNA: cells transfected with 5 ng eYFP-saRNA were close to 100% alive at early time 

points and saw only a slight drop to 95% by 72 hours post-transfection. Cells transfected with 50 

and 250 ng eYFP-saRNA had very similar viability profiles, with both remaining above 90% 

alive even at 72 hours post-transfection, although the 250 ng-transfected cells saw a quicker drop 

in viability at 24 hours post-transfection. Most noticeably, cells treated with 500 ng eYFP-

saRNA were significantly less viable at the eYFP expression peak than the other three treated 

wells (48 hours post-transfection), dropping to about 80% alive before recovering slightly to 

about 85% alive at 72 hours post-transfection. The control samples, untransfected, mock-

transfected (treated with lipofectamine only), and B1-transfected cells remained over 95% viable 

for the duration of the experiment. Both the 250 and 500 ng-transfected cells showed viability 

profiles that differ from those of the controls (p-values ≤ 8.73E-04). Brightfield images of cells 

confirmed the trypan exclusion data, with lower-dosed cells appearing significantly healthier by 

the end of the 72-hour time course and those treated with 500 ng of eYFP-saRNA appearing 

clumped and distressed.  

4.4.3 eYFP expression in CHO-K1 cells peaks at earlier time points and is observable for 

smaller amounts of saRNA delivery  

CHO-K1 cells were transfected with the same amounts of active eYFP-saRNA and 

carrier B1 RNA as described above for BHK-21 cells. Cell fluorescence was overall stronger in 

this line, but also peaked much earlier in the time course (Figure 16), sharply at about 16 hours 

post-transfection as compared to the later, broader maximum seen in BHK-21 cells. Fluorescence 

was again strongest in the cells transfected with 50 ng of eYFP -saRNA, somewhat lower in 

those treated with 250 ng of saRNA, and still lower in those transfected with 500 ng of saRNA.  
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Figure 16: Representative fluorescence images collected at 8, 16, 24, 36, 48 and 72-hours post-transfection for 
CHO-K1 cells transfected with 5, 50, 250, or 500 ng of eYFP-saRNA. Scale bar = 100 μm. 
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Figure 17: A. Flow cytometry data of %-eYFP-positive CHO-K1 cells at 8, 16, 24 and 48-hours post-transfection 
with 5, 50, 250, or 500 ng of eYFP-saRNA or EYFP mRNA. Samples of 50, 250 and 500 ng eYFP-saRNA when 
compared to the negative control (eYFP-mRNA) had a p-value < 0.01. B. Median fluorescence intensity of eYFP-
positive cells at each time point for each RNA amount. All samples when compared to the negative control (eYFP-
mRNA) had a p-value < 0.01 
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As in the BHK-21 cells, flow cytometry analysis (Figure 17A) confirmed the 

fluorescence data with 250 ng and 50 ng saRNA showing the strongest expression of eYFP. The 

percentage of eYFP positive cells was again seen to peak earlier in the time course (8 hours post-

transfection) than they appeared to in the fluorescence microscopy (16 hours post-transfection), 

likely owing to the more sensitive measurement in flow cytometry. Transfection efficiency 

appeared higher in this cell line than in BHK-21 cells, with higher overall levels of eYFP 

positive cells. The cells treated with 50, 250, or 500 ng of saRNA showed significantly higher 

percentages of eYFP-positive cells when compared to the eYFP-mRNA control (p-values ≤ 

1.54E-04), while the 5 ng saRNA-treated cells had a similar percentage of eYFP-positive cells 

when compared to the control.  

As with the BHK-21 cells, the MFI of CHO-K1 cells transfected with saRNA were 

significantly higher than the eYFP-mRNA control (Figure 17B). Interestingly, the MFI in CHO-

K1 cells was more affected by the dose of saRNA used in transfection than for the BHK-21 cells. 

The 50 ng saRNA amount showed the strongest overall fluorescence signal, followed by the 250 

ng saRNA dose, meaning that not only were more cells producing protein at these lower RNA 

transfection amounts, but each cell was individually producing protein at a stronger level. 

Additionally, the 50 ng saRNA treatment showed a significantly higher MFI when compared to 

the 500 ng saRNA treatment (p-value = 5.95E-04). The fluorescence intensity again peaked 

relatively late in the time course as dead, highly fluorescent cells began to appear. Additionally, 

the median fluorescence intensity was much higher for CHO-K1 than for BHK-21 cells, 

indicating that CHO-K1 cells may be more amenable to transfection (as also indicated by their 

higher transfection efficiency) and better able to tolerate high levels of saRNA amplification.  
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4.4.4 CHO-K1 cell viability drops sharply with increasing dosage of eYFP-saRNA 

Trypan-blue-exclusion assays were again performed on CHO-K1 cells transfected as 

above, and live percentages were calculated as in BHK-21 cells (Figure 18). Again, an inverse 

trend of survival was seen with increasing saRNA doses. In these cells, viability dropped below 

25% for the highest RNA amount delivered (500 ng) at the peak of expression, 16 hours post-

transfection, and hovered around 25% for cells treated with 250 ng of eYFP-saRNA. Viabilities 

for both higher dosages rose gradually back to 35%, for 500 ng, or 70%, for 250 ng, by 72 hours 

post-transfection, as healthy cells continued to grow and divide. The viability of cells transfected 

with 50 ng, those that expressed fluorescent protein most robustly, dropped to about 50% at 16 

hours post-transfection, but rose back to 80% by the end of the time course. The viabilities of the 

50, 250, and 500 ng eYFP-saRNA treated samples were all significantly different from those of 

control samples (untransfected, lipofectamine-transfected, and B1 RNA transfected) with p-

values ≤ 2.22E-16. Additionally, the 50 ng saRNA-treated cell viability was statistically different 

from that of the 250 and 500 ng saRNA-treated samples (p-values ≤ 2.22E-16). 
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Figure 18: Trypan-blue-exclusion assays of CHO-K1 cells collected at 8, 16, 24, 48 and 72-hours post-transfection 
with 5, 50, 250, or 500 ng of eYFP-saRNA or 500 ng B1 RNA only. Control samples include untransfected cells, 
cells transfected with lipofectamine reagent only (no RNA), and cells transfected with 500 ng of B1 RNA. Samples 
of 50, 250 and 500 ng eYFP-saRNA when compared to the negative controls (untransfected, lipofectamine, and B1 
RNA) had a p-value < 0.01. 
 

In contrast, cells transfected with 5 ng eYFP-saRNA showed a steady decrease in 

viability over time, with viability still at 95% at the peak of protein expression but dropping to 

85% by 72 hours post-transfection. As before, controls (untransfected, mock-transfected, and 

B1-transfected cells) remained highly viable for the duration of the experiment and the 5 ng 

eYFP-saRNA-treated samples were not statistically different from the controls (p-values ≥ 0.23). 

Brightfield images again validated the trypan data, with cells treated with higher RNA doses 

becoming much less adherent at earlier time points and appearing overall less healthy throughout 

the course of the experiment.  

The cells used in these experiments are known to be easily transfectable and were chosen 

because all three lines are adherent and amenable to lipoplex-based transfection protocols. HEK-
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293 cells were also exposed to the same transfection scheme as described for BHK-21 and CHO-

K1 cells. They showed fluorescence expression profiles very similar to those of BHK-21 cells 

but were excluded from further data analysis due to their similarity to BHK-21s and due to 

difficulty in keeping the cells attached to plates throughout the entire transfection. Despite the 

differences in the peak fluorescence expression times between BHK-21 and CHO-K1 cells, both 

cell types fluoresced most strongly, and were relatively viable, when transfected with 50 ng of 

eYFP replicon RNA diluted with 450 ng of B1 RNA (Figure 19). Brightfield images 

corresponding to the fluorescence microscopy images are included to demonstrate that 

fluorescence intensity changes are due to changes in cell expression and not due to a change in 

the number of cells per image. This is a significantly lower mass amount than recommended in 

most mRNA transfection protocols and underscores the relevance of the self-amplifying nature 

of a replicon when considering its protein expression in vitro and its dosage efficacy as a 

therapeutic. 
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Figure 19: Representative fluorescence and brightfield images collected at 8, 16, 24, 36, 48 and 72-hours post-
transfection for BHK-21 and CHO-K1 cells transfected with 50 ng of eYFP-saRNA supplemented with 450 ng of 
carrier RNA. Brightfield images show cell health and the presence of cells despite fluorescence not being observed. 
Scale bar = 100 μm. 
 

4.5 Discussion 

Lipoplex-forming transfection agents have previously been shown to be particularly 

useful in the case of transfection of viral-derived RNAs. Because the replication mechanisms 

employed by saRNAs are similar to those of the viral genomes from which they are derived, 

these RNAs are more likely to cause cell toxicity, weakening and death upon transfection80. 

More physically disruptive methods of transfection such as electroporation, which causes 

permeabilization of the cell membranes through sudden application of an intense electric field, 

can cause high amounts of cell death even in mock DNA transfections and may be particularly 

ill-suited for adherent cell lines if the shocked cells fail to reattach. These alternate transfection 

methods could cause cell death to the extent of invalidating results due to aggressive genetic drift 

spurred by the survival of only a few, genetically aberrant, cells80. As evidenced by our results, it 

is important even with gentler lipoplex transfections to optimize protocols for replicon and 

genomic viral RNAs and adjust for cell viability. More work could be done to titrate not only the 

RNA amount necessary for optimal translation, but also the corresponding lipoplex-forming 

reagent amount; if the reagent amount were appropriately scaled down, this would eliminate the 

use of dilution of active RNA with the carrier RNA (here, B1) and would increase cell viability 

to escape the somewhat toxic effects of excess lipid81. 

The non-monotonic dose response seen in our results favorably demonstrates the 

potential of this replicon system as a vaccine, immune system stimulatory agent, or other 

therapeutic vector, depending on the GOI chosen82,83. Since low amounts of replicon RNA are 

shown to be both unusually effective in GOI expression and relatively nontoxic in adherent cells 
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– significantly more so than larger amounts of RNA – this alleviates much of the targeting and 

delivery concern normally involved in mRNA therapeutics. Although it will still be necessary to 

protect our replicon therapeutics in a delivery vehicle, as we have shown previously with plant-

virus-derived virus-like-particles, it is clear that very low numbers of delivery particles will be 

required for uptake per cell in order for effective RNA replication and translation to occur67. 

4.6 Conclusions 

This work emphasizes the importance of an understanding of viral replication pathways 

and replicon behavior in cells when considering in vitro testing systems for self-amplifying 

molecules. Replicons have long been considered an interesting avenue of RNA-based 

technologies, and many viral genomes have been adopted for use in studying replication and 

expression systems84. However, little systematic optimization has been done in order to 

maximize their efficacy in cell cultures and to understand how they will best be suited for use in 

clinical applications, although there have been investigations of the effects of increased viral 

MOI (rather than increased replicon numbers) on protein expression level using recombinant 

SFV6,85. The examples considered in the present work involve cell lines commonly used both for 

studying viral replication and for testing gene expression in general. The clear existence of a 

“sweet spot” – a low-to-intermediate dose of saRNA that yields maximum viability and GOI 

expression, across all lines tested – strongly underscores the fact that the amplification of 

replicon RNA must be taken into account in transfection protocols. The ability to achieve such 

high levels of expression from very low mass amounts of saRNA provides exciting opportunities 

for the design of effective therapeutics that are not reliant for function on huge delivery payloads 

for function.  
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CHAPTER 5 

Packaging overlong RNAs into virus-like particles using polyvalent 

cations 

5.1 Abstract 

 In vitro assembled virus-like particles (VLPs) are of interest as delivery vehicles for 

therapeutic molecules. This work investigates the packaging of long RNA molecules – those 

above 3,000 nucleotides – into spherical, 28-nm VLPs by pre-compacting the RNA with 

polyvalent cation. RNA was mixed with the quadrivalent cation, spermine, and analyzed by gel 

electrophoresis to determine charge ratios at which RNA becomes compacted by spermine. Pre-

compacted RNA (at a 1 to 0.25 RNA to spermine charge ratio) was packaged into VLPs using 

brome mosaic virus capsid protein. VLPs assembled with normal RNA and pre-compacted RNA 

were visualized using negative-stain electron microscopy, and the number of singlets, doublets, 

triplets, and higher-order multiplets were counted for each sample. Pre-compaction of RNA with 

spermine results in a marginal increase in the number of singlet VLPs and a reduction in the 

number of higher-order multiplets. Packaging RNA with spermine has the potential to compact 

RNA such that it can fit into an RNase-resistant singlet VLP.  

5.2 Introduction 

 Virus-like particles (VLPs) – non-infectious, self-assembled, homogeneous nanoparticles 

derived from the coat proteins (CP) of viral capsids – are being explored as effective delivery 

vehicles for the targeted delivery of therapeutic cargo86,87. Cowpea chlorotic mottle virus 

(CCMV) and the closely related brome mosaic virus (BMV) are two single-stranded RNA 

(ssRNA) plant viruses whose capsid proteins can be used to in vitro self-assemble around non-
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viral RNA into spherical, 28-nm diameter VLPs5,6,25,26,59. The non-viral ssRNA can be between 

lengths of 100-12,000 nts and the resulting VLPs will be around 28-nm in diameter. For ssRNAs 

shorter than 2,500 nucleotides (nts), multiple RNAs are packaged into one 28-nm particle. For 

ssRNAs between 2,500 and 4,500 nts, one RNA is packaged into one 28-nm particle. ssRNAs 

longer than 4,500 nts are packaged into “multiplets” – multiple 28-nm VLPs, where RNA is 

shared between the particles6. These multiplets are not RNase-resistant because RNA is strung 

between the particles and susceptible to degradation by RNases. The inability to protect longer 

RNAs (>4,500 nts) in spherical VLPs is a limitation of this therapeutic delivery system. It is 

especially limiting for the delivery of self-replicating RNA therapeutics67,88, where the self-

replicating machinery accounts for about 3,000 nts, limiting genes of interest (GOIs) lengths to 

less than 1,000 nts.  

 Polyvalent cations can be used to compact nucleic acid into smaller structures, and it is 

hypothesized that ssRNA can be pre-compacted before in vitro assembly such that longer ssRNA 

molecules can be packaged into spherical, 28-nm VLPs. Spermine is a polyamine that is a 

polycation at physiological pH with four positive charges. While spermine is found in all 

eukaryotic cells as it is involved in cellular metabolism, a large concentration of spermine is 

found in sperm cells where a large DNA genome needs to be compacted to fit into a small cell89–

91. Spermine is also found in turnip yellow mosaic virus (TYMV), another ssRNA plant virus. 

Spermine compacts the TYMV genome such that a 6,400 nt RNA molecule can fit inside a 28-

nm spherical capsid92 (note: TYMV has not been shown to assemble in vitro). Notably, CCMV 

CP assembles around 6,400 nt ssRNA, but the resulting VLPs are doublets that are not RNase-

resistant6.  
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 Taking inspiration from nature, this work aims to use spermine, a polyvalent cation, to 

pre-compact ssRNA molecules longer than 4,500 nts before in vitro assembling BMV VLPs. Six 

RNAs were used ranging in length from 3,000 to 12,000 nts. RNA was mixed with increasing 

amounts of spermine and analyzed by gel electrophoresis to assess the compaction of RNA as a 

function of charge ratio. The 1 to 0.25 RNA to spermine charge ratio was used for assembly 

experiments because it compacted the RNA, but also allowed for enough negative charges on the 

RNA for the in vitro assembly to occur successfully. These experiments demonstrate that BMV 

VLPs can form around RNA pre-compacted with polyvalent cation and that pre-compaction 

marginally increases the number of singlets (and reduces the number of higher order multiplets).   

5.3 Materials and Methods 

5.3.1 Buffers used 

Disassembly buffer: 50 mmol/L Tris-HCl, pH 7.5; 500 mmol/L CaCl2, 1 mmol/L 

ethylenediamine tetraacetic acid (EDTA), 1 mmol/L dithiothreitol (DTT), 0.5 mmol/L 

phenylmethylsulfonyl fluoride (PMSF). Protein storage buffer: 20 mmol/L Tris-HCl, pH 7.2; 1 

mol/L NaCl; 1 mmol/L EDTA; 1 mmol/L DTT; 1 mmol/L PMSF. RNA assembly buffer 

(RAB): 50 mmol/L Tris-HCl, pH 7.2, 50 mmol/L NaCl, 10 mmol/L KCl, 5 mmol/L MgCl2. 

Virus storage buffer (VSB): 50 mmol/L sodium acetate, pH 4.5, 8 mmol/L magnesium acetate. 

Tris-Acetic Acid-EDTA (TAE): 40 mmol/L Tris-HCl, pH 8, 20 mmol/L acetic acid, 1 mmol/L 

EDTA. 

5.3.2 Synthesis of RNAs 

The RNAs used in these experiments are BMV RNA1 (3,324 nts), NOV-R.Luc (4,413 nts), 

NOV-STING* (4,638 nts), TMV (6,395 nts), SIN-19 (8,985 nts), and FL-SIN (11,703 nts). 

BMV RNA1 was made by in vitro transcription of the DNA plasmid pT7B1, linearized with 
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BamHI (New England Biolabs, USA), with a T7 polymerase transcription system (Thermo 

Fisher, USA). NOV-R.Luc and NOV-STING* were made by in vitro transcription of the DNA 

plasmid pNod1-R.Luc and pNod1-STING*-T2A, linearized with XbaI (New England Biolabs, 

USA), with a T7 polymerase transcription system. TMV was made by in vitro transcription of 

the DNA plasmid p30B, linearized with XhoI (New England Biolabs, USA), with a T7 

polymerase transcription system. SIN-19 and FL-SIN were made by in vitro transcription of the 

DNA plasmid pSindbis-19 and pTE12, linearized with XhoI (New England Biolabs, USA), with 

a SP6 polymerase transcription system. All RNA was purified with an RNEasy Mini Kit 

(Qiagen, DEU) following the manufacturers’ specifications. 

5.3.3 Pre-compaction of RNA with spermine 

Spermine was stored in degassed water overlayed with argon gas and frozen at -80°C until used 

for experiments. Frozen RNA was thawed on ice and thermally denatured by heating the sample 

to 90°C at a rate of 1°C per second, holding at 90°C for 1 second, then cooling to 4°C at a rate of 

-1°C per second. Thermally denaturing and slowly cooling the RNA allows for disruption of any 

duplexes formed between RNA molecules in the freezing process and for refolding of the RNA. 

The RNA was then mixed with spermine at a specified charge ratio and incubated at 4°C for 30 

minutes. 1 RNA molecule contributes 1 negative charge per nucleotide (from the phosphate 

backbone of RNA), so the number of negative charges per molecule will depend on the RNA 

length:spermine contributes 4 positive charges per molecule.  

5.3.4 Gel electrophoresis of RNA  

750-1000 ng of RNA was mixed with 2X RNA loading dye and fully denatured by heating the 

sample to 65°C at a rate of 1°C per second, holding at 65°C for 10 minutes, then cooling to 4°C 

at a rate of -1°C per second. If the sample contained RNA mixed with spermine, the spermine 
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was added at the specific charge ratio and incubated at 4°C for 30 minutes. The RNA was then 

mixed with 2.5 𝜇L of 200X GelRed and loaded into the 0.8% agarose gel in TAE. The gel ran at 

100 V for 1.5 hours and was visualized for the nucleic acid stain with an excitation wavelength 

of 302 nm. 

5.3.5 BMV capsid protein purification 

WT BMV was purified from infected barley leaves (Hordeum vulgare)3, and coat protein was 

purified as described previously39. Nucleocapsids were disassembled by dialyzing against 

disassembly buffer at 4 °C overnight. The RNA was pelleted, and the coat protein isolated by 

ultracentrifugation at 90,000 rotations per minute for 100 min at 4 °C in a Beckman TLA110 

rotor. Coat protein was extracted from the supernatant and immediately dialyzed against protein 

storage buffer. Protein concentration and purity were assessed by UV-Vis spectrophotometry; 

only protein solutions with 260/280 ratios less than 0.6 were used for assembly. Protein was 

frozen in liquid nitrogen and stored at −80 °C until ready to use, at which point it was defrosted 

on ice and stored at 4 °C for up to two weeks. 

5.3.6 In vitro self-assembly of BMV virus-like particles 

RNA and CP were mixed in protein storage buffer at a 1:4.8 RNA to CP mass ratio to a final 

RNA concentration of 30 ng/μL and then dialyzed overnight (12-16 hours) against RAB at 4°C. 

The assembly was dialyzed against VSB at 4°C for at least 6 hours after which VLPs were 

collected for analysis. For samples that were assessed for RNA protection, VLPs were mixed 

with RNaseA and incubated at 4°C for 1 hour. Digestion of RNA was stopped by the addition of 

RNase Inhibitor and the sample was washed through a 100 kDa MW-cutoff Amicon filter purify 

the remaining RNase-resistant VLPs.   
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5.3.7 Negative-stain electron microscopy  

6 μL of VLP sample was deposited on glow-discharged carbon-coated copper (200-mesh) 

PELCO Pinpointer grids (Ted Pella, USA). After 1 min, the grids were blotted with Whatman 

filter paper, and then stained with 6 μL of 2 % uranyl acetate for 1 min followed by complete 

stain removal and storage in a desiccator overnight. Micrographs were acquired using a Tecnai 

G2 TF20 High-Resolution electron microscope (FEI, USA) with an accelerating voltage of 200 

kV. Images were collected at 3 μm to 4 μm underfocus with a TIETZ F415MP 16-megapixel 

CCD camera (4000 by 4000 pixels, pixel size 15 μm). Electron micrographs were manually 

analyzed to count the number of singlets, doublets, triplets, and higher-order multiplets in each 

of the images acquired.  

5.4 Results  

5.4.1 RNA is compacted with spermine  

In the interest of examining the packaging of overlong (>4,500 nt) RNAs, these 

experiments involve BMV RNA1 (3,324 nts), NOV-R.Luc (4,413 nts), NOV-STING* (4,638 

nts), TMV (6,395 nts), SIN-19 (8,985 nts), and FL-SIN (11,703 nts). The in vitro transcribed 

RNA was analyzed by gel electrophoresis with a ssRNA ladder to confirm the lengths of the 

RNA (Figure 20).  

Each RNA was mixed with increasing concentrations of spermine corresponding to 

specific RNA-to-spermine charge ratios and subjected to gel electrophoresis to determine the 

effect of spermine on RNA charge and size (Figure 21). Similar trends are observed across all 

RNA lengths in that the RNA bands first appear to run slower, closer to the top of the gel 

(negative electrode) than the control samples (lanes 1 and 2), but then around lanes 5 or 6, 

corresponding to charge ratios of 1 to 0.05 and 0.075, respectively, the bands appear to run faster 
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or closer to the bottom of the gel (positive electrode). When at the highest charge ratios 1-to-1 

and 1-to-2 (lanes 11 and 12), some RNAs begin to demonstrate aggregation where the sample 

does not leave the well at the top of the gel. An RNA to spermine charge ratio of 1 to 0.25 (lane 

8) was used for in vitro assembly experiments. 

 

Figure 20: Gel electrophoresis of in vitro transcribed RNA. The RNAs used in these experiments are BMV 
RNA1 (3,324 nts), NOV-R.Luc (4,413 nts), NOV-STING* (4,638 nts), TMV (6,395 nts), SIN-19 (8,985 nts), and 
FL-SIN (11,703 nts) and are shown in the gel above with flanking single-stranded RNA ladders with standard RNA 
bands of 500, 1,000, 2,000, 3,000, 5,000, 7,000, and 9,000 nts. Samples were stained with GelRed for visualization 
of nucleic acids.  
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Figure 21: Gel electrophoresis of RNAs incubated with increasing concentrations of spermine. Each of the six 
gels contains samples of one RNA – BMV RNA1 (3,324 nts), NOV-R.Luc (4,413 nts), NOV-STING* (4,638 nts), 
TMV (6,395 nts), SIN-19 (8,985 nts), or FL-SIN (11,703 nts) – mixed with spermine concentrations. Lane 1 is RNA 
with no spermine, fully denatured with formaldehyde, Lane 2 contains RNA with no spermine, Lanes 3-12 contain 
RNA mixed with spermine at the following RNA to spermine charge ratios, 1 to: 0.01, 0.025, 0.05, 0.075, 0.10, 
0.25, 0.50, 0.75, 1, and 2.  
 

5.4.2 RNA compacted with spermine can be packaged into BMV VLPs  

 BMV VLPs were made with all six RNAs that were mixed with spermine in a 1 to 0 or 1 

to 0.25 RNA to spermine charge ratios. Representative negative-stain electron micrographs of 

assembly products are presented in Figure 22 with assemblies without spermine on top and 

assemblies with spermine on the bottom. Particles observed in electron micrographs were 

manually counted, with at least 200 particles counted per sample, and classified as singlets, 

doublets, triplets, or higher order (4+) multiplets. A stacked bar plot showing these distributions 

for all six RNAs in the two spermine conditions are shown in Figure 23. The same data is 

plotted as a line plot of RNA length versus fraction of particles in Figure 24.  

 

Figure 22: Electron micrographs of RNA assembled with BMV capsid protein in the absence or presence of 
spermine. RNAs – BMV RNA1 (3,324 nts), NOV-R.Luc (4,413 nts), NOV-STING* (4,638 nts), TMV (6,395 nts), 
SIN-19 (8,985 nts), or FL-SIN (11,703 nts) – were assembled into virus-like particles (VLPs) using BMV capsid 
protein (top) or pre-compacted with spermine (at a 1 to 0.25 RNA to spermine charge ratio) and then packaged into 
VLPs (bottom). 
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Figure 23: Stacked bar plot of multiplet virus-like particle distributions for assemblies of RNA with and 
without spermine. Electron micrographs of virus-like particles (VLPs) assembled from RNAs – BMV RNA1 
(3,324 nts), NOV-R.Luc (4,413 nts), NOV-STING* (4,638 nts), TMV (6,395 nts), SIN-19 (8,985 nts), or FL-SIN 
(11,703 nts) – either pre-compacted with spermine (1 to 0.25 RNA to spermine charge ratio) or not were analyzed. 
The number of singlet (orange), doublet (pink), triplet (light blue), or higher order multiplets (4+, green) were 
counted for each assembly and plotted as a fraction of the total particles for that sample.  
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Figure 24: Line plot of multiplet virus-like particle distributions for assemblies of RNA with and without 
spermine. Electron micrographs of virus-like particles (VLPs) assembled from RNAs – BMV RNA1 (3,324 nts), 
NOV-R.Luc (4,413 nts), NOV-STING* (4,638 nts), TMV (6,395 nts), SIN-19 (8,985 nts), or FL-SIN (11,703 nts) – 
either pre-compacted with spermine (dotted lines, 1 to 0.25 RNA to spermine charge ratio) or not (solid lines) were 
analyzed. The number of singlet (orange circles), doublet (pink triangles), triplet (light blue diamonds), or higher 
order multiplets (4+, green outlined squares) were counted for each assembly and plotted as a fraction of the total 
particles for that sample as a function of the RNA length.   
 

 For the VLPs assembled, the number of singlets increases and the number of higher-order 

multiplets decreases in the presence of spermine. However, the increase in the number of singlet 

VLPs observed is very marginal and is not observed in the NOV-STING* (4,638 nts) case. For 

BMV RNA1, the singlet fraction increases from 0.90 to 0.92 in the presence of spermine, for 

NOV-R.Luc the fraction increases by 0.07 (0.65 to 0.72), for TMV the increase is 0.06. (0.54 to 

0.60), for SIN-19 the increase is 0.04 (0.57 to 0.61), and for FL-SIN the fractional increase in 
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singlets is the highest at 0.14 (0.42 to 0.56). The fraction of singlets for NOV-STING* decreases 

in the presence of spermine from 0.81 to 0.74.  The number of higher-order multiplets (doublets, 

triplets, and four-plus multiplets) decreases for all samples in the presence of spermine, except 

the NOV-STING* case. Again, the changes are marginal with a decrease in the fraction of 

particles of 0.02 (BMV RNA1), 0.07 (NOV-R.Luc), 0.06 (TMV), 0.04 (SIN-19), and 0.13 (FL-

SIN), with an increase of 0.07 for NOV-STING* RNA.   

5.5 Discussion 

 Spermine compaction of RNA occurs because the positive charges on the spermine 

interact with the negative charges from the phosphate backbone of the RNA which screens the 

negative charges on the RNA molecule and therefore the repulsions from those negative charges. 

The screening of repulsions allows for the RNA to become more compact. Gel electrophoresis 

analysis of RNAs mixed with spermine illustrate the compaction of RNA with increasing 

spermine compaction as observed by bands that run faster in the gel (closer to the bottom). The 

porous gel network separates molecules by their size with smaller particles travelling through the 

network faster than larger particles. The electric field applied allows for separation of particles 

by charge. If particles are the same size, but different charge, the more negatively charged 

molecule will travel farther because it will move faster through the gel. If particles are the same 

charge, but different sizes, then the smaller molecule will travel farther. When there are 

competing effects, as in the present case, molecules that have a smaller negative charge can 

travel farther than those with more negative charge if they are sufficiently small. As the spermine 

concentration increases, the overall negative charge of the RNA is decreased, so if the RNA was 

not getting compacted (i.e., the same size) but had different charge, we would expect that 

samples with more spermine would not travel as far as those without spermine. However, what 
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we see is that with increasing spermine concentrations, the RNA runs farther in the gel, 

indicating a smaller effective size.  

These results are further confirmed with dynamic light scattering (DLS) measurements, 

in which the effective hydrodynamic diameter of the particles is measured (data not shown). 

DLS results confirm that RNA is continuously compacted with increasing spermine 

concentration. For example, for NOV-STING* RNA molecule around 60 nm in diameter with no 

spermine present is compacted to a molecule as small as 30 nm in diameter at charge ratios as 

high as 1 to 2 RNA to spermine. At a charge ratio of 1 to 0.25, those used for the in vitro 

assembly experiments, NOV-STING* RNA has an effective diameter of 42 nm.  

 While RNA compaction was observed with increasing spermine concentrations, in vitro 

assembly experiments only resulted in marginal increases in the number of singlet BMV VLPs 

observed. In order for spherical VLPs to be effective therapeutic delivery vehicles, the RNA it is 

packaging must be protected from RNA degradation. Even with RNA as short as NOV-R.Luc 

(4,413 nts), the fraction of particles that are not RNase-resistant even when the RNA is pre-

compacted with spermine is upwards of 0.25. RNAs even longer than 4,500 nts are less likely to 

fit into singlet VLPs with the spermine charge ratio tested.   

5.6 Conclusions and Future Directions 

 It is possible that higher concentrations of spermine could result in enough compaction to 

package long RNAs into singlet VLPs. Additional experiments can be performed with higher 

spermine concentrations, but enough negative charges need to remain on the RNA such that the 

in vitro self-assembly process can occur. It is understood that the negative charges on the 

phosphate backbone of the RNA interact with the positively charged N-terminal tails of the CP 

which enables packaging of RNA into capsids10,11. Additionally, after successful packaging of 
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pre-compacted RNA into VLPs, the RNA needs to be assessed for functionality in cells to ensure 

the spermine does not interfere with successful translation or replication of therapeutic mRNAs.  
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CHAPTER 6 

Packaging the same self-replicating RNA inside spherical and 

cylindrical virus-like particles 

6.1 Abstract 

 The first viruses discovered to assemble in vitro are tobacco mosaic virus (TMV) and 

cowpea chlorotic mottle virus (CCMV). These viruses have inspired countless experiments to 

understand how they assemble in vitro to form virus-like particles (VLPs) and how we might use 

these VLPs as effective, targetable delivery vehicles for therapeutics. In these experiments, the 

same RNA molecule, NOV-R.Luc-OAS – a self-replicating mRNA derived from nodamura virus 

RNA1 that contains a reporter gene (Renilla luciferase) and a sequence for the TMV origin of 

assembly site (OAS) – is packaged by CCMV capsid protein (CP) and TMV CP to produce 

spherical and rod-like VLPs, respectively. The resulting VLPs were imaged using negative-stain 

electron microscopy. These results confirm the necessity of the TMV OAS for successful 

packaging of RNA into rod-like particles and that NOV-R.Luc-OAS can be packaged by both 

CCMV and TMV CP.  

6.2 Introduction 

 Assembly of infectious virus particles in a test tube is unique to a few single-stranded 

RNA (ssRNA) plant viruses, cowpea chlorotic mottle virus (CCMV), brome mosaic virus 

(BMV), and tobacco mosaic virus (TMV). These viruses have been shown to self-assemble in 

vitro5,14,25,26,59–61 and are of interest as delivery vehicles for therapeutics86,87. 

 CCMV assembles in vitro around non-viral RNA in a two-step protocol resulting in 

spherical, monodisperse, 28-nm virus-like particles (VLPs)6,26.  CCMV capsid protein (CP) has 
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been shown to assemble around non-viral RNA of a variety of lengths, always resulting in 28-nm 

VLPs. When the RNA length is between 2,500 and 4,500 nucleotides (nts), one RNA molecule is 

packaged into one VLP. However, when the RNA is longer than 4,500 nts, the RNA is packaged 

into multiplets, or multiple 28-nm VLPs where the RNA is shared between the particles6.  

 TMV, on the other hand, assembles in vitro to form hollow, helical rod-like VLPs60,61. 

The rods have an inner diameter of 4 nm and an outer diameter of 18 nm with the length of the 

rod depending on the length of the RNA being packaged14–16. The packaged RNA forms a helix 

that is embedded about 2 nm into the protein shell. TMV CP can encapsulate non-viral RNA of 

any length if the RNA contains a specific recognition sequence, or packaging signal, called the 

origin of assembly site (OAS), at which VLP nucleation begins17,18,93. The VLP grows by 

addition of CP in which the 5’ end of the RNA is pulled into the growing rod17,60. 

 This work aims to package the same RNA in a spherical VLP made with CCMV CP and 

a rod-like VLP made with TMV CP with the ultimate goal of comparing the efficiency of these 

particles as delivery vehicles for self-replicating RNA molecules, or replicons. RNA1 from 

nodamura virus has been edited to include a gene of interest (GOI) in the open reading frame 

encoding the RNA-dependent RNA polymerase. The nodamura replicon containing a Renilla 

luciferase (R.Luc) reporter gene is referred to as NOV-R.Luc. This construct was then 

manipulated to include a TMV OAS (NOV-R.Luc-OAS), so that TMV CP can package the 

RNA. Both the NOV-R.Luc and NOV-R.Luc-OAS RNAs were mixed with TMV CP and 

resulting VLP rods were assessed demonstrating successful packaging of RNA that contains the 

OAS sequence. NOV-R.Luc-OAS RNA was mixed with CCMV CP and TMV CP to produce 

both spherical and rod-like VLPs.  
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6.3 Materials and Methods 

6.3.1 Buffers used 

Disassembly buffer: 50 mmol/L Tris-HCl, pH 7.5; 500 mmol/L CaCl2, 1 mmol/L 

ethylenediamine tetraacetic acid (EDTA), 1 mmol/L dithiothreitol (DTT), 0.5 mmol/L 

phenylmethylsulfonyl fluoride (PMSF). Protein storage buffer: 20 mmol/L Tris-HCl, pH 7.2; 1 

mol/L NaCl; 1 mmol/L EDTA; 1 mmol/L DTT; 1 mmol/L PMSF. RNA assembly buffer 

(RAB): 50 mmol/L Tris-HCl, pH 7.2, 50 mmol/L NaCl, 10 mmol/L KCl, 5 mmol/L MgCl2. 

Virus storage buffer (VSB): 50 mmol/L sodium acetate, pH 4.5, 8 mmol/L magnesium acetate. 

Tris-Acetic Acid-EDTA (TAE): 40 mmol/L Tris-HCl, pH 8, 20 mmol/L acetic acid, 1 mmol/L 

EDTA. TMV Assembly Buffer (TAB): 75 mM sodium phosphate buffer, pH 7.2.  

6.3.2 Synthesis of RNAs 

NOV-R.Luc and NOV-R.Luc-OAS were made by in vitro transcription of the DNA plasmid 

pNod1-R.Luc and pNod1-R.Luc-OAS, linearized with XbaI (New England Biolabs, USA), with 

a T7 polymerase transcription system and purified with an RNEasy Mini Kit (Qiagen, DEU) 

both following the manufacturers’ specifications. 

6.3.3 CCMV capsid protein purification 

WT CCMV was purified from infected cowpea plants (Vigna unguiculata black-eyed pea)3, and 

coat protein was purified as described previously39. Nucleocapsids were disassembled by 

dialyzing against disassembly buffer at 4 °C overnight. The RNA was pelleted and the coat 

protein isolated by ultracentrifugation at 90,000 rotations per minute for 100 min at 4 °C in a 

Beckman TLA110 rotor. Coat protein was extracted from the supernatant and immediately 

dialyzed against protein storage buffer. Protein concentration and purity were assessed by UV-

Vis spectrophotometry; only protein solutions with 260/280 ratios less than 0.6 were used for 
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assembly. Protein was frozen in liquid nitrogen and stored at −80 °C until ready to use, at which 

point it was defrosted on ice and stored at 4 °C for up to two weeks. 

6.3.4 TMV capsid protein purification 

TMV CP was stored in TAB and was kindly provided by our collaborators in the lab of Prof. 

Nicole Steinmetz at University of California, San Diego.   

6.3.5 In vitro self-assembly of CCMV virus-like particles 

RNA and CP were mixed in protein storage buffer at a 1:4.2 RNA to CP mass ratio to a final 

RNA concentration of 30 ng/μL and then dialyzed overnight (12-16 hours) against RAB at 4°C. 

The assembly is dialyzed against VSB at 4°C for at least 6 hours after which VLPs were 

collected for analysis. For samples that were assessed for RNA protection, VLPs were mixed 

with RNaseA and incubated at 4°C for 1 hour. Digestion of RNA was stopped by the addition of 

RNase Inhibitor and the sample was washed through a 100 kDa MW-cutoff Amicon filter purify 

remaining RNase-resistant VLPs.   

6.3.6 In vitro self-assembly of TMV virus-like particles 

RNA and CP were mixed in a TAB at a 1:20 RNA to CP mass ratio to a final RNA concentration 

of 20 ng/μL and incubated overnight (16+ hours) at 30°C. For samples that were assessed for 

RNA protection, VLPs were mixed with RNaseA and incubated at 4°C for 1 hour. Digestion of 

RNA was stopped by the addition of RNase Inhibitor and the sample was washed through a 100 

kDa MW-cutoff Amicon filter purify remaining RNase-resistant VLPs. 

6.3.7 Negative-stain electron microscopy  

6 μL of VLP sample was deposited on glow-discharged carbon-coated copper (200-mesh) 

PELCO Pinpointer grids (Ted Pella, USA). After 1 min, the grids were blotted with Whatman 

filter paper, and then stained with 6 μL of 2 % uranyl acetate for 1 min followed by complete 
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stain removal and storage in a desiccator overnight. Micrographs were acquired using a Tecnai 

G2 TF20 High-Resolution electron microscope (FEI, USA) with an accelerating voltage of 200 

kV. Images were collected at 3 μm to 4 μm underfocus with a TIETZ F415MP 16-megapixel 

CCD camera (4000 by 4000 pixels, pixel size 15 μm).  

6.4 Results  

6.4.1 TMV origin of assembly site (OAS) necessary for packaging nodamura replicon 

 The TMV OAS is a stem-loop structure located about 900 nts from the 3’-end of the 

wild-type (WT) TMV genome. Virion assembly initiates at the OAS because TMV CP 

recognizes this sequence with very high selectivity.  The NOV-R.Luc RNA construct has been 

edited to make NOV-R.Luc-OAS, which contains about 230 nts of the WT TMV genome (in the 

region of the OAS) after the Renilla luciferase gene. Both NOV-R.Luc and NOV-R.Luc-OAS 

were mixed with TMV CP in assembly buffer overnight at 30°C, and then treated with RNaseA. 

The remaining RNase-resistant VLPs were purified and visualized using negative-stain electron 

microscopy. Representative electron micrographs (EMs) of VLPs containing NOV-R.Luc-OAS 

(top) and NOV-R.Luc (bottom) are shown in Figure 25. VLPs containing NOV-R.Luc-OAS 

RNA show polydispersity in rod length, with most rods around 200 nm in length. EMs of VLPs 

made with RNA lacking an OAS, however, showed short rods often less than 30 nm in length or 

TMV CP disks (18-nm diameter spheres), which is the predominant form of the CP at neutral 

pH60. 
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Figure 25: Electron micrographs of TMV virus-like particles assembled around RNA with and without an 
origin of assembly site (OAS). NOV-R.Luc-OAS RNA and NOV-R.Luc RNA were mixed with TMV capsid 
protein to assemble rod-like virus-like particles and imaged using negative-stain electron microscopy.  
 

6.4.2 NOV-R.Luc-OAS can be packaged into spherical and rod-like virus-like particles  

 NOV-R.Luc-OAS RNA was packaged with CCMV CP and TMV CP to produce VLPs in 

the shape of spheres and rods, respectively. Representative EMs of VLPs formed around NOV-

R.Luc-OAS are shown in Figure 26. Both singlet and doublet spherical VLPs are observed in 

assemblies of NOV-R.Luc-OAS with CCMV CP. Rod-like TMV VLPs observed are 

polydisperse in length, but are on average around 200 nm in length.   
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Figure 26: Electron micrographs of spherical and rod-like virus-like particles assembled around the same 
RNA. NOV-R.Luc-OAS RNA was packaged with CCMV capsid protein (CP) and TMV CP to produce spherical 
(top) and rod-like (bottom) virus-like particles.  
 

6.5 Discussion 

 These results demonstrate the successful packaging of the same RNA molecule, NOV-

R.Luc-OAS, into both spherical and rod-like VLPs. The OAS fragment inserted into the NOV-

R.Luc replicon was sufficient for initiation of assembly of rod-like VLPs by TMV CP. The 

polydispersity observed in TMV VLPs could be the result of incomplete packaging of RNA or 

breakage of VLPs. Meanwhile, the singlet and doublet VLPs observed when NOV-R.Luc-OAS 

is packaged with CCMV CP is expected as NOV-R.Luc-OAS RNA is around 4,500 nts. It is 

important to note that CCMV VLPs were not RNase-treated as it is expected that the doublets 

formed would not be RNase-resistant.  
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6.6 Conclusions and Future Directions  

 While we have successfully packaged a self-replicating RNA molecule into spherical and 

rod-like VLPs, more work remains to further characterize and test these particles. For example, 

CCMV and TMV VLPs can be compared in their packaging efficiency, thermal stability, and 

RNA protection. Additionally, these particles should be tested in mammalian cell lines and 

animal models to assess their ability to release their genetic material in cells. While both particles 

can be used for delivery of therapeutic genes, it would be interesting to study how their shape 

(sphere or rod) influences the efficacy of the particles.  
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CHAPTER 7 

Summary and perspective on future work  

This work explores in vitro self-assembly of brome mosaic virus (BMV), cowpea 

chlorotic mottle virus (CCMV) and tobacco mosaic virus (TMV) in their ability to package and 

protect self-replicating RNAs. In Chapters 2 and 3, one-step in vitro self-assembly of BMV 

virus-like particles (VLPs) is explored to investigate the roles of RNA-capsid protein (CP) and 

CP-CP attraction strength, controlled by ionic strength and pH solution conditions, on the 

assembly of well-formed, spherical VLPs. Additional interferometric scattering (iSCAT) 

experiments (presented in Chapter 2) could be performed at some of the pH and ionic strength 

conditions explored in Chapter 3, furthering our understanding of the interplay between RNA-CP 

and CP-CP interactions in successful virus particle assembly.  

Attempts to better understand the in vitro self-assembly process have as a goal the 

formation of more robust, monodisperse VLPs that we can use to package therapeutic, self-

replicating mRNAs. The self-replicating mRNA, or replicon, introduced in Chapter 4 contains a 

reporter gene as the gene of interest (GOI); however, any GOI may be inserted into the construct. 

For example, replicons have been made to contain other reporter genes (EYFP, mCherry, Renilla 

luciferase), an ovalbumin epitope (a model antigen for testing vaccines)67, and microRNA. Self-

replication of these genes of interest is strong when transfected into mammalian cells, but more 

research needs to be conducted on the therapeutic ability of these replicons when packaged in 

VLP form.  

Experiments to pre-compact long RNAs so they fit into RNase-resistant, single 28-nm 

diameter VLPs made of BMV CP, presented in Chapter 5, resulted in only a marginal increase in 
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the number of singlets observed. High concentrations of spermine should be tested to see if 

enough charges on the RNA can be screened such that the molecule is compact enough to fit into 

a 28-nm capsid. However, spermine concentrations that are too high may not result in successful 

assembly because negative charges are necessary on the RNA in order for BMV CP to bind. 

Nevertheless, assemblies with higher spermine concentrations should be tested as they could 

increase the fraction of singlet particles observed. Additionally, other polyvalent cations can be 

tested like spermidine (+3 charge) or cobalt hexamine (+3 charge). Furthermore, pre-compacted 

RNAs packaged in VLPs need to be transfected into mammalian cells to assess whether the 

genetic material is released from VLPs and if the genetic material is able to be translated despite 

being bound by spermine.    

 If packaging overlong RNAs into spherical VLPs by pre-compacting with spermine 

proves to be unsuccessful, TMV rod-like VLPs may serve as an alternative delivery vehicle to 

CCMV or BMV VLPs. Chapter 6 introduces the idea of packaging the same replicon into 

spherical and rod-like VLPs using CCMV CP and TMV CP, respectively. While we have 

demonstrated the ability to package the same RNA molecule in these two differently shaped 

particles, more work needs to be done to compare and test these particles in their ability to 

package RNA efficiently, protect the packaged genetic material, and delivery genetic material to 

cells. Future experiments with our collaborators in the lab of Professor Nicole Steinmetz at 

University of California, San Diego aim to test these replicon-containing spherical and rod-like 

VLPs in mammalian cell culture and mice.  
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