
Department of Physics 
Faculty of Science 

University of Helsinki 
 
 
 
 
 
 
 

SINGLE MOLECULE BIOPHYSICS OF VIRAL 
GENOME TRANSLOCATION 

 
 
 
 
 

Kalle Hanhijärvi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

ACADEMIC DISSERTATION 
 

To be presented, with the permission of the Faculty of Science of  
the University of Helsinki, for public examination in auditorium XII of the 

University of Helsinki main building, Unioninkatu 34, on May 27th 
2016, at 12 noon. 

 
Helsinki 2016 

 



 
Supervisor 
 
Professor Edward Hæggström 
Department of Physics 
University of Helsinki 
Finland 
 
 
 
Reviewers 
 
Professor Nynke Dekker 
Kavli Institute of Nanoscience 
Delft University of Technology 
The Netherlands 
 
Professor Wouter H. Roos 
Zernike Institute for Advanced Materials 
University of Groningen 
The Netherlands 
 
 
 
Opponent 
 
Professor William M. Gelbart 
Department of Chemistry and Biochemistry 
University of California, Los Angeles 
The United States of America 
 
Cover art: Single molecule data of ssRNA packaging by phi6 with an inset 
schematic 
 
 
© Kalle Hanhijärvi 2016 
 
Report Series in Physics HU-P-D239 
 
ISBN 978-951-51-1584-3 (paperback) 
ISBN 978-951-51-2213-1 (PDF) 
ISSN 0356-0961 
 
Unigrafia 
Helsinki 2016 



 

3 

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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ABBREVIATIONS 

atm Standard atmosphere (101.325 kPa) 
DNA Deoxyribonucleic acid 
ds Double-stranded 
EMCCD Electron multiplying charge coupled device 
kb Kilo-base pair 
nt Nucleotide 
OT Optical tweezers 
PC Procapsid or polymerase complex 
PEG Polyethylene-glycol 
PSD Position sensitive detector 
RNA Ribonucleic acid 
ROI Region of interest 
RT Room temperature 
ss Single-stranded 
TIRF Total internal reflection fluorescence 
 
Symbols 
 
c Length-scale parameter of the electrostatic repulsion 
dcapsid Time-dependent capsid expansion 
ds DNA strand separation in hexagonal packaging 
F0 Strength parameter of electrostatic repulsion 
fc Corner frequency 
Gtot Total packaging free energy 
kB Boltzmann constant 
kj Trap stiffness in direction j 
h Major axis of an ellipsoid 
L Packaged genome length 
LRNA,fold Length of folded ssRNA 
N(R’) Number of DNA loops at radius R’ 
R Inner radius of packaged DNA loop 
R’ Radius variable in integration 
RDNA Effective radius of DNA 
Rout Outer radius of the capsid in the continuum model 
vP4 Packaging velocity of P4 
β Drag coefficient 
η Dynamic viscosity of buffer 
ξp Persistence length of dsDNA 
Π0 Osmotic pressure 

 



 

9 

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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1.2 GENOME EJECTION AND PACKAGING 

Viruses depend on host organisms to reproduce. The life cycle of viruses 
generally consists of infection, genome replication and protein production, 
virion assembly, genome encapsidation, and exit from the host [10]. Although 
there are exceptions, this is true for many dsRNA and dsDNA phages. Outside 
the host, viruses exist as stable and inert virions. Since the lifecycle of 
eukaryotic viruses is complicated, this thesis focuses on viruses infecting 
bacteria and archaea. More specifically, the thesis focuses on genome ejection 
and packaging. 

During infection, the genome of dsDNA bacteriophages is partly delivered 
by means of DNA ejection [11]. During infection the virus binds to the host and 
the genome is ejected into the cytosol. Ejection triggers have been isolated 
from certain host organisms. For example the LamB receptor protein triggers 
the ejection of bacteriophage λ [12]. Similarly membrane protein YueB triggers 
ejection from SPP1 [13]. The genome of the virus is tightly packaged into a 
small volume whose linear dimension is similar to the persistence length of 
the dsDNA. The genome settles into an ordered arrangement of co-centric 
loops [10]. Under such conditions, DNA is under significant pressure due to 
the elastic bending of the polymer and strong electrostatic repulsion caused by 
the negatively charged phosphate backbone. Energy stored as elastic bending 
and electrostatic repulsion drives the genome out of the capsid and partly into 
the host cytosol. Processes in the host then complete the internalization of the 
genome [14-16].  

Infectious virus particles are assembled from components produced by the 
host during infection. Methods of assembly differ depending on virus type. In 
case of ssRNA phages the viral capsid co-assembles around the ssRNA 
genome, whereas in the case of dsDNA phages, the genome is actively 
packaged into a preformed capsid [17]. For certain dsRNA phages positive 
sense ssRNA fragments are packaged, after which in-capsid transcription 
completes the production of the dsRNA genome. 

1.3 ARCHAEAL VIRUS HIS1 

Archaeal viruses are the least studied viruses, with only 100 or so known 
species [18, 19]. Most known archaea and their viruses inhabit extreme 
environments, such as those with high salinity, temperature, pressure or 
acidity. Studying Archaeal viruses therefore furthers understanding of life 
under extreme conditions. 

His1 is a spindle-shaped archaeal virus with a 14.464 kb linear dsDNA 
genome which infects an extremely halophilic archaeon Haloarcula hispanica 
[20, 21]. The His1 capsid [20], that is lemon shaped under certain conditions, 
is composed of one major and a few minor structural proteins. The major 
capsid protein features lipid modification [22]. Curiously, under high pH and 
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high temperature, the capsid transforms into an elongated tube, roughly equal 
in internal volume to that of the lemon capsid [23], paper I (Fig. 1). His1 has 
been found to eject its genome when subjected to high pH, high temperature, 
and to certain detergents (Fig. 1). Unlike certain bacteriophages, such as λ for 
which a triggering protein has been found [12], the natural trigger of His1 is 
unknown. One aim of this thesis work was to elucidate the ejection mechanism 
of His1 and then compare it to results obtained by studying bacteriophages 
(paper I). The starting point of the study was an osmotic suppression 
experiment. Cryo-EM studies have shown that His1 features a tightly packed 
dsDNA genome [23], much like many dsDNA bacteriophages. The similarity 
in this regard between His1 and certain bacteriophages prompted the study 
presented here. Numerous experiments on dsDNA bacteriophages have shown 
that DNA ejection can be modulated by the external osmotic pressure [10, 11, 
24]. Osmotic pressure is induced by adding an inert molecule into the 
experiment buffer that cannot enter the capsid. This causes osmotic pressure 
across the capsid barrier which balances the force driving ejection. By varying 
external osmotic pressure by adding polyethylene glycol (PEG), the goal was 
to seek a point at which ejection is completely suppressed. 

Archaeal organisms frequently habit extreme environments, such as those 
exhibiting high salinity and wide ranges of pH and temperature. Extending the 
DNA ejection experiments to include the effect of salinity and pH proved to be 
a natural continuation of the first part of the study. DNA ejection experiments 
were done in a range of mono- and divalent salt concentrations, pH, and 
temperatures. Salinity alters the electrostatic repulsion between the layers of 
packaged DNA through charge screening of the negatively charged backbone 
[6]. The motivation for the temperature study was supported by the recent 
finding of a phase change in packaged DNA observed in HSV-1 and λ [25, 26]. 
Under high pressure and above a certain temperature, DNA loses its regular 
packaging properties and becomes more fluid. This is thought to provide 
evolutionary advantage to such viruses in certain conditions, which can be 
explained by thermodynamics of the packaged dsDNA. 
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Figure 1 Schematic representation of His1 capsid transformation. (A) In low pH and 
temperature the lemon shaped capsid is filled with the dsDNA genome. The capsid elongates 
at increased temperature and pH (B, C). Ejection from the capsid is directional, with 5’ end of 
the DNA being ejected first. For size of the capsid before and after transformation, see 
appendix A. 

1.4 BACTERIOPHAGE PHI6 

Most viruses causing serious disease in humans, animals, and plants have 
RNA genomes [27]. The focus of the genome packaging part of this thesis is on 
the dsRNA phage phi6, which features polymerase-level similarity with 
rotaviruses, a major cause of infant mortality [28]. 

Pseudomonas phage phi6 is a dsRNA phage member of the Cystoviridae 
family. It has a three part dsRNA genome inside a polyhedral virion (Fig. 2, S, 
M and L) [29]. However, only positive sense ssRNA segments (denoted by 
lower-case letters s+, m+, and l+, Fig. 2, C) are packaged and transcribed. Only 
ssRNA comes in contact with the cytosol of the host, thus protecting the 
dsRNA from a possible host response. The procapsid (or polymerase complex, 
PC) of phi6 is composed of coat protein P1, RNA-dependent RNA polymerase 
P2, packaging NTPase P4, and packaging factor P7 (Fig. 2, A). 120 copies of 
dimeric P1 compose the T = 1 icosahedral lattice common in dsRNA viruses 
[30]. The empty PC self-assembles in presence of these viral proteins, and is 
nucleated by P4 [31, 32] (Fig. 2, B). NTPase P4 is also responsible for 
packaging the ssRNA segments during virion assembly (Fig. 2, C). RNA 
segments are packaged in order from shortest to longest (s+, m+, l+, Fig. 2, C). 
In each case a specific pac-site at the 5’ end of the genome binds to the 
procapsid, a step necessary before initiating the packaging [33-35]. Packaged 
ssRNA is transcribed into double-stranded genome fragments by P2 (Fig. 2, 
D). During infection, positive sense ssRNA segments are extruded from the 
procapsid (Fig. 2, E). 

In solution ssRNA is strongly structured. During packaging, this structure 
needs to be opened by the helicase activity of P4. Additionally the volume of 
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the phi6 PC increases by 140-150% during the entire packaging/transcription 
process [36, 37]. Capsid expansion is needed to accommodate the whole 
genome, but the expansion also plays a role in selecting the packaged segment 
[37, 38]. After the s+-segment has been packaged, the capsid expands, reveals 
the binding site for the m+-segment pac-site, and hides the s+-segment site. 
Eventually the same thing happens for the l+-segment. This kind of orderly 
packaging is typical for dsRNA phages [39]. Whether this expansion is 
detectable by single molecule experiments is unknown. Packaging 
experiments with e.g. dsDNA phages like phi29 have resolved parameters such 
as the velocity, the stalling force of the packaging motor, and even the step size 
taken during packaging [40, 41]. Unlike dsDNA phages like e.g. phi29, dsRNA 
phages have not previously been subjected to single molecule OT experiments. 
Single molecule packaging experiments such as this may elucidate details of 
the packaging related to capsid expansion and opening of the ssRNA structure. 
Therefore, the goal of this study was to measure and characterize ssRNA 
packaging of phi6 and compare it with the results obtained from dsDNA 
phages. 

 

Figure 2 Schematic of Phi6 replication cycle. (A) Viral proteins assemble into an empty 
procapsid (B). Positive sense ssRNA fragments are packaged by P4. (D) Minus-sense ssRNA 
fragments are synthesized to produce the three-part dsRNA genome. (E) Positive sense 
ssRNA fragments are transcribed. 
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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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3 THEORY 

3.1 CONTINUUM MODEL OF DNA EJECTION 

DNA packaging and ejection of dsDNA phages can be mathematically modeled 
in different ways. Lately, two competing modeling methodologies have been 
established in the literature. Molecular dynamics simulations of simplified 
bead-on-strings models of DNA have successfully described the essential 
aspects of DNA packaging and ejection [42]. An alternative way employs a 
continuum model of the dsDNA packaged in a rotationally symmetric capsid 
[10]. A major difference between these two methods concerns the treatment of 
entropy. Details about this treatment are discussed in paper II and its 
references (especially [43, 44]). Friction effects are not considered 
theoretically due to mathematical intractability, and since the treatment 
considers free energy, it is assumed that the process is always close to 
equilibrium [10]. Nonetheless, the continuum model agrees well with osmotic 
suppression experiments conducted on bacteriophage λ. This model is 
relatively straightforward to use for theoretical analysis of DNA ejection [10]. 

The continuum model assumes that DNA is packaged as a stacked 
collection of concentric layers where each DNA loop forms a toroid with radius 
R’ [10]. Schematic of packaged DNA in a His1 capsid is shown in Fig. 3. The 
cross-sectional arrangement of DNA in such packaging is hexagonal, which is 
supported by experimental evidence from packaged phage capsids [10, 45, 46]. 
The co-centric structure is well established by cryo-EM studies [17]. In a 
typical dsDNA phage, the DNA genome is packaged relatively tightly, so that 
the packaging ratio (volume of DNA divided by capsid volume) is 0.3-0.5 [10]. 
If DNA is packaged inside such a small volume two sources of resistance to 
packaging arise. First, packaging DNA in a radius close to the persistence 
length of dsDNA requires work against elastic repulsion. Secondly, the 
negatively charged phosphate backbone of DNA causes significant repulsion 
between the packaged DNA layers. Packaging in the continuum model is 
described by the free energy; the minimum energy needed to package a 
genome of length L into a capsid of a given shape and size. 

The total free energy Gtot of the packaged dsDNA is given by: 

(1) 
c
d

LcdcFdR
R
RN

d

Tk
dLG s

s

R

Rs

Bp
stot

out

exp3'
'
'

3
2

, 2
0  

where R is the inner radius of the packaged DNA, Rout is the outer radius of the 
capsid, N(R’) is the number of DNA layers at position R’, ds is the strand 
spacing in the hexagonal lattice, F0 and c are semi-empirical parameters 
describing the effective strength of electrostatic repulsion [45], ξp is the 
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persistence length of dsDNA, kB is the Boltzmann constant, and T is the 
absolute temperature. The first term in Eq. 1 represents the contribution from 
dsDNA bending, whereas the second term describes electrostatic repulsion. 

 

Figure 3 Schematic of DNA ejection from His1 with explanations of parameters and 
dimensions relevant to the continuum model. Right: Ellipsoidal internal volume highlighted in 
the His1 capsid. Left: Cross-section of the packaged DNA in hexagonal arrangement. Water 
and cations can permeate the capsid wall, while PEG cannot. Rout: Half-width of the ellipsoid, 
h: half-height of the ellipsoid, F: ejection force, 0: external osmotic pressure. Molecule sizes 
and concentrations are not to scale.  

The strand spacing ds is obtained by minimizing the packaging free energy, 
which yields equation (2) [10]: 

(2) 
out

out

R

R

R

R

s

Bp

s

Bp
s

RdRzR

Rd
R
Rz

d
Tk

dR
Tk

cdF
'

/exp3 2220  

Here the integrals represent the dependence of free energy on capsid 
geometry, assuming rotational symmetry The integral depends on the height 
of a DNA column sdRNRz '' , which characterizes the capsid shape. The 
His1 capsid can be modeled as an ellipsoid whose major axis is h and minor 
axis is Rout (Fig. 3). In this case the height of DNA column is (paper I): 

(3) 
2
1

2

2

12
outR
RhRz  
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Equation 2 can be numerically solved to yield ds, the packaging force, and the 
osmotic pressure needed to suppress ejection. The packaging force F at a given 
length of packaged genome, L, is the derivative of the packaging energy with 
respect to packaged length [10]: 

(4) 2
2

0 2
/exp3,

R
Tk

cdcdcFLLdF Bp
sss  

Maximum packaging force is given by Equation 4, when the entire genome is 
packaged. Maximum packaging force affects the ejection velocity. Predicting 
the functional form of the velocity during ejection would require knowledge of 
the various sources of friction in the system. Since this is impractical, the effect 
of the resisting force can be estimated as follows. Assuming that ejected DNA 
forms a spherical globule of radius rglobule, the drag force experienced by the 
globule is given by Stoke’s law: 

(5) vrF globulev 6  

where η is the dynamic viscosity of the liquid medium and v is the velocity of 
the globule. Hence increasing the driving force increases the velocity. The 
osmotic pressure Π0 needed to suppress an ejection of length L is: 

(6) 20
,

DNA

s

R
LLdF

, 

where RDNA is the effective radius of the end of the dsDNA strand, and where 
the packaging force and strand spacing depend on the amount of packaged 
DNA. Equation 6 essentially describes the balance between the force and 
pressure-volume-work required to move DNA into the surrounding liquid with 
a specified osmotic pressure. The effect of the presence of an osmolyte, e.g. 
PEG, can be described using Eq. 6, and is due to the fact that PEG cannot 
permeate the capsid wall (Fig. 3). On the other hand, mono- or divalent cations 
can enter the capsid and directly reduce electrostatic repulsion due to charge 
screening. The semi-empirical parameters F0 and c describe this effect and are 
specific to particular salinity conditions. 

Further, by taking into account the temperature dependence of the 
persistence length of dsDNA, one can calculate these packaging parameters as 
a function of temperature. The second term in Eq. 4 increases slightly with 
temperature. This effect is counteracted by a decrease in persistence length 
with temperature [47]. The net effect is that the maximum packaging force 
increases weakly with temperature (Fig. 17 and II). 
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4 METHODS 

4.1 OPTICAL TWEEZERS WITH FLUORESCENCE 
MICROSCOPY 

Figure 4 shows an optical tweezers (OT) instrument with total internal 
reflection fluorescence (TIRF) capability. The OT part of the instrument has 
been described in detail earlier [6-8, 48, 49]. The instrument is built around a 
commercial inverted microscope (Nikon TE-2000), which provides camera 
ports and focusing mechanics. An Nd:YAG laser operating at 1064 nm is used 
for optical trapping (Coherent Compass 1064-4000). The OT is based on dual-
beam configuration with one beam steerable in the image plane by an acousto-
optic deflector (AOD, NEOS Technologies 45035-3-6.5DEG-1.06-XY). The 
back-focal plane of the objective (Nikon CFI Apo TIRF 100X, NA = 1.49, oil 
immersion) is imaged using a 1X Keplerian telescopes into the AOD, which 
facilitates beam steering. Separate diode lasers (Hitachi HL7851G, 785 nm and 
Thorlabs DL5032-001, 830 nm) are used for position detection in a back-
focal-plane configuration. Position signals measured by position sensitive 
detectors (PSD, SiTek S2-0171) are digitized using a DAQ-board with an 
integrated FPGA (National Instruments PCI-7833R). Proportional-integral-
derivative (PID) feedback is implemented in the FPGA to allow fast (200 kHz) 
position and force clamping. Constant force feedback was achieved in the 
experiments of paper III with an integrative controller (non-dimensional gain 
constant of 2-4). LabVIEW-based control software is used to operate the 
instrument. A standard CCD camera (Panasonic WV-BP100/G) is used for 
visual guiding during the experiment.  

TIRF-capability was implemented on the same optical axis where the 
optical trap works. A diode-pumped semiconductor laser operating at 488 nm 
(Coherent Sapphire 488-50) is used for fluorescence excitation. The 
polarization direction of the laser beam can be adjusted by a half-wave plate 
placed adjacent to the laser aperture (Fig. 4, ThorlabsWPH05M-488). The 
output beam from the laser is expanded 30× with Galilean telescopes 
(Appendix A), after which the expanded beam is guided to the optical axis of 
the system by a dichroic mirror (D1, Fig. 4, Semrock 495-Di03). A plano-
convex lens (L5 in Fig. 4, Thorlabs LA-1725-A, f = 400 mm) is placed before 
the dichroic mirror to focus the light onto the back-focal plane of the objective. 
This provides wide-beam excitation at the surface of the cover slip. The 
focusing lens L5 can be laterally translated using a micrometer stage to switch 
between the epifluorescence and TIRF geometries. By displacing L5 
sufficiently so that the incident beam angle exceeds the critical angle, the 
excitation beam is totally internally reflected from the coverslip-water 
interface. This results in exponentially decaying localized excitation which 
greatly suppresses background emission from the channel, Fig. 4, C. Emitted 
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fluorescence light passes the objective and dichroic mirror and is band-pass 
filtered (F1 in Fig. 4, Semrock 520/35-23) before it is imaged by an electron 
multiplying CCD (EMCCD) camera (Andor iXon, DU-897). The control 
software for fluorescence imaging and acquisition is implemented in 
LabVIEW 2011 (National Instruments). The immersion oil used in the 
experiments (Leica type N, n = 1.518 at 546 nm) gave no significant 
background fluorescence. 

 

Figure 4 Schematic of the combined optical tweezers and TIRF microscope. Unnumbered 
parts correspond to optics described earlier in [8]. Numbered parts comprise the TIRF part of 
the instrument. Inset: (A) Side view of the flow cell. (B) Three-channel flow cell used in the 
optical trapping experiments. (C) Total internal reflection geometry used in fluorescence 
experiments. Abbreviations: T: telescope, L: lens, HWP: half-wave plate, PBS: polarizing beam 
splitter. AOD: acousto-optic deflector, M: mirror, D: dichroic mirror, OF: optical fiber, FM: flip 
mirror, PSD: position sensitive detector, S: shutter, F: optical filter, OBJ: microscope objective, 
COND: condenser lens, LED: light emitting diode. BFP: back focal plane. Dashed lines indicate 
locations of optically conjugate planes. Boxed number indicates a laser with respective 
wavelength in nanometers. For list of components see appendix B. 
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4.2 ASSAY PREPARATION 

4.2.1 HIS1 EJECTION ASSAY 
The growth and purification of His1 particles are described in detail in [22]. 

The ejection buffer was based on Tris-buffer (50 mM NaCl, 3.5 mM MgCl2, 
10 mM KCl, 1 mM CaCl2, and 50 mM Tris-HCl) with pH 7.2 in control 
experiments. SyBR Gold dye (Nucleic acid stain, Invitrogen, cat. no. S11494, 
diluted 5 × 10-6, fluorescence emission centered at 537 nm) was used for 
fluorescent detection. Concentrations of NaCl, MgCl2 and polyethylene glycol 
300 (PEG300, Sigma-Aldrich) were changed accordingly to match the desired 
conditions in osmotic suppression experiments. The PEG300 concentration 
was chosen to set the osmotic pressure according to the model described in 
[50]. For pH dependent experiments, Tris or Bis-tris buffer with the required 
pH value was used. Temperature-dependent experiments were carried out in 
standard Tris-buffer (pH 7.2). 

His1 DNA ejection experiments were conducted in a single-channel flow 
chamber constructed by attaching a cover slip (60 × 24 × 0.17 mm3) to a 
microscope glass (75 × 25 × 1 mm3) using double-sided tape (Tesa AB, 
thickness 0.2 mm). The channel shape was cut into the tape, and fluid 
inlet/outlet holes were drilled into the microscope glass. PEEK tubing 
(Supelco Inc., 0.25 mm inner diameter) was glued with UV-curable epoxy 
(Norland products NOA81) to provide inlets and outlets for the fluid flow. 

The chamber was prepared by etching the cover slip in a detergent solution 
(0.5%, Alconox) at 95°C for 1 h. Next, the cover slip was rinsed in purified 
water and dried in filtered and pressurized air. Immediately afterwards the 
cover slip was attached to the tape and sample containing His1 capsids was 
injected into the chamber. The injected sample was left in the chamber for 15 
min in room temperature (RT) in order for the capsids to bind nonspecifically 
to the etched glass surface. 

The experiment was initiated by injecting ejection buffer with 0.05% Triton 
X-100 (Sigma Aldrich) with a microfluidic injector. A constant flow of 100 μl / 
min was applied with a syringe pump (Harvard Apparatus) to stretch the 
ejected DNAs. After the ejection in the field of view was complete (no more 
new ejection events were observed), the chamber was translated using a piezo-
motor stage (Physik Instrumente M-686.D64) to a new position in the 
channel. The image was refocused and recorded. This procedure was repeated 
to get ejection statistics data. This full frame data (512 × 512 pixels, exposure 
time 30 ms, EM gain 180) were collected at 15 fps. 

Single event measurements used for velocity calculations were performed 
similarly. The image was refocused to a spot on the glass surface with 
unejected His1 capsids visible in the fluorescence image. Buffer containing 
Triton was injected, and the progression of the ejection was recorded. This was 
repeated to get statistics on the events. For single event experiments, the frame 
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size was reduced by half (256 × 256 pixels, exposure time 15 ms, EM gain 200) 
in order to increase frame rate to 58 fps. 

Temperature in the flow cell was controlled by a custom built aluminum 
heating block mounted on the objective. Water heated by a heat bath (MGW 
Lauda MT) was circulated through the block to set the temperature of the 
sample chamber. Temperatures below room temperature were achieved by 
circulating and heating water from an ice bath. 

4.2.2 PHI6 PACKAGING ASSAY 
The preparation of phi6 procapsids is described in paper III. 

All experiments took place in packaging buffer (50mM Tris (pH 8.9), 2 mM 
dithiothreitol (DTT), 0.1 mM EDTA, 2.5 mM MgCl2, 6% polyethylene glycol 
(PEG) 4000, 6000 or 20000, and 80 mM NH4Ac [51, 52]). 

Phi6 packaging experiments were conducted in a three-channel flow 
chamber assembled similarly as described in the previous section. The channel 
dimensions were 6 × 50 × 0.20 mm3. A schematic of the three-channel 
chamber in shown in the inset in Fig. 4, A. Laminar flow created by the syringe 
pump kept the contents of the channels from mixing with each other. Prior to 
use, the chamber was blocked/passivated with TEW-buffer containing 5 mg / 
ml BSA for 30 min in RT, after which the chamber was flushed by injecting 1 
ml of TE buffer. 

The first channel of the flow cell contained biotinylated s+-segment or sml+ 
ssRNA bound to streptavidin-coated polystyrene beads from the 3’ end (1.87 
μm diameter, Kisker Biotech). The second channel carried protein-G-coated 
polystyrene beads (2.1 μm diameter, Kisker Biotech) with antibody bound 
procapsids (1K1 [53] against coat protein P1, or 4S8 against packaging NTPase 
P4 [54]), while the third channel carried packaging buffer with or without ATP 
(0 or 1 - 10 mM, paper III). 

The experiment was initiated by trapping a SA-coated bead in the first 
channel, the trapped bead was moved with the piezo-stage to the second 
channel where a PG-coated bead was trapped. The two beads were moved next 
to each other in order to bind the 5’ end of the s+-segment ssRNA to the 
procapsid. This formed an ssRNA tether between the beads. A schematic of the 
double-trapped assay is shown in Fig. 5. When a tether formed, the dumbbell 
was moved into the third channel, where it was clamped to a constant force 
and the experiment was initiated. The experiment continued for 20 minutes 
or until the tether broke spontaneously. 
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Figure 5 Schematic of the phi6 packaging assay (not to scale). 

4.3 DATA ANALYSIS 

4.3.1 FLUORESCENCE IMAGES 
The fluorescence images of the His1 ejection experiments were analyzed semi-
automatically with a custom-designed data analysis procedure (papers I, II). 
The data analysis is schematically depicted in Fig. 6. The raw data is in the 
form of a video of ejected or ejecting DNA molecules illuminated by the TIRF 
excitation at the coverslip surface. Well-focused video frames featuring ejected 
DNAs were manually selected. Each selected frame was subjected to an 
automatic image segmentation algorithm that counted the ejected DNA 
molecules in the frame and calculated their lengths. All data analysis steps 
were done in MATLAB. 

The algorithm starts by low-pass filtering the frame with a Gaussian-kernel 
image filter (3 × 3 pixels, σ = 1.5), which is followed by Canny edge detection 
[55] (threshold parameters: low: 0.01, high: 0.2), that identifies the 
peripheries of the individual DNA molecules. These molecules were 
subsequently located and counted using MATLAB’s bwconncomp-function. 
The length of the individual DNA molecules was calculated as the Euclidean 
distance between the left and right edges of the edge-detected frame (Fig. 6, 
D). 

The uncertainty of the length calculation was estimated using the law of 
error propagation. When assuming that the uncertainty in locating both ends 
of the DNA is equal to the pixel size in the image, the uncertainty in length is 

dx2 , where dx is the pixel size. In the experiments concerning the ejection 
statistics the pixel size was 106.7 nm, which yields an uncertainty of 150.9 nm. 

From these data the average number of ejected DNAs per field of view and 
the corresponding length histograms were calculated. The uncertainties 
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represented by error bars in the respective plots are sample standard 
deviations of the respective values. 

 

Figure 6 Schematic of data analysis procedure in the fluorescence microscopy experiments. 
(A) Fluorescence image recorded in a control experiment, with a selected DNA marked with a 
circle. (B) Magnified image of the selected DNA. (C) Low-pass filtered image of the selected 
DNA. (D) Edge detected image of the DNA, with marked positions of the left and right ends. 

The data analysis in the ejection velocity measurements was similar to the case 
of the ejection statistics data. Ejecting DNA molecules were identified 
manually from the video. For each point in time during the ejection, the length 
of the ejected DNA molecule was automatically calculated as described above. 
This procedure gave the ejected length as a function of time. The ejection 
velocity was calculated using standard five-point differentiation [56]. The 
maximum ejection velocity was calculated for each molecule to represent the 
speed of ejection. 

4.3.2 OPTICAL TWEEZERS MEASUREMENTS 

4.3.2.1 Calibration 
For optical trapping measurements in paper III, data analysis was carried out 
essentially as described previously [6-8, 48, 49]. The trapped particle is 
subject to a 3D harmonic potential, described at small displacements by a 
stiffness constant jk , where zyxj ,,  is the spatial coordinate, with the 

trapping beam propagating in the z-direction. Position detection calibration 
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was done in multiple steps. Pixel size of the video frame was calibrated using 
a micromachined size standard (Graticules Inc., 50 × 2 μm, CS2370), which 
gave the size of an image pixel (μm / px). AOD movement was calibrated by 
displacing a trapped bead in a rectangular grid, and comparing the result to 
apparent size in the video image. This gave the sensitivity of the AOD (μm / 
MHz). Finally, a trapped bead was moved with the AOD in a rectangular grid 
in the image plane (x,y-plane) over the linear detection region of the detector 
spot. A linear 2D function was fitted to the resulting detector response to get 
the position sensitivity of the trap (in μm / V). 

Stiffness calibration of the trap was done by fitting a Lorentzian function to 
the power spectral density of bead displacement. The one-sided 1D power 
spectral density of the movement of a trapped bead subject to Brownian 
motion of the surrounding liquid is given by a Lorentzian function [4]: 

(7) 222
c

B
j ff

TkS , 

where a6  is the drag coefficient,  is the dynamic viscosity of the 
buffer, and a is the bead radius. The corner frequency fc is: 

(8) 
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j
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The motion of a trapped bead was recorded for 10 s, from which PSD was 
calculated using MATLAB’s implementation of Welch’s spectral estimation 
algorithm. Three PSDs from three consecutive 10 s-measurements were 
averaged, to which a Lorentzian function (Eq. 6) was fitted to get fc, which in 
turn yielded the trap stiffness kj (in pN / μm). 

4.3.2.2 Packaging velocity 
Packaging experiments were carried out in a two-trap configuration, Fig. 5. 
The apparent length of the packaged RNA is: 

(9) tdttvtLtx capsidPfoldRNA ´4, , 

where LRNA,fold is the length of the folded ssRNA, vP4 is the instantaneous 
packaging velocity of P4, and dcapsid(t) is the time-dependent expansion of the 
PC. When no opening of secondary structures occurs and assuming that the 
expansion of the procapsid is negligible, the apparent shortening of the tether 
corresponds to the packaging action of P4. 



 

25 

Assuming that the aforementioned conditions hold, the instantaneous 
packaging velocity is given by direct numerical differentiation of the packaged 
length. A standard five-point method was used for this purpose [56]. The 
employed sign notation makes net packaging have negative velocity values. 
Positive velocity indicates increase in length caused by e.g. opening of 
secondary structures or by procapsid expansion. 

Prior to numerical differentiation the packaged length data was low-pass 
filtered with a zero-phase 12th order Butterworth filter with a corner frequency 
of 0.1 Hz. 

The mean packaging velocity was calculated from the histogram of filtered 
velocity values using a Gaussian fit to the histogram. The spread in velocity 
values is described by the spread parameter (cf. standard deviation) of the fit. 

4.3.2.3 Packaging in sections 
The packaged length data was analyzed to discriminate between fast and slow 
packaging sections for the purpose of visualization. Low-pass filtered length 
data was windowed into 3 s long sections, in which the average packaging 
velocity was calculated as described above. If the average packaging velocity 
was below -0.4 nm / s, the section was deemed “fast”, otherwise the section 
was considered to be “slow”. 

A region of interest (ROI) in each successful packaging experiment was 
chosen to further analyze the first ~100 nm of packaged ssRNA. This 100 nm 
corresponds roughly to the pac-site at the beginning of the s+-segment. The 
amount of packaged RNA in each section was calculated for the ROI. 
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5 RESULTS 

5.1.1 DNA EJECTION FROM HIS1 
Representative single ejection traces in standard buffer conditions (Tris, pH 
7.2, 50 mM NaCl) are shown in Fig. 7, A. The average maximum ejection 
velocity was 48.97 ± 24.48 μm / s (144 ± 72 kbp / s). Single DNA traces show 
random pauses 0-2 times during ejection. Ejection time (10% - 90% rise time) 
had a median value of 190 ms, with certain ejections taking up to 1.2 s. A 
fluorescence image of ejected DNA after injection of Triton X-100 is shown in 
Fig. 7, C. The ejection is on average incomplete, which is shown by the length 
histogram of the control experiment (Fig. 8, C). The average ejected lengths 
range from very short to essentially full genome length, with a maximum at 5 
micrometers. 

 

Figure 7 (A) Single ejection traces of His1 ejection in Tris buffer (pH 7.2). (B) TIRF image of 
plain His1 DNA molecules on etched glass. (C) TIRF image of DNA ejection in Tris buffer (pH 
7.2). 
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5.1.1.1 Directionality of ejection 
To investigate whether DNA ejection is directional (same end always exits 

first), a restriction enzyme experiment was conducted. The His1 genome has 
two sites suitable for the restriction enzyme DraI [20], dividing the genome 
into three parts (schematic in Fig. 8, top). Figure 7, B shows plain His1 dsDNA 
molecules attached nonspecifically to the cover glass surface by the terminal 
proteins at the ends of the molecule. The length histogram of the plain DNAs 
is shown in Fig. 8, A. The apparent length of the plain DNAs (5.28 ± 0.13 μm) 
is longer than what is expected from the genome length (14.464 kbp, or 4.918 
μm), which is due to lengthening caused by the intercalating SyBR Gold dye. 
Intercalating dyes have been observed to increase the contour length of dsDNA 
by a factor 1.1-1.2, which agrees with our observations [57]. Subjecting plain 
DNA molecules to a restriction enzyme (see methods in paper I) results in two 
length groups of DNA fragments (Fig. 8, B), corresponding to fragments II+III 
and I. The middle fragment does not attach to the glass, and therefore is not 
visible. Repeating the restriction enzyme experiment with ejected DNA from 
His1 capsids creates a length histogram centered at ~1 μm (Fig. 8, D), where 
the lengths of the ejected DNAs are significantly shorter than in the case of 
ejection from an untreated sample (Fig. 8, C). The His1 capsid protects the 
unejected part of the genome from digestion. The result in Fig. 8, D suggests 
that the I-fragment was cleaved off, leaving the segment II+III attached to the 
capsid. Therefore, DNA ejection with fragment I (5’ end) first. 
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Figure 8 Ejection directionality from His1. Top part of the image shows restriction enzyme 
sites, which divide the genome into three parts. Ellipses at the end of the DNA are the terminal 
proteins which bind nonspecifically to the glass surface. (A) Lengths of plain undigested DNAs 
on glass. (B) Digested DNAs on glass with end products divided into two separate peaks in 
the histogram. (C) Length histogram of ejected DNAs in Tris-buffer. (D) Length histogram of 
ejected DNAs subjected to 15 min of digestion by the restriction enzyme. End product II+III is 
primarily left intact. Black dashed line corresponds to the 5.3 kb-long II+III fragment. 

5.1.1.2 Osmotic suppression experiments 
Results of an osmotic suppression experiment, where the osmotic pressure 
was varied by adding PEG300 to the experiment buffer, are shown in Fig. 9, 
A. The number of ejected DNAs drops with increasing PEG300 concentration 
nearly monotonically and then practically vanishes at 10% (9.9 atm). In the 
length histogram view this is evident as a gradual reduction in the average 
length of the ejected DNA molecules (Fig. 10). Below 10% PEG300 the shape 
of the histogram changes only slightly (Fig. 10, A-D). Whereas at higher 
concentrations the fraction of short DNA molecules increases abruptly (Fig. 
10, E-F). This behavior corresponds qualitatively to the prediction by the 
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continuum theory (Fig. 11, C), although the theoretical model is quite sensitive 
to any change in capsid size, as indicated by the confidence limits in Fig. 11. 
The simulated strand spacing is 2.6 nm for the fully packaged ellipsoidal 
capsid (Fig. 11, A). A similar value has been observed in the case of many 
bacteriophages. The maximum simulated packaging force is 15 pN (Fig. 11, B). 

 

Figure 9 Normalized number of ejection events (A) as a function of PEG300 concentration, (B) 
MgCl2, and (C) NaCl. The number of ejection events was normalized to that of the control 
sample. Error bars represent one sample standard deviation in each experiment. 

5.1.1.3 Effect of salts 
The effect of mono- and divalent salts was investigated by adding NaCl or 

MgCl2 to the ejection buffer. Results for the number of ejected DNA molecules 
in NaCl and MgCl2 experiments are shown in Fig 9, B and C, respectively. The 
number of ejected DNAs decreases with increasing NaCl concentration in a 
roughly linear manner. On the other hand, the effect of Mg2+ ions is more 
pronounced. MgCl2, concentration of 50 mM is required to reduce the number 
of ejections to approximately one-fifth of the value in the control experiment 
(Fig. 9, B). A much larger concentration of 500 mM of NaCl results in a similar 
reduction of ejections (Fig. 9, C). A similar effect is shown in the length 
histogram data (Figs. 12 and 13). Even a minor increase in Mg2+ concentration 
(50 mM, Fig. 12, B) results in presence of only short DNAs (Fig. 12, B-D). 
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Change in NaCl concentration causes a more gradual change in ejected 
lengths. Even at 500 mM of NaCl (Fig. 13, C), the shape of the histogram 
changes only slightly, although the number of ejected DNAs diminishes. 

 

Figure 10 Length histograms of DNA ejected DNA from His1 with increasing PEG300-induced 
osmotic pressure. 
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Figure 11 Predicted packaging and ejection properties of the His1 capsid according to the 
continuum theory, with capsid dimensions specified in paper I. (A) DNA strand spacing as a 
function of % of genome packaged. (B) Packaging force as a function of % of genome 
packaged. (C) Osmotic pressure needed to suppress ejection. Dashed line curves correspond 
to 1-sigma confidence intervals (68%), when the capsid dimensions were varied 10%. 

 

Figure 12 Length histograms of ejected DNA from His1 with increasing MgCl2 concentration. 
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Figure 13 Length histograms of ejected DNA from His1 with increasing NaCl concentration. 

5.1.1.4 Effect of pH 
The effect of pH on DNA ejection was investigated in a range of pH values (pH 
4.5 - 9). Figure 14 shows the number of ejections per field of view as a function 
of pH. For slightly acidic pH (> 4.5) the number of ejections was essentially 
stable, while an increase was observed for pH > 7.2. Below pH 4.5 ejections 
were essentially suppressed with no ejected DNA visible (data not shown). 
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Figure 14 Number of ejections as a function of pH. All data points correspond to N = 37 frames. 

5.1.1.5 Effect of temperature 
The effect of temperature to ejection was investigated within 15 - 42°C. The 
number of ejections as a function of temperature is shown in Fig. 15. Maximum 
efficiency is observed around 32°C, with the number of ejections diminishing 
at both high and low temperatures. 

The maximum ejection velocity exhibits considerable variation, but has a 
statistically significant positive slope (0.89 ± 0.41 μm / s / °C, F-statistic: 18.51, 
p < 0.0001, N = 336) as a function of temperature (Fig. 16). This can be 
compared to the theoretically predicted maximum packaging force as a 
function of temperature for four classes of capsid size (Fig. 17). Regardless of 
capsid size, the maximum packaging force increases weakly with temperature. 
Graphs in Fig. 17 correspond to four classes of capsid size observed among 
His1 [23]. Capsid sizes are tabulated in Appendix A. 
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Figure 15 Normalized number of ejections as a function of temperature. Error bars represent 
sample standard deviation at each temperature. Number of ejections is normalized to the 
average value measured at 25°C (N = 37). 

 

Figure 16 Maximum velocity during DNA ejection as a function of temperature. First order fit 
has a statistically significant slope of 0.89 ± 41 μm / s / °C (F-statistic 18.51, p < 0.0001, N = 
336).  
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Figure 17 Theoretically predicted maximum packaging force at full packaging for four capsid 
size classes of His1 (Appendix A) as a function of temperature.  

5.1.2 SINGLE-STRANDED RNA PACKAGING OF PHI6  

5.1.2.1 Average packaging velocity 
In vitro ssRNA packaging experiments were carried with OT using constant 
force feedback. Out of 445 positive OT experiments in the presence of ATP, 24 
showed packaging action, which gives an efficiency of 5.4%. A representative 
packaging trace of phi6 is shown in Fig. 18 A, while a comparable graph from 
a control experiment measured in the absence of ATP is shown in Fig. 18, B. 
Corresponding histograms of instantaneous packaging velocities are shown in 
Fig. 19. The average packaging velocity for the positive experiment was -0.32 
± 0.62 nm / s (-0.94 ± 1.83 nt / s). The mean value for all positive experiments 
was 0.07 - 0.54 nm / s (paper III, supplementary data). The corresponding 
value for the control experiment was -0.03 ± 0.58 nm / s, due to instrument 
drift. The mean value for all control experiments was -0.048 ± 0.055 nm / s. 
 



Results 

36 

 

Figure 18 Representative tether length traces of phi6 packaging experiments. (A) with 10 mM 
ATP in the packaging buffer. (B) control experiment without ATP. Top panels show the force 
acting of the tether, which is maintained at a constant value with feedback. 

 

Figure 19 Velocity histograms of phi6 packaging experiments of Fig. 18 with and without ATP. 
Histograms are normalized to the maximum value for both data sets. Black dashed line 
indicates zero velocity. 
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5.1.2.2 Packaging alternates between fast and slow sections 
Low-pass-filtered and velocity discriminated traces of eight successful positive 
experiments are shown in Fig. 20. Markers and color coding, as defined in 
methods, indicate ROIs in Fig. 20. All traces show alternating fast and slow 
packaging sections. Similar behavior is observed in the rest of the positive 
experiments (paper III, supplementary data). In some of the positive 
experiments extension of length curves was observed (Fig. 20), which 
indicates opening of the secondary structures of ssRNA. 

Further analysis of the ROI of a representative packaging graph of Fig. 18, 
A is depicted in Fig. 21. Tether extension during the ROI is shown in Fig. 21, 
A. Per-section packaged amounts of ssRNA and average packaging velocities 
are shown in Fig. 21, B and C, respectively. The net amount of packaged ssRNA 
is much larger in the fast sections (tens of nt), with section-averaged packaging 
velocities reaching 1.7 nm / s (Fig. 21, C), which is several times larger than the 
average packaging velocity given by a histogram fit (chapter 5.1.2.1). The 
maximum velocity in any section reached 4.62 nm / s in certain experiments 
(paper III, supplementary data). 

Packaging velocity also exhibits variation on a longer time scale. This is 
shown in Fig. 18, which depicts slowdown of the packaging rate 200 - 300 s 
into the experiment. 
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Figure 20 Low-pass filtered (fc = 0.1 Hz) traces of ssRNA packaging of phi6 shown in 8 
successful experiments. One unit in y-axis scale is equal to 100 nm (~300 nt). 
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Figure 21 Region of interest during packaging of a representative sample of Fig. 18, A. (A) Low-
pass filtered tether length. (B) Amount of packaged ssRNA per section. (C) Average packaging 
velocity during each section.  
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6 DISCUSSION 

6.1 DNA EJECTION FROM HIS1 IS SUPPRESSED BY 
OSMOTIC PRESSURE AND INCREASING SALT 
CONCENTRATION 

DNA ejection from His1 was unidirectional, randomly paused, and generally 
incomplete during these experiments. The ejections were suppressed by 
external osmotic pressure and by mono- and divalent salts present in the 
buffer, in agreement with results obtained in dsDNA phage studies [10]. The 
external osmotic pressure necessary to suppress ejection (~10 atm) agreed 
qualitatively with the value predicted by the continuum model (Fig. 17, C), 
although the model is quite sensitive to capsid size, which naturally exhibits 
variation (Figs. 11 and 17, Appendix A). 

The effect of charge screening is clear. In the case of divalent cations 
(Mg2+), which effectively suppressed ejection already at low concentration. 
The effect of monovalent sodium chloride was much weaker, which is 
supported by the fact that the optimal growth condition for Haloarcula 
hispanica (host of His1) occurs at [Na+] = 2.5-5.2 M. Therefore, it seems that 
even at high NaCl concentrations, His1 retains infectivity, although the 
number ejections decreases (Fig. 13). 

The average maximum ejection velocity (48.97 ± 24.48 μm / s, 
corresponding to 144 ± 72 kbp / s) exceeds that of λ (60 kbp / s) [58], T5 (75 
kbp / s) [59, 60], and is similar to that of T7 (140 kbp / s) [61]. The ejection 
duration is similar to that of λ [58], with single ejections taking 200 – 1200 
ms. Variance in the ejection time is caused by random pausing during ejection. 
This is most likely attributable to friction during ejection caused by e.g. 
topological friction [62]. Apparent similarity between ejection speeds is 
unsurprising, since the underlying physical ejection mechanism is basically 
the same for all of these viruses. Additionally, the exact velocities in the in vitro 
experiments are not easily comparable to actual in vivo genome translocation 
taking place in the natural environment of the host. 

DNA ejection from His1 was incomplete resulting in wide distributions of 
lengths of ejected DNA. Incomplete ejection has also been observed for λ and 
T5 [14, 58, 60]. This suggests that cellular processes in the host are required 
to internalize the genome. In the case of SPP1, a host protein binds to the 
ejected genome, and pulls it into the host cytosol [63]. Similarly, in vitro 
experiments on λ have demonstrated that DNA binding protein can speed up 
ejection by introducing an additional pulling force [16]. Based on these results 
it can be hypothesized that His1 may rely on a similar method of infection. 

Some viruses such as T5 exhibit pausing during ejection due to nicks in the 
genome at particular positions along the genome. This is not the case for His1, 
for which pausing of ejection seems random. It is hypothesized that 
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incompleteness and pausing during ejection are related to the radical capsid 
transformation during ejection, and related friction effects. It is unknown 
whether capsid transformation precedes or follows the ejection process. The 
capsid adopts an elongated state also in high pH and temperature. Since the 
current results indicate that the ejection is directional, the transformation of 
the capsid into a tube is a controlled process, not a random disintegration of 
the virus. Moreover, due to the directional nature of the ejection, and since 
cellular processes are likely required to complete internalization of the 
genome, random pausing during ejection probably plays an insignificant role 
in the infection process. 

6.2  DNA EJECTION FROM HIS1 IS STABLE AS A 
FUNCTION OF TEMPERATURE AND PH 

Extremophilic organisms thrive in a variety of environmental conditions 
exhibiting for example high salinity and temperature, extreme pH, and varying 
osmotic pressure[64, 65]. Adaptation to these extreme conditions is supported 
by the results of paper II, which indicate that DNA ejection is rather insensitive 
to pH and temperature of the surrounding environment. Ejection is only 
suppressed at rather low pH (<4.5). At pH 4.5, only 0.1% phosphates of the 
DNA backbone are protonated (paper II, supplementary data and [66]). 
Therefore, the effect of pH on the charge density of the phosphate backbone is 
minimal and should not significantly influence the electrostatic repulsion. 
This suggests that pH probably affects the capsid more than the DNA. Bulk 
experiments support the fact that the infectivity of His1 is stable across a wide 
range of pH (paper II, supplementary data and [21]). 

Optimal temperature in terms of the amount of ejected DNA is around 
32°C, while the maximum ejection velocity shows a weak, monotonous 
increase with temperature. The optimal ejection temperature might be related 
to a phase change in the tightly packaged DNA, similar to what has been 
described for HSV-1 and λ [25, 26]. Above a certain threshold temperature 
encapsidated DNA becomes more fluid and the regular hexagonal ordering 
inside the capsid is disturbed. It is hypothesized that this in turn enhances 
genome transport to the host cytosol. The theoretical maximum packaging 
force increases weakly with temperature (Fig. 17). Although there is 
considerable variation in the maximum packaging force between the capsid 
size classes, the force always monotonously increases with temperature. While 
it can be argued that the equilibrium continuum model is unsuitable for 
describing the out-of-equilibrium ejection process, it at least gives an estimate 
of the starting energy available for ejection at 100% packaging. Naturally the 
time-dependent dynamics cannot be extracted from this model without 
knowing how friction affects the situation. Additionally, recent publications 
have shown that genome fluidity and capsid elasticity increase with increasing 
temperature [25, 26]. Therefore, it is hypothesized that His1 may also benefit 
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from these effects. The optimal growth condition for Haloarcula hispanica is 
pH 6 - 8 and 25 - 50°C [67], which corresponds to the optimal ejection 
conditions observed in this work. This supports the conclusion that His1 has 
adapted to the environment of its host in the course of evolution. 

6.3 RNA PACKAGING OF PHI6 ALTERNATES BETWEEN 
FAST AND SLOW VELOCITIES 

The efficiency of phi6 during in vitro packaging experiments was relatively 
low, with only 5.4% of positive experiments showing packaging action. This is 
in line with the efficiency estimate for in vitro systems provided by bulk 
studies (2 - 5%, [31, 37, 51]). The modest number is partly attributable to loss 
of P4 during purification, which severely affects the efficiency of single 
molecule experiments [68]. While loss of P4 is the most probable cause of 
inefficiency in packaging experiments, it should be noted that any part of the 
multi-component single molecule assay could affect the efficiency. With only 
part of the P4s present, the random orientation of the PC with respect to the 
trapped bead may already explain the low number of successful experiments. 

The average packaging velocity of phi6 was relatively slow (0.32 nm / s, ~1 
nt / s) compared to the estimate obtained from bulk experiments (~33 nt / s, 
[51]). The average velocity is especially low compared to dsDNA phages (e.g. λ 
packages at 590 bp / s). The working hypothesis for this apparent slowness is 
the helicase action of P4. In general, ssRNA in a solution forms elaborate 
secondary structure, which needs to be opened by P4 before packaging. This 
is supported by the fact that the average velocities reached 4.62 nm / s (10 nt 
/ s) per section, a value significantly higher than the mean packaging velocity 
(Paper III, supplementary data), Typical section-average velocities were 1.7 
nm / s (~5 nt / s) which is closer to packaging rates reported for phi8 [69]. The 
intermittent higher velocities can be attributed to packaging of opened parts 
of the ssRNA. In general, enzymatic reactions of phi6 are slower than that 
those of dsDNA phages (discussion in paper III). The secondary structure and 
packaging of ssRNA in the host cytosol is probably different, which would 
result in differing packaging velocity compared to the single molecule 
experiments. 

The mean packaging velocity does not seem to be sensitive to the clamping 
force (paper III, supplementary data, Fig. S15), unlike for dsDNA phages [40]. 
Also packaging velocity did not show significant difference between 1 or 10 mM 
of ATP. Simple calculation shows that there is order of 107 ATP molecules in a 
2 × 2 × 5 μm3 cubical volume surrounding the tether, when ATP concentration 
is 1 mM. Therefore, even 1 mM of ATP constitutes a saturating concentration 
and will not be a limiting factor for packaging reaction. 

Packaging rate exhibit also longer scale variation, as is apparent from Fig. 
18, A. This is unlikely to be related to filling of the capsid, since phi6 PC 
undergoes several stages of expansion during maturation [37] and only a small 
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part of the first segment is packaged. However, it is possible that the expansion 
is initiated by packaging of the whole s+-segment [37]. Calculations in paper 
III (supplementary data) seem to indicate that packaging of ~250 nm (735 nt) 
of ssRNA is enough to fill the center void on the PC, which might be enough to 
initiate capsid expansion. This length is approximately equal to 1/4 of the size 
of the s+-segment. 

6.4 CONCLUSIONS 

Paper I reports on the first results of dsDNA ejection experiments on His1. 
This is the first single molecule experiment on an archaeal virus. DNA ejection 
was studied by TIRF microscopy. The main result of paper I was that DNA 
ejection from His1 can be suppressed with increasing mono- and divalent salt 
concentration and with polyethylene-glycol induced osmotic pressure. 
Moreover, it was found that the ejection is unidirectional and generally 
incomplete, and is randomly paused. The experimental results agreed 
qualitatively with the predictions provided by continuum theory. 
Furthermore, these experiments clearly indicated the similarity in DNA 
ejection between an archaeal virus and dsDNA bacteriophages. 

Paper II continues the dsDNA ejection work of paper I. Paper II shows that 
DNA ejection is suppressed in acidic conditions, when pH was <4.5. Above this 
value ejection is insensitive to pH change. In terms of temperature, ejection is 
most efficient around 32°C, with minor decline observed for temperatures 
down to 15°C and for higher temperatures up to 42°C. The average ejection 
velocity increases slightly with temperature, in qualitative agreement with the 
change in maximum packaging force as a function of temperature predicted 
by the continuum theory. The results of paper II support the fact that His1 can 
infect its host organism across a wide range of environmental conditions, in 
line with results in the bulk studies reported in the literature. The optimal 
ejection conditions coincide with the optimal growth conditions of the host, 
which indicates evolutionary adaptation of His1 to the environment. 

Paper III presents the first single molecule packaging experiments on 
ssRNA packaging of dsRNA phage phi6. The first and shortest of the ssRNA 
segments (s) of phi6 was packaged in an in vitro dual-trap optical tweezers 
assay. The packaging NTPase P4 packaged the ssRNA segment into an empty 
procapsid of phi6. Experiments were conducted using constant-force 
feedback. The main result of paper III shows that while the average packaging 
velocity is low (0.32 nm / s) compared to previous estimates of the packaging 
rate, the peak velocity reached 4.62 nm / s (12 nt / s). Packaging takes place in 
alternating slow and fast sections. It is hypothesized that this is due to the 
secondary structure of the ssRNA segment which needs to be opened by P4 
prior to packaging. Additionally, the average packaging velocity was found to 
be insensitive to clamping force in the range 1-5 pN. 
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APPENDIX A: HIS1 CAPSID DIMENSIONS 

Table 1. His1 capsid dimensions deduced from [23]. All values are in nanometers. 

 Class I Class II Class III Class IV Tube 
Geometry Ellipsoid Ellipsoid Ellipsoid Ellipsoid Cylinder, 

spherical 
end-caps 

Internal width 55.64 57.53 59.44 59.16 116.00 
Internal height 28.63 28.69 30.31 29.43 15.00 
Half-width 27.82 28.77 29.72 29.58  
Half-height 14.32 14.35 15.16 14.72  
Volume nm3 23883.62 24803.93 28594.62 26837.69 24033.18 
      
Packaging 
density 

0.65 0.62 0.54 0.58 0.64 
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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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