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ABSTRACT 

Viruses are the most abundant form of life on Earth. They cause serious 
disease, significant suffering, and economic losses, but viruses are also 
important to the general balance of the ecosystem. Understanding the details 
of the viral lifecycle is therefore essential from the point of view of basic 
research. This thesis work expands the basis formed by traditional 
microbiology. Single molecule biophysics techniques open a unique 
perspective into the inner workings of viruses. The physics point of view 
provides a quantitative, predictive, and descriptive mathematical basis to help 
one understand the basic processes of life. Furthermore, single molecule 
methods reveal heterogeneity and process variability which are unresolvable 
in bulk studies. 

This thesis work employs single molecule biophysical experiments to study 
two aspects of the viral lifecycle: genome packaging and ejection. 

DNA ejection is a method of infection employed by many double-stranded 
DNA (dsDNA) bacteriophages. Their viral genome is packaged under high 
pressure within a small volume comparable in linear dimension to the 
persistence length of dsDNA. Viruses infecting archaea are a new and 
emerging field of study, which benefits from the single-molecule perspective. 
This thesis presents the first single molecule study of dsDNA ejection from an 
Archaeal virus His1, which has a dsDNA genome packaged in a lemon-shaped 
capsid. Osmotic suppression experiments are carried out and results are 
compared to those of established dsDNA phages. Results obtained with total 
internal reflection fluorescence microscopy indicate that DNA ejection from 
His1 is modulated by external salt concentration and osmotic pressure as is 
common to many bacteriophages. These findings qualitatively agree with the 
predictions given by the continuum theory of dsDNA packaging. 

In contrast to DNA ejection, genome packaging is essential to the assembly 
of virus particles. Here the focus is on Pseudomonas phage phi6 which has a 
three-part dsRNA genome, of which only positive sense ssRNA-segments are 
packaged into the preformed procapsid. This thesis presents the first optical 
tweezers experiment of single-stranded RNA (ssRNA) packaging by phi6. The 
results show that packaging alternates between fast and slow sections 
suggesting that the secondary structure of the ssRNA segment is opened as the 
RNA is packaged. 

Single molecule-level results obtained using the two model systems reveal 
previously unseen heterogeneity in the ejection and packaging processes. Such 
results cannot be obtained by bulk methods alone. 
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1 INTRODUCTION 

1.1 SINGLE MOLECULE BIOPHYSICS 

Single molecule biophysics approaches problems in biosciences from a physics 
perspective [1]. The aim of physics is to describe and quantify phenomena of 
the natural world. One particular approach of physics is to describe 
microscopic scale phenomena that make up the natural world on the larger 
scale. As an example of this approach, this thesis focuses on viral genome 
translocation. The physical scale of the world of viruses is small, with lengths 
in the nanometer-micrometer range and relevant forces in pico- to 
nanonewtons. Nevertheless, understanding these small scale interactions is 
important in the larger scale of ecosystems, where viruses play an important 
part in populations of organisms. The single molecule perspective also 
provides an important complementary methodology to support research 
employing bulk methods [2, 3]. Numerous single molecule methods have been 
developed, and they can be classified into methods of sensing (imaging or 
detection) and methods of manipulation. 

Optical trapping is an established method for micromanipulation and 
characterization. An optical tweezers (OT) instrument employs a tightly 
focused laser beam that traps a dielectric particle, usually a glass or plastic 
sphere, in a liquid medium [4-8]. The laser focus forms a 3D harmonic 
potential minimum in which the particle is confined. Since the potential is 
known (harmonic), it is possible to measure the forces acting on the trapped 
particle in addition to measuring its position. An OT instrument can be used 
to generate and measure forces up to tens of piconewtons and sub-nanometer 
displacements [4]. 

Fluorescence methods are also employed in life sciences since these 
methods provide sensitive detection and imaging. Fluorescence microscopy is 
favored for its sensitivity. A single fluorophore can emit hundreds of photons, 
which are readily detectable [3]. Extending traditional epifluorescence 
microscopy towards single molecule studies is often limited by one’s ability to 
suppress background fluorescence. Emission from a small number of 
fluorophores is easily lost in the background of large number of other 
molecules in typical experimental volumes [9]. This issue can be addressed by 
using confocal methods or total internal reflection excitation. 

This thesis focuses on the single molecule biophysics of two aspects of the 
viral lifecycle, ejection and packaging. The first part considers DNA ejection 
from the archaeal virus His1, whereas the second part deals with ssRNA 
packaging of Pseudomonas phage phi6. In addition to being the first single 
molecule experiments of DNA ejection for an Archaeal virus and OT 
experiment of dsRNA phage packaging, these two biological systems are 
interesting in their own right. 
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2 AIMS 

The aim of this thesis work was to apply single molecule biophysics methods 
to the study of the viral lifecycle of archaeal virus His1 and dsRNA phage phi6. 

Paper I investigated whether dsDNA ejection from His1 agrees with the 
prediction provided by continuum theory of packaging and ejection developed 
for bacteriophages. For this purpose, osmotic suppression experiments were 
designed. Since the host of His1 lives in high salinity environment, the effect 
of salinity on ejection was also of interest. DNA ejection was studied by TIRF 
microscopy in vitro. This was the first time single molecule experiments were 
performed on an Archaeal virus. 

Paper II continued the dsDNA ejection work reported in paper I. 
Environmental effects of pH and temperature were studied in ranges relevant 
to the host of His1 and similar organisms. The predictions provided by the 
continuum theory regarding ejection force as a function of temperature were 
experimentally tested. 

Paper III studied ssRNA packaging of phage phi6 using optical tweezers. 
Progression of packaging and packaging velocity were at the focus of the paper. 
Paper III provided the first report of an OT experiment on a dsRNA virus. For 
this purpose, a single molecule packaging assay was developed. 
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APPENDIX B: OPTICAL PARTS OF THE TIRF 
MICROSCOPE 

Table 2. Table of TIRF microscope components. Component designations refer to Fig. 4. 

Component Manufacturer Description Model 

OBJ Nikon TIRF objective (oil imm.) CFI Apo TIRF 100X, N=1.49 
EMCCD Andor EMCCD camera iXon DU-897 
L1 Thorlabs Plano-concave lens LC1715-A, f = -50 mm 
L2 Thorlabs Plano-convex lens LA1608-A f = 75 mm 
T6 Thorlabs Galilean beam expander BE20M-A, 20× 
L5 Thorlabs Plano-convex lens LA1725-A, f = 400 mm 
D1 Semrock Dichroic mirror Dich495-Di03 
S1 Ludl Shutter 99A360 
F2 Semrock Optical band-pass filter 520/35-23 
HWP Thorlabs Half-wave-plate WPH05M-488 
488 Coherent Excitation laser Sapphire 488, 50 mW 
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