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ABSTRACT OF THE DISSERTATION 
 
 

Single Molecule Studies of DNA Packaging by Bacteriophages 
 
 

by 
 
 

Derek Nathan Fuller 
 
 

Doctor of Philosophy in Physics 
 
 

University of California, San Diego, 2008 
 
 

Professor Douglas E. Smith, Chair 
 
 

The DNA packaging dynamics of bacteriophages φ29, λ, and T4 were studied 

at the single molecule level using a dual trap optical tweezers.  Also, a method for 

producing long DNA molecules by PCR for optical tweezers studies of protein DNA 

interactions is presented and thoroughly characterized.  This DNA preparation 

technique provided DNA samples for the φ29 and T4 studies.  In the studies of φ29, 

the role of charge was investigated by varying the ionic conditions of the packaging 

buffer.   Ionic conditions in which the DNA charge was highly screened due to 

divalent and trivalent cations showed the lowest resistance to packaging of the DNA to 

high density.  This confirmed the importance of counterions in shielding the DNA 

interstrand repulsion when packaged to high density.  While the ionic nature of the 

packaging buffer had a strong effect on packaging velocities, there was no clear trend 

between the counterion-screened charge of the DNA and the maximum packaging 
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velocity.  The packaging studies of λ and T4 served as systems for comparative 

studies with φ29.  Each system showed similarities to the φ29 system and unique 

differences.  Both the λ and T4 packaging motors were capable of generating forces in 

excess of 50 pN and showed remarkably high processivity, similar to φ29.  However, 

dynamic structural transitions were observed with λ that are not observed with φ29.  

The packaging of the lambda genome showed capsid expansion at approximately 30 

percent of the genome packaged and capsid rupture at 90 percent of the genome 

packaged in the absence of capsid stabilizing protein gpD.  Unique to the T4 

packaging motor, packaging dynamics showed a remarkable amount of variability in 

velocities.  This variability was seen both within individual packaging phages and 

from one phage to the next.  This is possibly due to different conformational states of 

the packaging machinery.  Additionally, λ and T4 had average packaging velocities 

under minimal load of 600 bp/s and 700 bp/s, respectively, as compared to 140 bp/s 

for φ29. 



1 

Chapter 1 
 

Introduction to Bacteriophages and Optical Tweezers  
 
 
1.1  Bacteriophages 

 Bacteriophages are viruses that infect bacteria.  They are considered to be one 

of the most numerous organisms on earth.  Many bacteriophages are quite simple, 

consisting of a protein shell (capsid) surrounding a dsDNA genome, although some 

phages have other nucleic acid genomes.  Bacteriophages occur in a variety of sizes 

and shapes.  The most commonly studied dsDNA bacteriophages are spherical or 

prolate in shape with a tail for binding to bacteria and injecting the bacteriophage 

genome.  The three bacteriophages studied in this dissertation range in size and shape 

from 45 x 54 nm prolate for φ29, to 62 nm spherical for λ, and 86 x 120 nm prolate for 

T4 (1-3).  Commonly studied dsDNA bacteriophage genomes tend to be from 5-200 

Kbp in length.  For infection, each bacteriophage tail binds to a specific receptor on 

the bacterial membrane before genome release is triggered (4, 5).   

 The prototypical life cycle of a bacteriophage begins with infection of a 

bacterial host.  Upon binding of the phage tail to the specific membrane receptor, the 

genome is released into the bacterial cytoplasm.  This ejection may be entirely driven 

by pressure built up inside the bacteriophage capsid, or proteins in the bacterial 

cytoplasm may aid it (6).  Upon infection, the viral genome now co-opts the bacterial 

machinery to begin producing viral proteins.  At the same time as the viral proteins are 

being produced, the viral genome is being replicated.  Eventually, the transcribed 

proteins that form the viral capsid begin to self-assemble into the empty procapsid 
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structure, usually nucleated by a connector at one vertex of the procapsid.  The 

connector has a portal for passage of DNA into the procapsid.  After procapsid 

assembly, terminase motor enzymes identify, prepare, and begin packaging the copies 

of the viral genome into the procapsids.  This packaging process relies on ATP 

hydrolysis for energy and is the primary focus of this dissertation (7).  After the DNA 

is packaged, the terminase proteins disengage and the tail proteins now bind at the 

connector portal along with any other finishing proteins (8).  After replication, the 

bacteriophage then triggers lysis of the bacterial host and the bacteriophage progeny 

are released to infect new bacteria.  Not all bacteriophages begin replication 

immediately.  Some remain dormant until some environmental shock or stimulus 

triggers the bacteriophage to begin replication (4, 9). 

1.2  Why Study Bacteriophages at the Single Molecule Level 

 A variety of in vitro assays have been developed for studying the various 

events occurring during bacteriophage self-assembly.  Of particular interest are the 

DNA packaging mechanism and dynamics employed by the bacteriophages.  The 

existence of in vitro packaging assays for the three phage systems studied in this 

dissertation allowed the exploration of well characterized systems in new enlightening 

ways without the need to develop entirely new assays from scratch (10-13).  While 

transitioning from bulk DNA packaging assays to single-molecule packaging assays is 

not trivial, the pre-existence of the bulk techniques make these bacteriophage systems 

an ideal candidate for single molecule studies. 

 The bacteriophages studied here represent an interesting class of enzymes that 

translocate along a dsDNA substrate.  The packaging motors operate as a multimer of 
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the packaging ATPases complexed with the connector of the bacteriophage procapsid 

(14, 15).  The ATPases likely trigger in a coordinated fashion allowing the movement 

of DNA into the capsid (15).  Determining how these ATPases work and 

characterizing the forces they can generate and the rates at which they can package the 

DNA can further our understanding of how these remarkable systems survive. 

 Another interesting facet of bacteriophages that we address in our studies is the 

physics behind the confinement of the bacteriophage DNA inside the bacteriophage 

capsid.  With the near crystalline confinement of the DNA, the questions as to how the 

DNA is organized and the energetic concerns of this confinement arise.  By studying 

packaging dynamics and the forces that build during packaging, we hope to shed some 

light on the biophysics of the DNA confinement. 

 The advantage of studying bacteriophages at the single molecule level is that 

aspects of the packaging process that were not observable at the bulk level can now be 

elucidated.  In bulk, you essentially get the average behavior of an ensemble of 

packaging events.  How any individual phage differs from this average is unclear.  A 

major difficulty of bulk studies is synchronization.  When one phage is packaging, 

another may be initiating and another may be terminating packaging.  Single molecule 

approaches avoid this allowing the observation of packaging from initiation to 

termination.  Another benefit of the single molecule approach is the resolution at 

which you can observe packaging dynamics.  Unique features such as pausing and 

slipping, and the force generating capability can be directly observed (10).  The ability 

to apply and observe forces on single molecules allows direct measurement of 

energetics without being obscured by background ATP hydrolysis.  In this sense, 
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single molecule studies of bacteriophage DNA packaging allow us to probe the 

process more directly and quantitatively. 

1.3  Utility of Optical Tweezers 

 To study DNA packaging by bacteriophages at the single molecule level, we 

use optical tweezers.  Optical tweezers have proven to be a very useful tool for 

studying biophysics at the single molecule level.  Optical tweezers have the unique 

ability to trap and manipulate particles as small as 50 nm and as large as 5-10 microns, 

including cells.  The diversity of applications served by optical traps is a testament to 

the utility of the technique.  Optical tweezers have found use in studying cell motility, 

as a cell sorting device, and as a tool to probe the molecular elasticity of DNA among 

numerous other things (16-18).  While optical tweezers can be used simply for 

manipulating and observing trapped particles and cells, force-measuring optical 

tweezers like those used in this dissertation allow new quantitative studies of 

molecules.  The functions and energetics of molecules as diverse as RNA, myosin, 

kinesin, and RNA polymerases have been probed at increasingly higher precision with 

optical tweezers, revealing intriguing new results not previously observable with bulk 

biochemical measurements (19-28).  Optical tweezers have proven particularly useful 

in observing motor proteins that translate along a DNA substrate.  Details, such as 

enzyme step size and the mechanochemical cycle of enzymes, have been elucidated 

through optical tweezers measurements (15, 19).  The resolution of optical tweezers 

instruments continues to advance and the observation of sub-nanometer motion of 

biomolecules is in some cases possible (19, 29).   
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 A typical optical tweezers setup consists of a flow cell in which the specimen 

to be observed is immersed in a suitable buffer.  Studies involving motor proteins that 

translate along DNA immobilize the motor protein on a micron sized polystyrene 

bead, and the tail end of the DNA the protein will track along is attached to the surface 

of the flow cell or another polystyrene bead.  Using a highly focused laser beam, the 

polystyrene beads can be trapped, finely manipulated, and tracked (30).  Any 

movement of the trapped bead from the center of the focus of the laser beam causes 

the laser beam to be deflected.  This deflected laser beam can be collected, and with 

suitable calibration, attributed to a force generated by the motor protein. 

1.4  Principles of Optical Tweezers 

 The trapping ability of an optical tweezers apparatus comes from a highly 

focused laser beam that is typically gaussian.  Usually a laser beam in the near infrared 

region is used as this has been shown to cause minimal damage to biological 

specimens even at high intensities (30).  Intensities of the trapping lasers typically 

vary from as low as 10 mW to as high as 100s of mW.  The focusing of the laser 

creates large gradients in the electric field both axially and radially near the focus 

(beam waist) of the laser beam.  Small dielectric spheres, commonly polystyrene with 

a diameter of 0.5-5 um, are pulled into the high intensity focus of the laser beam.  The 

force drawing the microspheres into the focus of the laser beam can be thought of as a 

dipole induced gradient force of the form -(P·∇)E where P is the induced dipole of the 

microsphere and E is the electric field of the laser beam.  Due to the large gradients in 

the focused laser beam, the microsphere can be trapped in three dimensions, even 

overcoming the forces due to some backwards scattering of the laser beam (fig. 1.1). 
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 For small displacements of the trapped microsphere from the center of the 

beam focus, the restoring force acting on the microsphere can be approximated as that 

due to a simple harmonic potential (i.e. force is linearly related to displacement).  

Similarly, displacements of the microsphere from the center of the trap create a 

compensating deflection in the trapping laser beam that is linearly related to the 

displacement of the microsphere (fig. 1.2).  A lens collects the deflected laser beam 

and this displacement can be measured and converted to a force.   

Many modern optical tweezers setups rely on two or more laser beams forming 

two or more optical traps.  Through the use of acousto-optic deflectors or tip-tilt 

mirrors, these traps can be moved around the flow cell over many microns (30).  This 

allows the tracking of motor proteins over many microns of range along a DNA 

substrate at rather high precision. 

The optical tweezers employed for the studies in this dissertation were a dual 

trap optical tweezers in which the samples were immobilized on two microspheres and 

DNA is the molecule that tethers them (fig. 1.3).  The micro-fluidic chamber in which 

the measurements are made consists of 3 channels.  Microspheres prepared with 

different immobilized molecules can be injected from the outer chambers to the center 

chamber where data collection occurs (fig. 1.4). 

1.5  Outline of Research 

 While most of this dissertation explores the DNA packaging dynamics of 

bacteriophages, Chapter 2 presents and characterizes a method by which to produce 

DNA samples for optical tweezers studies.  This was my first project undertaken and 
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was done while the optical tweezers apparatus, from which all the experimental data 

presented in this dissertation comes from, was being built. 

 Chapters 3-5 are studies of bacteriophage φ29.  The initial studies of φ29 were 

done by my advisor Doug Smith during his post doctoral studies in the Carlos 

Bustamante lab at UC Berkeley (10).  Expanded studies of the φ29 system have been 

performed in both labs and are continuing in both labs (15, 31).  The initial trajectory 

of φ29 in my thesis research was the ionic dependence of DNA packaging as detailed 

in Chapter 3.  During the course of the ionic dependence studies, Peter Rickgauer 

determined that packaging could be initiated in situ and that even non-φ29 DNA could 

be packaged by this assay.  Some unique, yet still unresolved findings from the in situ 

initiation technique are presented in Chapter 5.  Chapter 4 presents a more accurate 

measurement method in which we studied packaging by φ29 in the standard packaging 

buffer. 

 Chapters 6 and 7 are single molecule DNA packaging studies of T4 and λ, 

respectively.  These studies served somewhat as comparative studies with φ29, but 

also as systems with unique features that φ29 does not possess and are worthy of study 

in their own respects.  Chapter 8 summarizes the results from all the phage systems 

studied in this dissertation, and I discuss the potential future trajectory of these studies. 
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Figure 1.1. Schematic diagram illustrating the trapping forces due to a focused laser 
beam.  The dielectric microsphere is attracted to the focus of the laser where the 
intensity is the greatest.  Any movement from the focus results and a restoring force 
toward the focus. 
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Figure 1.2. Schematic demonstrating deflection of the laser beam due to displacement 
of the microsphere from the center of the optical trap. 

 

 

 

Figure 1.3. Diagram illustrating the tethering of DNA between two optical traps. 
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Figure 1.4. Micro-fluidics chamber in which optical tweezers experiments are 
performed.  Beads with surface immobilized molecules (protein or DNA) can be 
injected from the top or bottom channel into the central channel via capillary tubes.  In 
the central channel, the beads are trapped and can be manipulated for experiments. 
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Chapter 2 
 

A General Method for Manipulating DNA Sequences 
from Any Organism with Optical Tweezers 

 
 
2.1  Abstract 

Mechanical manipulation of single DNA molecules can provide novel 

information about DNA properties and protein-DNA interactions. Here we describe 

and characterize a useful method for manipulating desired DNA sequences from any 

organism with optical tweezers. Molecules are produced from either genomic or 

cloned DNA by PCR using labeled primers and are tethered between two optically 

trapped microspheres. We demonstrate that human, insect, plant, bacterial, and viral 

sequences ranging from ~10 to 40 kbp can be manipulated. Force-extension 

measurements show that these constructs exhibit uniform elastic properties in accord 

with the expected contour lengths for the targeted sequences. Detailed protocols for 

preparing and manipulating these molecules are presented, and tethering efficiency is 

characterized as a function of DNA concentration, ionic strength, and pH. Attachment 

strength is characterized by measuring the unbinding time as a function of applied 

force. An alternative stronger attachment method using an amino-carboxyl linkage, 

which allows for reliable DNA overstretching, is also described. 

2.2  Introduction 

Protein-DNA interactions play a critical role in the molecular biology of all 

organisms. For example, the ~3.3 billion basepair (bp) human genome is estimated to 

code for at least several thousand DNA binding proteins, including transcription 
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factors, nucleases, repair proteins, topoisomerases, structural proteins, and DNA and 

RNA polymerases.  

A wide variety of methods exist for studying protein-DNA interactions, 

including DNase footprinting, sucrose gradient sedimentation, gel mobility shifts, 

fluorescence spectroscopy, imaging by electron microscopy, and x-ray 

crystallography. Over the last decade another approach, involving mechanical 

manipulation of single DNA molecules has been developed. Manipulation of DNA by 

optical tweezers was pioneered by Chu and coworkers, and extended by Bustamante 

and coworkers (1-4). This method has also been applied to study fundamental 

biochemical processes, including transcription, replication, chromatin unraveling, viral 

DNA packaging, and helicase translocation (5-12). 

Because protein-DNA interactions are vital to all organisms and these 

interactions are often sequence dependent it is desirable to have a general method for 

manipulating DNA sequences from any organism. Here we describe and characterize 

such a general method in which selected DNA sequences from a variety of organisms 

are tethered between two microspheres. Besides providing useful protocols and a 

characterization designed to optimize the efficiency of the method, this work also 

serves to test the notion that the global elastic properties of these long, AT-GC 

balanced DNA molecules are largely independent of sequence (as opposed to the local 

properties on a <100 bp scale, where sequence-dependent bending and twisting 

occurs) (15-19). 
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2.3  Methods 

2.3.1  Genomic DNA Preparation 

E. Coli DNA was obtained by growing a 2 ml culture of DH5α competent 

cells (Invitrogen Corp.) in LB broth (Miller) (Fisher Scientific) overnight at 37 °C on 

an orbital shaker. The cells were pelleted at ~3000 × g in a microcentrifuge tube and 

the pellet was lightly dabbed with a sterile cotton swab. DNA was then extracted and 

purified using the QIAamp DNA Blood Mini Kit (Qiagen) following the “buccal swab 

spin protocol” per the manufacturers instructions with the following modifications:  10 

mg/ml proteinase K (Roche Biochemicals) was substituted for the supplied protease, a 

total of 1% SDS was included during the lysis step, and the lysis was incubated 

overnight.  These modifications were found to result in a higher yield of higher purity 

DNA. 

Drosophila DNA was obtained by growing embryos as described previously 

(20). Embryos were frozen in liquid nitrogen and stored at –80 °C. ~100 µl of 

embryos were thawed and dabbed with a sterile cotton swab. The DNA was then 

extracted and purified using the QIAamp DNA Blood Mini Kit (Qiagen) following the 

“buccal swab spin protocol,” substituting 10 mg/ml proteinase K for the supplied 

protease (which resulted in a higher yield and purity). 

Human DNA was obtained by firmly scraping the inside of one of our cheeks 

about ten times with a sterile cotton swab. The DNA was then extracted and purified 

using the QIAamp DNA Blood Mini Kit (Qiagen) following the “buccal swab spin 

protocol” without modification. 
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Arabidopsis DNA was obtained from ~100 mg (wet weight) of young leaves. 

The leaves were frozen in liquid nitrogen and disrupted by using a small pestle to 

grind them into a powder in a microcentrifuge tube. The DNA was then extracted and 

purified using the DNeasy Plant Mini Kit (Qiagen) per the manufacturers instructions, 

using water in the final elution step.  We found that DNA eluted in the supplied 

elution buffer failed to work in our PCR reactions.  

λ DNA purchased from New England Biolabs was used directly. 

Extracted genomic DNA samples were characterized by UV spectroscopy 

(absorbance at 260 nm) and gel electrophoresis. These measurements indicated that 

DNA concentration following purification ranged from 5-50 ng/µl, and that fragment 

lengths were predominantly ~15 to 25 kbp in length.   

2.3.2  BAC DNA Preparation 

The UCSC genome browser and sequence alignment software was used to 

identify an appropriate BAC clone bracketing genomic sequences of interest (21). 

Here we chose the clone CTD-2240D16 (from Caltech Library D) containing 

sequences from chromosome 14 that code for human tissue plasminogen activator. A 

culture of E. coli carrying this clone was obtained from Invitrogen. A pipette tip was 

dipped in this culture and used to inoculate 2 ml of LB broth in a 15 ml cell culture 

tube, which was incubated overnight at 37 °C on an orbital shaker. BAC DNA was 

then extracted and purified using the FastPlasmid Mini Kit (Eppendorf) per the 

manufacturers instructions with the following modifications:  600 µl of lysis solution 

was used, the room temperature incubation was 5 min, 195 µl isopropanol was added 
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to the lysate, and the elution buffer was preheated to 65°C.  We found that these 

modifications improved the recovery of long BAC DNA constructs.  

2.3.3  Synthesis and Labeling by PCR 

The UCSC genome browser was used to identify human and Drosophila DNA 

sequences of interest, and the NCBI databases were used to identify E. coli, λ, and 

Arabidopsis sequences. PCR primers were selected using GeneRunner software 

(except for those targeting lambda and human sequences, which were recommended 

by Eppendorf) (Table 2.1). All primers were chosen to have a melting temperature of 

~62-68 °C to limit necessary modifications of reaction conditions. Forward primers 

were labeled at the 5’ end with biotin-TEG and reverse primers were labeled at the 5’ 

end by digoxygenin (DIG) (via an amino-C6), such that a DNA molecule could be 

tethered as shown in Fig. 2.1. All primers were purchased from Operon 

Biotechnologies. All PCR reactions were carried out using the Triplemaster PCR 

system (Eppendorf), which combines Taq DNA polymerase, a proof reading enzyme, 

and a processivity enhancing buffer additive.  

50 µl PCR reactions were carried out using reagent concentrations 

recommended by Eppendorf. No supplemental Mg2+ was added to the reaction buffer. 

Reactions were run in a 24-well Hybaid PCR Sprint thermocycler using 200 µl thin-

walled PCR tubes (Fisher Scientific). Because some reactions required tuning to 

obtain optimum results, the thermocycling parameters and quantity of template DNA 

used in each reaction are listed in Table 2.2. Identical conditions were used with the 

amino-labeled primers as with the DIG labeled ones. We note that in some cases the 
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method of purification of the genomic DNA strongly influenced the results. For 

example, an attempt to prepare the Arabidopsis construct by phenol-chloroform 

extraction and isopropanol precipitation of genomic DNA, resulting in ~50 to 150 kbp 

fragments, was not successful. Instead, DNA tethers were successfully produced when 

using the Plant Mini Kit (Qiagen, Inc.), which produced fragments predominantly ~20 

to 25 kbp.  

2.3.4  Optical Tweezers 

Two different optical tweezers instruments were used for measurements. In the 

first, one microsphere was held in an optical trap while the other was held by suction 

on the end of a micropipette, as described previously (10). In this apparatus the DNA 

was stretched between the microspheres by moving the micropipette with a 

piezoelectric nanopositioning stage. In the second instrument, the two microspheres 

were held in two separate optical traps and the DNA is stretched by displacing one 

trap by use of an acousto-optic deflector. This configuration is similar to that used in 

studies of single actin-myosin interactions (22). 

2.3.5  Microsphere Preparation 

200 µl of 0.5% (w/v) 2.2 µm diameter streptavidin coated microspheres 

(Spherotech, SVP-20-5) were washed twice to remove any free streptavidin by 

pelleting at 10,000 × g in a microcentrifuge tube and resuspending them twice in 200 

µl PBS pH 7.4, 1 M NaCl with 0.1 mg/ml bovine serum albumin (BSA). To prepare 

anti-DIG coated microspheres, 200 µl of 0.5% (w/v) 2.8 µm diameter Protein G 

coated polystyrene microspheres (Spherotech, PGP-20-5) were washed twice by 

pelleting at 10,000 × g in a microcentrifuge tube and resuspending them twice in 200 
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µl PBS buffer. After the second wash, the microspheres were resuspended in 20 µL 

PBS and 5 µl 200 µg/ml of anti-DIG (Roche Molecular Biochemicals) was added. The 

microspheres were incubated on a rotisserie (Barnstead Labquake) at room 

temperature for 30 minutes and then washed three times in 200 µl PBS and 

resuspended in 20 µL PBS. 3-6 µl of these microspheres were loaded into a 1 ml 

tuberculin syringe (Becton Dickinson, Co.) for injection into the microfluidic 

chamber. 

2.3.6  DNA Tethering Procedure 

Labeled DNA was first attached by one end to the steptavidin beads in a bulk 

reaction as follows: 3 µl of appropriately diluted DNA (ranging from ~2.5 to 500 

ng/µl, such that DNA:microsphere stochiometry varied from ~1:1 to ~200:1, as 

discussed in results) was mixed with 27 µl of microspheres and incubated for 30-60 

minutes at room temperature on a slowly rotating rotisserie (Barnstead Labquake). 5-

10 µl of these microspheres were diluted in 0.5 ml of PBS and loaded into a syringe 

for injection into the microfluidic chamber.  

DNA tethers were formed in situ (inside the flow chamber), as follows:  first, a 

single anti-DIG microsphere was trapped in the first optical trap (in the single beam 

system this microsphere was then transferred onto the tip of the micropipette by 

applying suction). Then, a streptavidin microsphere (carrying DNA) was trapped in 

the second optical trap and brought nearly in contact with the anti-DIG coated 

microsphere for ~10 seconds in an attempt to form a tether. Usually the same anti-DIG 

microsphere was used in up to five trials before discarding it. 
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For the trials done with varying salt (NaCl), the binding of the DNA to the 

streptavidin microspheres was done in the same manner described above, except these 

microspheres were then diluted in 0.5 ml of 20 mM Tris-HCl, pH 7.8, with 0 to 2M 

NaCl, instead of in PBS buffer. For the trials with varying pH, the following 10 mM 

buffers were used: acetate (pH 4), citrate (pH 5.6), phosphate (pH 7), tris-HCl (pH 

8.5), carbonate (pH 9.9), phosphate (pH 11.8). An appropriate amount of NaCl was 

added to each so as to keep the total ionic strength at 150 mM (23). All measurements 

of tethering efficiency were done using the single beam optical tweezers system. 

2.3.7  Covalent DNA Attachment 

A covalent DNA attachment strategy was also used as an alternative to DIG-

anti-DIG.  In this method, 10 kbp or 25 kbp amino-labeled molecules were crosslinked 

to 2.8 µm diameter carboxyl functionalized polystyrene microspheres (Spherotech, 

CP-25-10) in a bulk reaction. The PCR primer for the 25 kbp construct was 

synthesized with an 5’ amino C6 modifier (Operon) while the 10 kbp primer was 

synthesized with a 5’ amino C12 modifier and two internal amino C6 dT modifiers (at 

positions 12 and 24) (IDT).   Following PCR, the amino-labeled DNA was purified by 

dialysis against 20 mM Hepes buffer (pH 7.5) on a floating filter pad (Millipore 

VSWP02500) followed by phenol-chloroform extraction, isopropanol precipitation, 

ethanol wash, and resuspension in 20 mM Hepes, pH 7.5.  These steps allow for 

removal of PCR proteins, primers, and Tris (which, due to its containing primary 

amines, may interfere with crosslinking).  We found that either one or two-step 

crosslinking methods worked well. 
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In both protocols, 5 µl of 5% (w/v) carboxyl microspheres were washed twice 

in 20 ul of 100 mM MES buffer, pH 6.0 and resuspended in 10 µl of MES.  In the one-

step method, ~20 ng of DNA is added to the washed beads and 1 µl of 40 µg/µl 1-

Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) (Pierce 

Biotechnology) freshly dissolved in water was added.  The reaction was incubated at 

room temperature for 15 min. and then an additional 1 µl of 40 µg/µl of freshly 

dissolved EDC was added.  This addition was repeated once more after 15 min and the 

sample was then allowed to react for another hour.  Tris-HCl, pH 7.6 was then added 

to 100 mM to quench the reaction.  Prior to injecting these microspheres into the flow 

chamber BSA was added to 0.1 mg/ml to block non-specific adhesion of DNA to the 

microspheres. 

In the two-step method, the microspheres were first activated by adding 1 µl of 

40 µg/µl EDC and 100 µg/µl N-hydroxysulfosuccinimide (Sulfo-NHS, Pierce #24510) 

freshly dissolved in water.  The reaction was incubated at room temperature for 15 

min. and then an additional 1 µl of freshly dissolved EDC and Sulfo-NHS was added.  

This addition and incubation was repeated once more and the microspheres were then 

washed twice in 20 µl of 50 mM Hepes, pH 7.5, and resuspended in 10 µl Hepes.  60 

ng of DNA was immediately added and allowed to react for 2 hr. at room temperature.   

Tris buffer and BSA were added to these microspheres, as in the one step method.  

The procedure for tethering the molecules in the optical tweezers was the same 

as for the anti-DIG labeled molecules, but with the biotin-streptavidin linkage being 
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formed in the flow chamber.  0.05 mg/ml BSA was also included in the buffer in the 

flow chamber. 

2.4  Results and Discussion 

2.4.1  Manipulation of Desired Sequences 

To demonstrate that we could manipulate specific DNA sequences from a 

variety of organisms, we targeted seven arbitrary sequences in the human, Drosophila, 

Arabidopsis, E. coli, and bacteriophage λ genomes (Table 2.1). Genomic DNA was 

purified from each organism and PCR amplification and labeling were carried out as 

described in methods. Each of these DNA constructs was successfully manipulated by 

optical tweezers, by following the tethering protocols described above. High precision 

extension measurements confirmed that the tethered molecules had lengths consistent 

with the targeted sequences, as discussed below. Based on these results, which use 

DNA from a broad variety of sources, we expect that this method can easily be used to 

manipulate desired sequences from virtually any organism.  Although some limitations 

have been reported for long range PCR (24,25), continuing advances in the method 

have greatly expanded the range of lengths and sequences that can be amplified (26).  

Segments up to ~50 kb and sequences containing up to 75% GC content have been 

amplified using the TripleMaster PCR system (26-29).  Long range PCR has also 

recently been used to scan across entire bacterial genomes, suggesting that a majority 

of DNA sequences can be successfully amplified (30).  Here we successfully prepared 

seven arbitrarily chosen sequences ranging in length from ~10 kbp to ~40 kbp and 

having ~41% to 58% GC content. 
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We also showed that cloned DNA could be used to generate desired sequences. 

BAC clones (in E. Coli) spanning the human genome, as well as the genomes of many 

other organisms, have been produced during genome sequencing projects. For 

example, BAC clones of human DNA have been produced at Caltech and Children’s 

Hospital of Oakland Research Institute (31). To demonstrate that these could be used, 

we targeted the same human sequence that we targeted when using genomic DNA, i.e. 

that containing the gene sequence for tissue plasminogen activator. This construct was 

successfully tethered and exhibited the same elastic behavior as the construct 

generated using genomic DNA, as described in more detail below.  We note that these 

DNA tethering methods may also have other applications, such as in DNA microarray 

technology or molecular electronics (13,14). 

Prior to use in the optical tweezers PCR products were analyzed by agarose gel 

electrophoresis (Fig. 2.2). Cycling conditions were tuned to obtain the strongest signal 

possible in a single band, although weaker secondary bands were often observed 

before optimization of the cycling parameters. In some cases it proved difficult to 

obtain a completely pure product even after these adjustments (for example, see the λ 

40.4 kbp sample). Presumably the amplification of undesired products could be further 

minimized through further optimization of the primers and reaction conditions. 

Fortunately, secondary products represented a small fraction of the total and were 

always of significantly shorter length than the desired products. In practice, tethering 

of undesired products in the optical tweezers was rare (<10%, in the worst case) and 

could easily be distinguished as having significantly shorter lengths.  
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2.4.2  Tethering Efficiency 

As DNA molecules are tethered by bringing pairs of beads into contact one at a 

time, it is important to optimize the tethering conditions:  Too little DNA results in 

many microspheres failing to tether, while too much DNA results in tethering of 

multiple molecules on single microspheres. As the number density of the beads is very 

low (~0.5 x 109 per ml), most samples of DNA must be heavily diluted to have a high 

likelihood of obtaining single tethers. Here, DNA is first incubated with streptavidin 

microspheres in bulk for 30-60 min. to tether the biotin-labeled ends. In theory, since 

biotin binds streptavidin with very high affinity one could simply set the 

microsphere:DNA stoichiometry to ~1:1 and wait for the binding reaction to proceed 

to completion, whereupon the distribution of DNAs per bead would be expected to 

follow a Poission distribution with ~37% of microspheres having exactly one DNA 

tethered.  Our experience indicates that after ~5-10 hours of incubation fewer tethers 

are detected than predicted by these considerations, suggesting that the binding had 

not reached completion or that some molecules may have been improperly labeled, 

have degraded, or adhered in a manner that prohibits binding to the second 

microsphere. Thus, in practice we find it convenient to use a 3-fold excess of DNA 

and an incubation time of ~30 to 60 min. Further binding is essentially stopped by the 

~100-fold dilution of the sample prior to injection into the flow chamber. Systematic 

measurements show that tethering efficiency for the 10.1 kbp λ DNA construct varies 

from zero to nearly 100% multiple tethers as the DNA:microsphere ratio is increased 

from 1:1 to 200:1 (Fig. 2.3). In this particular titration, the 3:1 ratio, yielding ~30% 



 26

single tethers and <5% multiple hookups, proved to be a convenient reaction 

condition.  

In some experiments one may test by elastic measurements, or by twisting with 

a rotary pipette (32), whether a single DNA is tethered in the optical tweezers.  For 

these experiments it is sometimes convenient to use a higher DNA concentration 

during sample preparation and reject multiple tethers during data taking. However, 

when studying protein-DNA complexes, the elasticity may be altered and it may not 

be possible to discern single tethers a priori. In this case, it is better to accept a lower 

tethering efficiency in order to minimize the chance of multiple DNA tethers, which 

may invalidate certain data sets. We often like to use conditions where about one in 

ten trials yield a hookup. Our data on tethering efficiency (Fig. 2.3) are useful as a 

guide on what reaction conditions to use. However, we find that there is often 

significant variation depending on the particular DNA and microsphere samples being 

used. We often find it necessary to titrate the amount of DNA up or down by a factor 

of 3 to find optimal tethering conditions. 

Depending on the biochemical process being studied, one may wish to tether 

DNA molecules under a variety of solution conditions. Here we have characterized the 

dependence of tethering efficiency on salt (NaCl) and pH. In these experiments, the 

first attachment (biotin-streptavidin) was formed during a 30-60 min. incubation in 

standard buffer conditions, as described above, while attempts to form the DIG-anti-

DIG linkage were made under conditions of varying salt and pH. As shown in Fig. 2.4, 

tethering worked quite well from 0 to 2 M NaCl, with the highest efficiency at 150 

mM NaCl. This efficiency may be attributed to electrostatic screening, which 
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presumably allows the DNA and microspheres, which are both negatively charged, to 

approach more closely. We note that problems with tethering often occur when using 

divalent cations, such as Mg2+, above ~5-10 mM. These conditions tend to cause non-

specific adhesion of the microspheres to each other and/or to the DNA, and in this 

case it is helpful to use a blocking agent such as bovine serum albumin (BSA). We 

usually include 0.1 mg/ml BSA during tethering incubations. While BSA mitigates 

non-specific adhesion, we found that increasing the concentration of BSA to above 1 

mg/ml can also reduce DNA tethering efficiency to inconvenient levels. 

DNA tethering worked at pH values ranging from 5.6 to 9.9, with optimal 

results at pH 7 to 8.5 (Fig. 2.4). Non-specific adhesion of the microspheres to each 

other and/or to the DNA was often observed at pH 5.6 and 9.9. Tethering did not work 

at all at pH 4 or pH 11.8, presumably because of denaturation of the DNA and/or 

proteins under these extreme solution conditions. At pH 4 there was also significant 

precipitation of BSA, which tends to clog the flow chamber, adhere to the beads, and 

interfere with optical trapping. A small amount of precipitation was also observed at 

pH 5.6, although DNA manipulation was still quite workable at this pH.  

2.4.3  Force-Extension Measurements 

To test the repeatability of optical tweezers measurements on the prepared 

DNA constructs, force-extension measurements were performed on small ensembles 

of molecules. Force data were recorded at 5 kHz and averaged for 0.25s at each 

extension to reduce noise due to Brownian motion of the trapped bead. This force 

measurement was done at 20 discrete values of the extension to obtain each individual 

data set. As shown in Fig. 2.5, the individual data sets for each construct were in close 
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agreement and data sets for different constructs had the same basic shape.  For reasons 

discussed below, all of these measurements were made using the dual optical tweezers 

instrument. 

The largest ensemble of measurements was taken on the 25.3 kbp E. coli DNA 

construct and comprised 57 data sets recorded on several different days over the 

course of a month. To quantify measurement reproducibility, a histogram of measured 

extensions at 25 pN is plotted in Fig. 2.6. The standard deviation is 22.2 nm (~65 bp) 

and the standard error is 2.9 nm (~8.5 bp), which indicates a narrow distribution for 

physical measurement of a single molecule. For comparison, similar measurements 

done with the single beam optical tweezers system, in which one microsphere was 

manipulated using a micropipette, yielded a much larger standard deviation of ~700 

nm. These larger variations are due to the fact that DNA molecules may attach at any 

point on a microsphere and a microsphere held by the micropipette is not free to 

rotate. This effect leads to an uncertainty in the absolute molecular extension on the 

order of the radius of the microsphere (~1000 nm or ~3000 bp), which can present a 

problem in experiments where high precision is desired. In the dual beam optical 

tweezers both microspheres are free to rotate and thus align when the DNA is 

stretched so that this uncertainty is avoided. 

In the dual tweezers system the small residual standard deviation in the 

extension measurement can be completely attributed to inherent variation in the 

diameters of the microspheres. They have a reported standard deviation in diameter of 

~2% (~50 nm), as determined by transmission electron microscopy measurements 

(Spherotech). We attempted to correct individual data sets for this variation by 
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recording the extension at which each pair of microspheres contact, but no repeatable 

signature of contact could be identified to improve the accuracy further. Fortunately, 

this error is relatively small and unlikely to cause problems in most types of 

experiments, which in many cases involve measuring relative changes in extension. To 

the extent of our apparatus’ ability to discriminate length differences, these 

measurements show that the individual molecules are behaving identically. As these 

data were recorded over the course of a month, this finding also indicates that our dual 

beam optical tweezers instrument is highly stable, with a systematic drift of less than 

~10 nm/week.  

As a second test, we compared measurements on the 15.3 kbp human DNA 

construct prepared in two different ways: from the genomic DNA from cheek cells 

versus from the BAC clone. The sets of force extension curves for these two samples 

fall closely on top of each other as seen in Fig. 2.5. The mean extension for the 

construct produced using genomic DNA was <x>=5040 nm with a standard deviation 

of σ=29 nm, while for the construct produced from the BAC clone (measured ~1 

month later) we obtained <x>=5080, σ=47 nm. This correspondence suggests that the 

two constructs are the same, at least to within tens of nm, and is consistent with our 

estimate of ~10 nm/week long-term instrumental drift. 

Next we sought to check that the molecules were behaving in a manner 

consistent with the targeted construct lengths. The elasticity of DNA molecules has 

been shown to agree with the behavior predicted by the Worm-Like Chain (WLC) 

model (4,17,33-35). In this model, the fractional extension of a molecule (defined as 

the end-to-end distance divided by the contour length) is a universal function of the 
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applied force. The extension of molecules of different contour lengths at a given force 

is therefore expected to be proportional to the contour length (36). To confirm that this 

was true for all of our DNA constructs we compared the ratios of average molecular 

extensions measured at 25 pN to the ratios of number of basepairs of the constructs. 

We chose to calculate ratios instead of absolute values because such ratios should 

depend only on the relative lengths of the constructs and should therefore be 

independent of instrument calibration. As shown in Fig. 2.7, there is excellent 

agreement between the measured and predicted ratios. The average deviation from the 

expected ratio is only 0.3% and the largest deviation is only 2%. Furthermore, when 

force is plotted versus fractional extension, all of the data sets collapse quite well onto 

a single curve, as predicted by the WLC model (Fig. 2.8). These results confirm that 

our method of preparing and tethering DNA sequences yields optical tweezers 

measurements that are highly repeatable and consistent with the targeted sequences.  

It is known that on short length scales (~10-100 bp) different DNA sequences 

may have dramatically different conformations and bending and torsional rigidities 

(15,16). For example, significant bending occurs when A-T tracts are repeated in 

phase with the helical pitch of the DNA (37). However, the optical tweezers 

measurements described here probe the global elasticity of long DNA molecules 

containing tens of thousands of basepairs. Two long, random DNA sequences with 

equal GC-AT content would not have different global elastic properties because local 

variations in compliance would be expected to average out over the lengths of the 

molecules. The constructs measured here are not purely random sequences, but they 

have fairly balanced GC versus AT content (ranging from ~42.4 to 50.8%). To within 
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our measurement precision, we find that these different sequences exhibit the same 

elasticity. In future studies, following further improvements in instrument resolution, it 

may be of interest to compare elasticity measurements for sequences with highly 

skewed GC-AT content, or for sequences having long stretches of repeated DNA 

bending motifs. 

2.4.4  Attachment Strength 

When a tension greater than ~10-20 pN is applied to a single DNA tether we 

find that it usually unbinds from the microspheres in less than a minute. Molecules can 

sometimes be stretched to the overstretching transition point at ~65 pN, but at this 

force level the link usually breaks in less than a second. In cases where it is of interest 

to study protein-DNA interactions under high force, this unbinding may interfere with 

measurements. However, many experiments do not require application of such high 

forces for extended periods. As previous work has shown that DNA tethered via 

biotin-streptavidin can be stretched to forces above 65 pN for up to several minutes, 

we attribute the weakness of our linkage to rupture of the DIG-anti-DIG bond (4). 

While connecting each end of the DNA via biotin-streptavidin provides a strong 

linkage, it has the major disadvantage that both ends of the DNA are highly likely to 

bind to the same microsphere when tethering the DNA as we have described. This 

problem may be avoided by tethering the DNA in a flow, but this requires one to flow 

a solution of free DNA molecules into the chamber, which is often inconvenient. In 

any case, the DIG-anti-DIG link usually provides a sufficiently strong linkage for 

many protein-DNA interaction experiments to be carried out. A stronger method of 
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attachment, in which an amino-carboxyl linkage is substituted for DIG-anti-DIG, is 

also described below. 

We characterized the strength of the DIG-anti-DIG link by sharply ramping the 

force to a certain value and measuring the time it took for the tether to break. This 

measurement was repeated on an ensemble of 10.1 kbp λ molecules at each force to 

determine the distribution of unbinding times (Fig. 2.9). As the unbinding events are 

rare thermally activated events, the time intervals for unbinding are expected to follow 

an exponential distribution P(t) ~ exp(-t/τ). Indeed, each of our distributions was well 

fit by this distribution, yielding a characteristic lifetime τ at each force. The fitted 

values of τ were 6.3 ±  2.0 s, 3.8 ± 0.7 s, 2.9 ± 0.3 s, and 2.0 ± 0.1 s at F=30, 40, 50, 

and 60 pN, respectively. 

2.4.5  Stronger Attachment via an Amino-Carboxyl Linkage 

To obtain a stronger DNA tether we also conducted trials substituting an 

amino-carboxyl linkage (an amide bond) for the weaker DIG-anti-DIG bond (38). In 

this case, the DNA was first attached via an amino labeled end to a carboxyl 

functionalized microsphere in a bulk reaction, and then tethered by the biotin end to a 

streptavidin coated microsphere in the optical tweezers.  This methodology worked 

with similar efficiency as the DIG/biotin DNA tethering.  Both single-amino labeled 

and triple-amino labeled molecules worked well.  We found that such a linkage could 

sustain much higher forces for long lengths of time. Since a covalent amide bond is 

stronger than the biotin-streptavidin linkage, we believe that the strength of the tether 

is limited by the streptavidin-biotin link in this case. Molecules tethered in this manner 

could be reliably stretched multiple times past the overstretching transition at ~65 pN 
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to ~85 pN, the maximum force that our optical tweezers could exert before the 

microsphere escaped from the trap. A molecule could also be held at a force of ~80 pN 

for up to several minutes without detaching, whereas a molecule tethered by DIG 

could rarely be stretched past the overstretch point without detaching.  
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Table 2.1. List of DNA sequence targets that were tested along with selected 
properties and PCR primers used. 
 

Organism  Size 
(bp) 

Genes Source Primers, fwd & rev (5’→3’) %GC 

λ Phage  
(virus) 

10,051 p9-p20 NEB ctgatgagttcgtgtccgtacaactggcgtaatc 
atacgctgtattcagcaacaccgtcaggaacacg 

57.6 

Drosophila  
(insect) 

14,001 acf1, 
CG2118 

embryo gcctgacaatgagaacggtgtggacaggtg 
atctggcggctggaaggagtggactgtgag 

45.6 

Human 15,138 tpa cheek 
cells 

gtctgaagatatagggacctgatgatcc 
ccaacaatgaagtataatgactggaatacc 

49.2 

Human 15,138 tpa BAC 
clone 

gtctgaagatatagggacctgatgatcc 
ccaacaatgaagtataatgactggaatacc 

49.2 

Arabidopsis  
(plant) 

20,527 At1g15170, 
At1g15230 

young 
leaves 

gtctgaagatatagggacctgatgatcc 
ccaacaatgaagtataatgactggaatacc 

40.7 

E. coli 
(bacteria) 

25,340 topA-sapA liquid 
culture 

aaagagtgccgactctacctccaccaag 
ggaagttagagaaagaagatcgccaggag 

49.6 

λ Phage 
(virus) 

40,368 p9-p78 NEB ctgatgagttcgtgtccgtacaactggcgtaatc 
taatgcaaactacgcgccctcgtatcacatgg 

48.9 

 
 

Table2. 2. PCR parameters used for each construct. 
 

PCR 
parameters 

λ 10 kb Drosophila Human Arabidopsis E. Coli λ 40 kb 

Quantity of 
template DNA 
(ng)  

20 250 170 
(genomic) 
4 (BAC) 

120 300 20 

Initial 
Denaturation 

93°/3:00 93°/3:00 93°/3:00 93°/3:00 93°/3:00 93°/3:00 

# of cycles 
constant 

10 10 10 10 10 10 

Denaturation 93°/0:15 93°/0:15 93°/0:15 93°/0:15 93°/0:15 93°/0:15 
Anneal/ 
Extension 

62°/0:30 
68°/8:00 

68°/16:00 68°/16:00 62°/0:30 
68°/17:00 

68°/27:00 68°/21:00 

# of cycles 
ramping 

20 17 17 27 22 10 

Denaturation 93°/0:15 93°/0:15 93°/0:15 93°/0:15 93°/0:15 93°/0:15 
Anneal/ 
Extension 

62°/0:30 
68°/8:00 

68°/11:00 68°/11:00 62°/0:30 
68°/17:00 

68°/21:00 68°/27:00 

Increase per 
cycle 

+0:20 +0:20 +0:20 +0:20 +0:20 +0:20 
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Figure 2.1. Schematic diagram of the DNA tether. Biotin (“b”) and DIG (“D”) 5’ 
labeled primers are used in PCR to generate labeled dsDNA. This DNA is tethered 
between streptavidin (“SA”) and anti-DIG (“AD”) coated microspheres held in dual 
optical tweezers (focused laser beams indicated by dashed lines). 
 
 
 
  
 

 
Figure 2.2. Agarose gel electrophoresis of the PCR products. (a) λ, 10.1 kbp, (b) 
Drosophila, 14 kbp, (c) Human, 15.1 kbp from genomic DNA, (d) Human, 15.1 kbp 
from BAC DNA, (e) Arabidopsis, 20.5 kbp, (f) E. coli, 25.3 kbp, (g) λ, 40.4 kbp. Each 
product (right lane of each pair) is compared against λ-HindIII size markers (left lane 
of each pair). Note that the 40 kbp construct runs with nearly the same mobility as the 
27.5 kbp marker as DC agarose gel electrophoresis does not separate fragments >30 
kbp very well.  The material in the loading well in (g) is most likely circularized full-
length λ DNA. 
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Figure 2.3. Efficiency of DNA tethering following 30 min. incubation with 
streptavidin microspheres versus stoichiometry. Black, light gray, and dark gray bars 
indicate percentages of trials that yielded zero, one, or multiple DNA tethers, 
respectively. 
 
 
 
 
 

 
Figure 2.4. Efficiency of DNA tethering in the microfluidic chamber. (A) Dependence 
on NaCl concentration.  (B) Dependence on pH.   Black, light gray, and dark gray bars 
indicate percentages of trials that yielded zero, one, or multiple DNA tethers, 
respectively. 
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Figure 2.5. Force-extension data sets recorded for six different DNA constructs. For 
each construct a small ensemble (indicated by the number, n) of independent 
measurements were made. The two data sets for the human DNA construct, from 
genomic and BAC DNA, are not separately visible due to their near perfect overlap. 
Note that although the Arabidopsis construct was successfully tethered a full ensemble 
of data was not recorded. 
 
 
 
 
 

 
Figure 2.6. Histogram of measured extensions at 25 pN for 57 different tethered 
molecules of the E. coli 25.3 kbp sequence. These measurements were made over the 
course of about one month.  
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Figure 2.7. Measured ratios of DNA extensions at 25 pN plotted versus the expected 
ratios of lengths of the targeted DNA sequences assuming a contour length of 0.34 
nm/bp. The line has a slope of one. The mean deviation from the expected ratios was 
0.3% and the maximum deviation was 2%.   
 
 

 
Figure 2.8. Force plotted versus fractional extension (extension divided by expected 
contour length) for the DNA constructs. Plot symbols are: filled circles, λ phage 10.1 
kbp; open squares, Drosophila 14.0 kbp; filled triangles, human 15.1 kbp; open 
triangles, BAC/human 15.1 kbp; filled diamonds, E. coli 25.3 kbp; open hexagons, λ 
phage 40.4 kbp.  
 
 
 
 

Length Ratio 
in Basepairs

0 1 2 3 4

M
ea

su
re

d 
E

xt
en

si
on

R
at

io
, F

=2
5 

pN

0

1

2

3

4

Fractional Extension
0.4 0.6 0.8 1.0

Fo
rc

e 
(p

N
)

0

5

10

15

20

25

30



 39

 
Figure 2.9. Histograms of unbinding times of a tethered DNA held at 30, 40, 50, and 
60 pN.  Each data set was fit by a decaying exponential of the form P(t)=exp(-koff t), 
where P(t) is the probability of dissociation and koff is a dissociation rate.  
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Chapter 3 
 

Ionic Effects on Viral DNA Packaging and Portal 
 Motor Function in Bacteriophage φ29 

 
 

3.1  Abstract 

In many viruses, DNA is confined at such high density that its bending rigidity 

and electrostatic self-repulsion present a strong energy barrier in viral assembly.  

Therefore, a powerful molecular motor is needed to package the DNA into the viral 

capsid.  Here, we investigate the role of electrostatic repulsion on single DNA 

packaging dynamics in bacteriophage φ29 via optical tweezers measurements.  We 

show that ionic screening strongly affects the packing forces, confirming the 

importance of electrostatic repulsion.  Separately, we find that ions affect the motor 

function.  We separate these effects though constant force measurements and velocity 

versus load measurements at both low and high capsid filling.  Regarding motor 

function, we find that eliminating free Mg2+ blocks initiation of packaging.  In 

contrast, Na+ is not required, but it increases the motor velocity by up to 50% at low 

load.  Regarding internal resistance, we find that the internal force was lowest when 

Mg2+ was the dominant ion or with the addition of 1 mM Co3+.  Forces resisting DNA 

confinement were up to ~80% higher with Na+ as the dominant counterion and only 

~90% of the genome length could be packaged in this condition.  The observed trend 

of the packing forces is in accord with that predicted by DNA charge screening theory.  

However, the forces are up to six times higher than predicted by models that assume 

coaxial spooling of the DNA and interaction potentials derived from DNA 
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condensation experiments.  The forces are also several-fold higher than ejection forces 

measured with bacteriophage λ. 

3.2  Introduction 

During the assembly of many dsDNA viruses, the genome is compacted to 

near-crystalline density (1).  Since the size of viral capsids is on the order of the 

persistence length of the DNA (~50 nm), significant DNA bending must occur during 

DNA packaging (2-7).  Moreover, since the phosphate backbone of DNA is negatively 

charged, a large repulsive electrostatic barrier must be overcome during DNA 

confinement (2-7).  In some cases more than half of the physically available space 

inside the capsid is taken up by the viral genome (1, 7). 

In the case of bacteriophage φ29, the 19.3 kbp genome (~6.5 µm in length) is 

packed inside a prolate icosahedral capsid approximately 45 nm wide and 54 nm long 

(8).  As with many other dsDNA viruses, DNA is translocated into the preformed 

precursor capsid (prohead) by an ATP-powered molecular motor (9-11).  The φ29 

motor is situated at a unique vertex of the prohead and consists of a ring of RNA 

molecules (pRNA) sandwiched between two protein rings: the head-tail connector 

(gene product 10, gp10) and the packaging ATPase (gp16) (12).   

Previously, we developed an optical tweezers assay that allowed us to measure 

the packaging of a single DNA molecule into a single φ29 prohead (9).  We found that 

the rate of packaging decreased during capsid filling or when an external force was 

applied to the DNA substrate.  From these measurements, we showed that a large 

internal force builds during packaging due to DNA confinement, and that the motor 

needs to generate high forces in order to successfully package its entire genome.  We 
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suggested that the internal force that builds during packaging could facilitate the 

ejection of the DNA that occurs when the virus infects a host cell.  

Many investigators have worked on theoretical modeling of viral DNA 

packaging.  Building on earlier work by Riemer and Bloomfield (2) and Odijk (3), 

Kindt et al. (4), Tzlil et al. (5), and Purohit et al. (6, 7) used analytical theory to 

predict the forces involved in packaging.  In a coarse-grained Brownian dynamics 

simulation using a harmonic bending potential and Lennard-Jones (attractive-

repulsive) interaction potential, Kindt et al. observed spontaneous arrangement of the 

DNA into a toroidal structure, which expanded into spool-like structure toward the 

latter stages of packaging.  Kindt et al. and Tzlil et al. performed complementary 

analytical calculations that assumed local hexagonal order and uniaxial symmetry, and 

allowed for arbitrary cross-sectional shapes of the packed DNA, as determined by 

energy functional minimization (4, 5).  They predicted forces resisting packaging on 

the order of tens of piconewtons for bacteriophage λ.  Purohit et al. made similar 

calculations for the case of several different viruses (capsid geometries) where the 

DNA strands were assumed to be packed in a hexagonal lattice that forms an inverse 

spool coaxial to the portal channel (6, 7).  Cryo-EM reconstructions of some phages 

suggest that the DNA is at least partially organized in a coaxial spool (13-17), 

although the degree of order towards the interior (away from the capsid wall) remains 

unclear.  X-ray diffraction studies of phages have consistently revealed short-range 

interaxial DNA separations of 2-3 nm (1).  Several recent theoretical models (4-7) 

have used empirical DNA-DNA interaction potentials deduced from x-ray diffraction 
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measurements on DNA condensed in solution by polyethylene glycol (18, 19), or by 

fitting the model to our previous optical tweezers data (7). 

The inverse spool model is very useful for comparison with experimental data 

as the parameters may be fixed according to independently measured quantities, and 

the internal force may be quickly calculated for a given set of parameters.  A 

significant dependence of the packaging forces on ionic conditions and on the type of 

phage (i.e., capsid volume, shape, and genome length) is predicted (7).  For example, 

in equivalent ionic conditions, bacteriophage λ is predicted to have substantially 

greater internal force than φ29 (6).  However, recent studies of bacteriophage λ find 

that DNA ejection can be inhibited by applying osmotic pressure (20), permitting an 

estimate of the maximum internal force of ~20 pN (21, 22).  Rather than being higher, 

this force is at least three-fold lower than the maximum internal force in φ29 (9).  

However, the ionic conditions used in these studies were different.  It is possible that 

the lower forces measured with λ could be due to the ionic screening being higher in 

those experiments. 

It is well known that cations bind to DNA in solution and lower its effective 

charge density (23).  DNA condensation studies indicate that the inter-strand repulsion 

varies significantly with a change in valence of the cation screening the DNA (18, 19).  

Therefore, we expect that if we change the ionic environment, we will modulate the 

internal electrostatic forces.  If electrostatic repulsion is indeed the largest contributing 

factor to the internal force, as predicted theoretically (2), a small change in this 

screening should have a significant effect on the forces resisting DNA compaction.  
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Here, we investigate such effects through measurements of single DNA packaging 

dynamics with optical tweezers. 

3.3  Results and Discussion 

3.3.1  Optical Tweezers Measurements 

The packaging of single DNA molecules into single φ29 proheads was 

measured using a new approach that allows the entire process to be measured from 

initiation to completion with improved accuracy.  This approach was essential for 

quantifying differences in varying ionic conditions.  DNA packaging was initiated 

dynamically during the optical tweezers measurement using a DNA substrate lacking 

the φ29 terminal protein, gp3.  We recently found that the φ29 terminal protein gp3 

causes variability in the measured DNA lengths in the optical tweezers, most likely 

due to gp3-induced DNA looping, which interferes with accurate determination of the 

amount of DNA packaged (24).  Here we also use a dual optical tweezers system that 

provides more accurate tether length determination compared with the single-

trap/pipette system used previously (25).  Pre-assembled prohead-gp16 motor 

complexes were attached to antibody-coated microspheres, and biotin-tagged DNA 

molecules were tethered to streptavidin-coated microspheres.  Each type of 

microsphere was captured in a separate optical trap, and packaging was initiated by 

bringing them into near contact in the presence of ATP (Fig. 3.1).  

Two measurement modes were used.   In the first, a constant load (“force-

clamp”) was applied to keep tension on the DNA tether by using a feedback system to 

control the separation between the two traps, permitting DNA translocation to be 

tracked continuously throughout the process of packaging.  These measurements yield 
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data on the rate of packaging (motor velocity) versus length of DNA packaged (capsid 

filling).  A force clamp of 5 pN was used because it keeps the DNA extended to 

facilitate accurate measurement of the DNA length while minimally perturbing the 

motor (9, 10).  In the second method, the trap positions were fixed and the motor 

worked against a steadily building DNA tension, yielding data on the velocity versus 

load relationship.  Data from these two types of measurements are then compared to 

infer the internal force resisting DNA confinement as a function of capsid filling. 

3.3.2  Conditions that Support Initiation and Packaging 

Divalent cations have a greater potential for screening than monovalent 

cations, and when multiple ions are present, ion species compete to screen the DNA 

(26).  We sought to explore the widest range of screening conditions in which we 

could measure packaging (Table 3.1).  We started with the standard packaging buffer 

used in many previous in vitro studies: 25 mM Tris-HCl (pH 7.8), 50 mM NaCl, and 5 

mM MgCl2 (12).  In this buffer both the Na+ and Mg2+ ions contribute to screening.  

To achieve lower screening (higher net DNA charge), we attempted to reduce Mg2+ to 

zero, but found that a minimum of ~1 mM free Mg2+ (aside from that complexed with 

ATP) was needed for packaging initiation.  Therefore, to achieve our lowest screening 

(highest net charge) we used 1 mM Mg2+ plus 100 mM Na+, such that Na+ would be 

the dominant counterion (Table 3.1).  To achieve higher screening (lower net DNA 

charge), Na+ was eliminated, and Mg2+ was increased up to 30 mM to ensure that it 

would be the dominant ion screening the DNA (Table 3.1).  In addition, the effect of 

adding 1 mM Co3+ (from cobalt hexamine), a stronger screening agent, to the standard 

packaging buffer was studied. Higher concentrations of Co3+ were not used as these 
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induce DNA condensation (27), which interfere with our method of initiating 

packaging. 

3.3.3  Effect of Ions on Motor Function 

We characterized the dependence of the motor velocity on load using the fixed 

trap separation mode (Fig. 3.2).  Measurements up to ~40 pN were made at low capsid 

filling, where internal force contributes little to the total force.  Above 40 pN, DNA 

tether failure occurs frequently. To access higher forces we made additional 

measurements with complexes at ~70-80% filling, where internal force contributes 

substantially to the net force on the motor.  The overall trend of decreasing velocity 

with increasing load was similar in each ionic condition, but differences in the 

magnitudes of the velocities and shapes of the curves were observed.  We find that as 

Na+ increases, the initial motor velocity increases.  At low load and low capsid filling 

the highest speed (170 bp/s) was measured in the buffer containing 100 mM Na+, 

whereas the lowest speed (114 bp/s) was observed with 0 mM Na+ and 5 mM Mg2+. 

Our finding that free Mg2+ (aside from that bound in Mg2+-ATP) is required for 

initiation of packaging, suggests that Mg2+ is a cofactor for motor function, as is the 

case with many DNA directed enzymes including polymerases, helicases, and 

endonucleases (28).  In contrast, Na+ is not required, but its presence increases the 

motor velocity.  Some models for motor function have proposed that electrostatic 

interactions between charged residues in the motor and the negatively charged DNA 

may be responsible for DNA translocation (29).  However, our data is not completely 

consistent with this idea.  While higher motor velocity was observed with Na+ 

screening (highest DNA charge) than with Mg2+ screening (lower DNA charge), 
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higher velocity was also recorded with added Co3+ (lower DNA charge than with Na+).  

These results suggest that there is a direct effect of cations on the structure (30) and 

performance of the motor complex, rather than just a modulation of the DNA-motor 

electrostatic interactions. 

3.3.4  Dependence of the Packaging Rate on Capsid Filling 

Velocity versus filling plots obtained in different ionic conditions are shown in 

Fig. 3.3A.  In each condition the velocity decreases monotonically with filling.  

However, the magnitudes of the initial velocities varied, and there were qualitative 

differences in the shape of the curves.  In particular, in the three higher screening 

conditions a plateau was observed in which the velocity decreased minimally for 

fillings up to ~30%.  In contrast, in the three conditions with lower screening no such 

plateau was observed.  In all cases, a sharp drop in the velocity was observed above 

~50% filling, and in all but one condition the velocity converged towards zero at 

~100% genome length packaged.  The exception was in the high Na+ buffer (with 

highest net DNA charge), where the velocity approached zero at ~90% filling, 

indicating that packaging would not proceed to completion under this condition.  The 

velocity in the standard packaging buffer at low filling is higher than reported earlier 

(9).  This is attributable to the fact that velocity decreases with filling and, as discussed 

above, we measure at lower filling and with improved accuracy in the present work. 

There is no simple trend of increasing absolute packaging rate with increasing 

ionic screening, as would be expected if screening of internal DNA packing forces 

were the only factor governing the packaging rate.  This lack of a simple trend is due 

to the fact that ions affect the motor function, as discussed in the previous section.  
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When the velocities are normalized by their maximum values at low filling, the plots 

are distributed in accord with the expected trend of ionic screening over most of the 

range of capsid fillings (Fig. 3.3B and Table 3.1).   

3.3.5  Internal Forces Resisting DNA Confinement 

We deduce the dependence of the internal force on capsid filling by correlating 

velocity versus force and velocity versus filling datasets measured under identical 

ionic conditions (Figs. 3.2 and 3.3), as shown in Fig. 3.4.  This analysis allows us to 

isolate the effect of ions on packing forces from their effect on motor function. 

Qualitatively the magnitude of the internal force across the entire range of fillings 

follows the expected trend with ionic screening (Table 3.1).  The highest forces were 

measured with Na+ as the dominant counterion, and considerably lower forces were 

measured with Mg2+ dominant.  Similar trends have recently been found in studies of 

DNA ejection from bacteriophage λ.  Bulk experiments using osmotic pressure to 

inhibit ejection find shorter lengths of DNA ejected with Mg2+ as the dominant ion 

compared with Na+, implying lower internal pressure (personal communication, A. 

Evilevitch, C. Knobler, W. Gelbart), and fluorescence imaging experiments find 

slower ejection rates with Mg2+ than with Na+ (unpublished manuscript, P. Grayson, L. 

Han, T. Winther, R. Phillips). 

In our experiments, reduced internal forces similar to those with high Mg2+ 

were also observed with 1 mM Co3+ added to the standard buffer, thus illustrating that 

trivalent cations can screen the DNA very effectively, even when in competition with 

higher concentration mono- and divalent cations.  We also observed qualitative 

differences in the shape of the force versus filling curves dependent on ionic 
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conditions.  In particular, a plateau of near-zero internal force is observed during the 

first one-third of packaging with the high Mg2+ and Co3+ buffers, but not with the 

lower-screening buffers.  Such a plateau is in qualitative accord with the predictions of 

the coaxial spool model (7).  In all conditions, the internal force rose sharply with 

capsid filling to >60 pN.  In the high Na+ and standard buffers, the force clearly 

extrapolates to >100 pN with the full φ29 genome-length of DNA packaged. 

3.3.6  Comparisons with Theory 

DNA packaging forces have been calculated theoretically for the specific case 

of bacteriophage φ29, and we can directly compare our findings with these predictions 

(6, 7).  This model assumes that the DNA is spooled in a hexagonal array circling 

about the long axis of the capsid.  The capsid was modeled as a cylinder capped by 

two hemispheres, and the capsid volume was estimated from cryo-EM 3D 

reconstructions (7, 8).  The free energy required to package the DNA was calculated 

considering an elastic bending term, treating the DNA as a worm-like chain with a 50 

nm persistence length, and a DNA-DNA interaction potential.  The assumed form of 

the interaction potential Gint was derived empirically from experiments in which DNA 

segments were condensed into hexagonally packed bundles in solution by applied 

osmotic pressure, accounting for electrostatic interactions, ionic screening, entropic 

effects, and hydration effects (4, 7, 18, 19).  Specifically, 

( ) ( )cdLcdcF ss −+= exp3G 2
0int , where ds is the interaxial spacing between the DNA 

strands, L is the total DNA length, and c and F0 are constants determined from the 

condensation experiments (dependent on ionic conditions)(18, 19).  The total free 

energy was then minimized by varying ds given a certain DNA length confined in the 
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capsid, and the internal resisting force was calculated as the derivative of the energy 

with respect to length of DNA packaged (7).  This model thus makes the additional 

simplifying assumption that the DNA conformation equilibrates to the minimum 

energy state at all time points during packaging and that there is no energy dissipation 

due to friction. 

The results of these calculations are in qualitative agreement with our 

experimental findings in that the internal force rises sharply at the final stages of 

filling, and the magnitude increases with decreasing ionic screening.  However, the 

agreement between experiment and this theory is not quantitative.  In our high Na+ 

buffer, where Na+ is the dominant ion screening the DNA, we find an internal force of 

~72 pN at 85% filling, extrapolating to >100 pN at 100% filling.  By comparison, 

using values of c=0.35 nm and F0 = 1.7 × 104 pN/nm2 appropriate for the case of 50 

mM Na+, the model predicts internal force of ~50 pN at 100% filling.  This value is 

also lower than the ~65 pN we find at 90% filling with 50 mM Na+ and 5 mM Mg2+, a 

higher screening condition than 50 mM Na+ alone.  An even greater difference is 

found when Mg2+ is the dominant screening counterion.  Using c=0.30 nm and F0 = 

1.2 × 104 pN/nm2 appropriate for 25 mM Mg2+, the model predicts internal forces of 

~2, ~5, and ~10 pN at capsid fillings of 50%, 75%, and 95% respectively (personal 

communication, P.K. Purohit), whereas we find ~4, ~25, and ~65 pN, respectively, in 

our high Mg2+ buffer.   

Several factors may potentially contribute to the discrepancy between the 

experiments and theory.  First, the DNA in φ29 may not be packaged as a coaxial 

spool, as the theoretical model assumes, and the conformation may also be different 
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than that in phage λ.   The model predicts different internal forces for different 

bacteriophages, dependent upon capsid size, shape, and genome length (7).  A 

maximum internal force of ~20 pN in 10 mM MgCl2 has been reported for phage λ 

based on experiments in which osmotic pressure was used to inhibit DNA ejection 

(21), and this finding is in good agreement with the model predictions (7).  However, 

in equivalent ionic conditions (50 mM Na+, 5 mM Mg2+), the model predicts a 40% 

higher maximum internal force with phage λ than with φ29 (7), whereas we find 

higher internal forces with φ29.  Specifically, in our high Mg+ buffer, we find ~65 pN 

at 95% filling, extrapolating to >80 pN at 100% filling.  As this measurement was 

done with an equivalent or higher-screening condition (30 mM Mg2+) than that used in 

the phage λ DNA ejection measurements (10 mM Mg2+), the difference is not 

attributable to differences in electrostatic screening. 

Recent cryo-electron microscopy 3D reconstructions of P22 and epsilon15 

virions (15-17) indicate at least partial spooling of the DNA around the portal axis; 

however, similar reconstructions of φ29 do not appear to indicate such coaxial 

organization, especially in the early stages of packaging (L. Comolli et al., 

unpublished manuscript).  In addition, several molecular dynamic simulations of 

packaging do not observe spontaneous DNA spooling (4, 31-35).  A tendency for 

coaxial spooling was primarily observed in simulations which assumed an attractive 

DNA-DNA potential, as would only be found with DNA condensing polyamines 

present (4), and in simulations that assumed an internal protein spindle inside the 

capsid, as occurs in phage T7 (34).  According to several recent dynamic simulations 
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differences in DNA organization may occur because of differences in shape (33), rate 

of DNA packaging (34), and level of DNA twisting (32).  Besides DNA conformation, 

another potential cause for discrepancies is uncertainty in the estimated capsid 

volumes, which could have a significant effect on the calculated force, particularly at 

high filling (7).  A ~5% overestimate in the determination of the linear dimensions of 

the capsid by cryo-electron microscopy would lead to as much as a factor of two 

underestimate in the calculated internal force in the Mg2+ screening case (7, 22) 

(personal communication, Paul Grayson). 

Second, energy dissipation may occur during packaging, such that the 

measured work done is higher than the gain in potential energy.  This may explain our 

finding of a higher internal force than predicted and found for DNA ejection in λ. (7, 

21).  Gabashvili and Grosberg (36) and Odijk (37) have suggested that there may be 

significant friction between DNA segments inside the capsid when such segments are 

moving during packaging and ejection. However, quantitative predictions for such 

friction have not been presented.  Observations of occasional, rapid slipping during 

φ29 DNA packaging (9), and of DNA ejection from bacteriophages T5 (38) and 

λ (unpublished manuscript, P. Grayson, L. Han, T. Winther, R. Phillips), at rates at 

least two orders of magnitude faster than the rate of packaging suggest that the friction 

may be negligible. 

Finally, another possible reason for the discrepancy could be that the DNA-

DNA interaction potentials used in theoretical calculations may not be universally 

applicable in describing the DNA packaged in all types of phages in all ionic 

environments.  The potentials used were derived empirically from experiments in 
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which straight DNA segments were condensed into hexagonally packed bundles in 

solution by applied osmotic pressure (18, 19).  While the theoretical models of phage 

DNA packaging referred to above explicitly include bending energy, it is possible that 

bent DNA segments would not obey exactly the same interaction potentials as straight 

ones (although this may be a small correction if the bending occurs on a scale much 

larger than the interaction distance).  In addition, the dynamic conformation adopted 

by the DNA during rapid packaging may not be exactly equal to the equilibrated free-

energy minimum conformation.  Recent studies of DNA knotting in phage P4 suggest 

that the DNA can rearrange after packaging (39) and recent molecular dynamics 

simulations confirm this notion and indicate that ejection forces are lower than 

packaging forces if the DNA is given time to relax before it is ejected (33).  Such 

effects may contribute to our finding of a higher internal force than predicted 

theoretically and a higher internal force during packaging with phage φ29 than that 

found driving ejection in phage λ.  

3.4  Conclusions 

We report significant effects of ionic screening on DNA packaging in φ29, 

thus quantifying the importance of electrostatic repulsion during this process.  Ions 

were shown to affect both the physics of DNA confinement and the function of the 

packaging motor.  These effects were dissected by means of velocity versus filling and 

velocity versus force measurements in varying ionic conditions.  We show that ionic 

effects cannot account for the higher internal forces measured with phage φ29 than 

measured during ejection with phage λ.  Internal forces opposing DNA confinement in 
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φ29 were found to build sharply with increasing filling and decrease in accord with the 

expected trend of increasing ionic screening.  However, the magnitudes of these forces 

are substantially higher than predicted by current theories. 

3.5  Materials and Methods 

3.5.1  Sample Preparation 

Bacteriophage φ29 components including proheads and gp16 were purified as 

described previously (40).  A 25,340 basepair dsDNA construct labeled at one end 

with biotin was prepared as described (25).  As the presence of the φ29 DNA terminal 

protein (gp3) causes large inaccuracy in measuring the packaged DNA length (24), we 

used a non-gp3 DNA construct in the present work to ensure accurate measurement of 

capsid filling.  2 µg of proheads were mixed with 0.25 µg of gp16 in 10 µl of 0.5x 

TMS buffer (25 mM Tris-HCl buffer (pH 7.8), 50 mM NaCl, 5 mM MgCl2) and 

incubated for 2 min.  γS-ATP (Roche Applied Science) was then added to a final 

concentration of 0.4 mM , and the sample was incubated for 45 min at room 

temperature. 

Streptavidin-coated microspheres (2.1 µm diameter, 0.5% w/v, Spherotech) 

and protein G-coated microspheres (2.1 µm diameter, 0.5% w/v, Spherotech) were 

washed in phosphate buffered saline.  DNA was tethered to the streptavidin 

microspheres, and anti-phage antibodies were attached to the protein G microspheres 

as described previously(9, 25).  2 µl of microspheres were added to 4.5 µl of the 

prohead complexes and incubated for 45 min.  Packaging measurements were carried 

out in the buffers listed in Table 3.1 supplemented with 0.5 mM ATP.  Experiments 
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showed that use of a higher concentration of ATP did not increase the rate of 

packaging, thus indicating that we are operating in the limit of saturating ATP (10). 

3.5.2  Optical Tweezers Measurements 

The dual-trap apparatus consists of a diode-pumped solid-state Nd:YAG laser 

(CrystaLaser) split into two orthogonally polarized beams and focused by a water-

immersion microscope objective (Olympus, Plan Apochromat, 1.2 NA).  One beam 

was steered by use of an acousto-optic deflector (Intraaction).  The exiting beams 

were collected by an identical objective, and the deflections of the fixed beam were 

measured by imaging the back focal plane of the objective onto a position-sensing 

detector (On-Trak).  Measurements were done at ~23°C.  The instrument was 

calibrated by stretching DNA molecules, as described (41).  Force-clamp 

measurements were made with a feedback loop running at 50 Hz to control the trap 

position. 

3.5.3  Data Analysis 

The tether length was computed from the measured extension and force versus 

fractional extension relationship measured separately in each experimental condition.  

Force-velocity measurements at F < 45 pN were made in the fixed trap position mode 

at low capsid filling (~20-30%) and those at F > 45 pN at high capsid filling (~70-

80%) where internal force contributed significantly to the total force.  The 

contribution of internal force was determined using the measured velocity-filling 

relationship and low-force portion of the measured force-velocity relationship.  The 

force-velocity datasets were also corrected to account for the internal force and small 

change in amount of packaged DNA (from ~20% to 30%) during the measurement.  
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This correction was small (<5%) and did not affect the overall trend of the internal 

force with ionic screening.  Velocities were calculated by linear fitting in a 1 s sliding 

window and averaged over all complexes in 5 pN force bins or 5% filling bins.  The 

smoothed lines in Fig. 3.3 were obtained by negative-exponential filtering the raw 

(un-binned) velocity measurements for all complexes in 100 intervals with a 5% 

sampling proportion (Sigmaplot 6.0, SPSS, Inc.).  Large pauses (V < 10 bp/s for >2 s) 

that would significantly skew the velocity measured with a given complex at a 

particular force or filling point, were removed prior to calculating the mean.  The 

formula used to fit the velocity vs. force data in Fig. 3.2 is v = 1/(a+b*exp(c*F)), 

where a, b, and c are fit parameters, as shown to be suitable in Ref. (10).  We used this 

fit as an interpolation formula to calculate the force corresponding to each velocity 

measured in the velocity-filling data, in order to calculate internal force.  Errors were 

estimated using 95% confidence intervals in the fit using the curve fitting toolbox in 

Matlab (Mathworks, Inc.). 
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Table 3.1.  Ionic conditions studied and motor velocity. 
 

Condition [Na+] 

(mM) 

[Mg2+] 

(mM) 

[Co3+] 

(mM) 

% screening of 

DNA charge* 

Ave velocity 

(bp/s)& 

High Na+ 100 1 0 80.4 170 ± 4 

Standard 50 5 0 84.9 145 ± 5 

High Na+ and Mg2+ 50 50 0 88.2 149 ± 4 

Moderate Mg2+ 0 5 0 88.2 114 ± 5 

High Mg2+ 0 30 0 88.6 141 ± 4 

Standard + Co3+ 50 5 1 90.7 165 ± 4 
* Calculated according to the modified Manning two-species counterion competition 

theory (24).  The monovalent ions were neglected in the Co3+ calculation, such that the 

figure is an upper bound.  Each solution also contained 25 mM Tris-HCl (pH 7.6), 

except for the Moderate and High Mg2+ solutions where Tris-HCl was lowered to 1 

mM so as to minimize potential competition between Tris+ and Mg2+. 
& In the limit of zero capsid filling with 5 pN of applied load. 
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Figure 3.1.  Schematic illustration of the experiment.  Prohead-motor complexes were 
attached to antibody-coated microspheres, and captured in one optical trap (bottom 
left).  Biotinylated DNA molecules were tethered to streptavidin coated microspheres 
and captured in a second optical trap (top left).  The bottom trap was moved with 
respect to the top one while measuring the DNA tension.  To initiate packaging, the 
microspheres were brought into near contact for ~1 s (middle) and then quickly 
separated to probe for DNA binding and translocation (right). 
 
 

 
Figure 3.2.  Dependence of the average motor velocity on load force was determined 
from measurements on N = 25 to 58 complexes (mean N=38) for selected ionic 
conditions.  Error bars report standard errors.  The different colors and symbols 
indicate the different ionic conditions studied, as described in Table 3.1. The lines are 
fits of the data to a theoretical model (10), as explained in the methods section. 
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Figure 3.3.  Velocity decrease due to filling. (A)  Dependence of the average rate of 
packaging on capsid filling (expressed as % of the native φ29 genome packaged) for 
selected ionic conditions.  The measurements were made using the force-clamp 
method with F = 5 pN.  The different colors and symbols indicate the different ionic 
conditions studied, which are described in Table 3.1.  Points are averages in bins over 
N=26 to 59 individual datasets (mean N=36).  The solid lines were obtained by 
filtering of the raw velocity data for all complexes (methods).  (B)  Velocity 
normalized by the maximum velocity.  For clarity only the smoothed lines from panel 
A are plotted. 
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Figure 3.4.  Force resisting DNA packaging. (A) Internal force versus capsid filling 
for selected ionic conditions. The different colors and symbols indicate the different 
ionic conditions studied.  Internal forces with either 50% (B) or 80% (C) of the 
genome packaged vs. ionic condition.  The colors matched those used in panel A. The 
y-axis in panels B & C share the same units as the plots in panel A and panel B has the 
same x-axis label as panel C. 
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Chapter 4 
 

Portal Motor Velocity and Internal Force Resisting Viral DNA 
Packaging in Bacteriophage φ29 

 
 

4.1  Abstract 

During the assembly of many viruses, a powerful molecular motor compacts 

the genome into a pre-assembled capsid.  Here, we present measurements of viral 

DNA packaging in bacteriophage φ29 using an improved optical tweezers method that 

allows DNA translocation to be measured from initiation to completion.  This method 

allowed us to study the previously uncharacterized early stages of packaging and 

facilitated more accurate measurement of the length of DNA packaged.  We measured 

the motor velocity versus load at near-zero filling and developed a ramped DNA 

stretching technique that allowed us to measure the velocity versus capsid filling at 

near-zero load.  These measurements reveal that the motor can generate significantly 

higher velocities and forces than detected previously.  Towards the end of packaging 

the internal force resisting DNA confinement rises steeply, consistent with the trend 

predicted by many theoretical models.  However, the force rises to a higher 

magnitude, particularly during the early stages of packaging, than predicted by models 

that assume coaxial inverse spooling of the DNA.  This finding suggests that the DNA 

is not arranged in that conformation during the early stages of packaging and indicates 

that internal force is available to drive complete genome ejection in vitro.  The 

maximum force exceeds 100 picoNewtons, which is about one-half that predicted to 

rupture the capsid shell. 
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4.2  Introduction 

Viruses usually are comprised of a nucleic acid chromosome packed inside a 

protein shell. In many dsDNA viruses, including the dsDNA bacteriophages and 

animal viruses such as adenoviruses and herpesviruses, the protein shell (prohead) is 

assembled prior to the packaging of DNA.  A motor complex that derives energy from 

ATP pumps the DNA into the prohead (1).  The bacterial virus φ29 is an excellent 

model system for studying this process because of its highly efficient in vitro DNA 

packaging activity and the development of a single molecule packaging assay (2, 3).  

The φ29 DNA packaging motor is a stacked ring structure assembled at a 

unique five-fold vertex of the prolate icosahedral prohead.  Embedded in this vertex is 

a dodecameric ring of gene product 10 (gp10) that forms the head-tail connector, 

which has a central channel through which the DNA is driven during packaging (4, 5).  

Attached to the narrow end of the connector (4) is an oligomer of a viral-encoded 

prohead RNA (pRNA) (6-8). Binding of multiple copies of the packaging ATPase, 

gp16, to the pRNA ring completes the motor (4, 9, 10).  The stoichiometry of the 

pRNA oligomer has been reported as either five (4, 11) or six (7, 8, 12, 13), and it is 

believed that gp16 has the same copy number as the pRNA, likely acting as a complex 

of heterodimers (2). 

Previously, we developed a method for measuring the packaging of single 

DNA molecules in φ29 using optical tweezers (3).  The motor was shown to generate 

high forces needed to package the viral genome against increasing internal forces.  

These forces arise due to the tight confinement of the DNA, which experiences 

electrostatic self-repulsion, bending rigidity, and entropy loss (14).  We suggested that 
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the internal force that builds during packaging, estimated as high as ~50 pN, could at 

least partly drive DNA ejection during viral infection of cells. 

Subsequently, there has been considerable effort put into theoretical modeling 

of viral DNA packaging (15-24).  Building on earlier work by Riemer and Bloomfield 

(14) and Odijk (25), Kindt et al. and Tzlil et al. used Brownian dynamics simulations 

and analytical theory to predict the forces involved in DNA compaction (15, 17).  

Their calculations, which assumed a spherical capsid, suggested that the DNA 

molecule would transition through toroidal and spool-like geometries with increasing 

length packaged, resulting in loading forces rising to tens of picoNewtons, which is of 

the same order of magnitude as those measured in single molecule assays of DNA 

packaging of φ29.  In a separate study, Purohit et al. employed elasticity theory and 

empirically informed models for charge and hydration forces to model φ29 DNA 

packaging, assuming an inverse-spool conformation for the DNA (16, 21).  They 

obtained results in accord with trends observed in experiments and previous 

calculations.  They also employed continuum mechanics to estimate stresses in the 

capsid walls and map these to atomic forces, concluding that capsids could withstand 

the measured forces without rupturing, though not by a wide margin.  Most recently, 

Petrov and Harvey have also modeled φ29 packaging via molecular dynamics 

simulation (24).  They predict similar internal forces, but find variable individual 

DNA conformations resembling folded toroids, and a non-negligible entropic 

contribution to the free energy change. 

Methods for studying phage DNA ejection have also been developed (26-29).  

Evilevich et al. showed that ejection with phage λ, as triggered by purified lamB 
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receptor protein, could be inhibited by applying osmotic pressure outside the capsid 

with polyethylene glycol (26).  When combined with theoretical calculations, these 

measurements permitted determination of the internal pressure and ejection forces.  

Internal force was found to be ~20 pN at the beginning of ejection in similar 

conditions as those used in φ29 packaging studies (buffers containing moderate 

concentrations of Mg2+, but lacking DNA condensing agents such as polyamines) (27).  

Notably, it was also found that the entire λ genome could be ejected, thus indicating 

that there is non-negligible internal pressure even at low capsid fillings (27, 29).  

Specifically, a force of several pN was detected in phage λ DNA ejection experiments 

with one-quarter of the genome still inside the capsid (27, 29).  In our previous single-

molecule measurements on φ29 DNA packaging, the early stages of translocation were 

not measured, but the internal force appeared to extrapolate to zero with one-third to 

one-half of the genome packaged.  The discrepancy between these two studies has yet 

to be resolved.  

In our previous work on φ29 we used partially packaged complexes that were 

stalled and then restarted during the optical tweezers measurement, and therefore 

could not characterize the early stages of DNA translocation (3). Here we present an 

approach that allows us to measure these earlier events, and we also introduce several 

other improvements to our assay. We recently discovered that during packaging in the 

optical tweezers of the native φ29 DNA, which has terminal proteins (gp3), the initial 

tether length is highly variable (J.P. Rickgauer et al., manuscript in preparation), most 

likely due to gp3-mediated looping of the DNA (30).  In the present work, we 
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assembled DNA packaging complexes using a new procedure and used a DNA 

construct without gp3.  This method ensures reproducible initial tether lengths, 

allowing highly accurate determination of the length of DNA packaged throughout the 

packaging process.  We also used a dual optical tweezers system, which further 

increases the accuracy of tether length measurements and increases experimental 

throughput (31).  Finally, we also introduce a technique for measuring the packaging 

rate at near-zero load, where the motor is less perturbed by the act of measurement.  

These improvements reveal that the maximum rate of DNA translocation is ~65% 

higher and the maximum internal force resisting DNA compaction is approximately 

twice that detected previously.  These measurements give us further insight into the 

function of the molecular motor and the nature of the forces resisting DNA 

confinement in the viral capsid. 

4.3  Methods 

4.3.1  Sample Preparation 

Bacteriophage φ29 components including proheads and gp16 were purified as 

described previously (30).  A 25,340 basepair dsDNA construct labeled at one end 

with biotin was prepared by PCR from E. coli DNA as described in detail previously 

(31).  2 µg of proheads were mixed with 0.25 µg of gp16 in 10 µl of 0.5x TMS buffer 

(25 mM Tris-HCl buffer (pH 7.8), 50 mM NaCl, 5 mM MgCl2) and incubated for 2 

min.  γS-ATP (Roche Applied Science) was then added to a final concentration of 0.4 

mM, and the sample was incubated for 45 min at room temperature.  1 µl of an RNase 

inhibitor (SUPERase-IN, Ambion) was then added to the complexes. 
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Streptavidin-coated microspheres (2.1 µm diameter, 5% w/v, Spherotech) and 

protein G-coated microspheres (2.1 µm diameter, 5% w/v, Spherotech) were washed 

in phosphate buffered saline.  DNA was tethered to the streptavidin microspheres, and 

anti-phage antibodies were attached to the protein G microspheres as described 

previously (3, 31).  2 µl of these microspheres were added to 4.5 µl of the prohead 

complexes and incubated for 45 min.  Optical tweezers measurements were carried out 

in a three-chamber flow cell.  Packaging was measured in the central chamber, while 

the two side chambers contained the two types of microspheres so as to avoid mixing 

them. The two types of microspheres and then injected through two different capillary 

tubes into the central chamber, such that we could differentiate the two types of 

spheres.  Only the central chamber contained ATP.  Measurements were carried out in 

0.5x TMS supplemented with 0.5 mM ATP (the standard φ29 packaging buffer). The 

γ-S-ATP added earlier was completely washed away when the microspheres were 

diluted 100-fold in 0.5x TMS and then injected into the measurement chamber, 

causing complete buffer exchange, as described previously (3). 

4.3.2  Optical Tweezers 

A dual optical trap system was used.  In brief, the apparatus consists of a 

diode-pumped solid-state Nd:YAG laser (CrystaLaser) split into two orthogonally 

polarized beams that were focused by a water-immersion microscope objective 

(Olympus, Plan Apochromat, 1.2 NA) to form two optical traps.  One beam was 

steered by use of an acousto-optic deflector (Intraaction) and the other was fixed.  The 

exiting beams were collected by an identical objective, and the deflections of the fixed 

beam were measured at 1 kHz by imaging the back focal plane of the objective onto a 
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position-sensing detector (On-Trak).  The signal was digitized by a calibrated 16-bit 

data acquisition card (National Instruments, 6035E) that measured time with a 

accuracy of <1 ms. The instrument was calibrated as described previously (32), such 

that the DNA length was measured with an absolute accuracy (systematic error) of 

<0.3%.  The series compliance of the two optical traps was 12.3 nm/pN.  

Measurements were done at ~23°C.   

4.3.3  Force-extension Measurements 

The force versus DNA extension (end-to-end distance) was measured in the 

standard φ29 packaging buffer by tethering the 25.3 kbp DNA construct, labeled at 

one end by biotin and the other end by digoxygenin, between a streptavidin-coated 

microsphere and anti-digoxygenin-coated microsphere as described previously (31).  

The measurements were made slowly enough to allow for relaxation of the trapped 

microspheres and the DNA.  Specifically, the relaxation time of the trapped 

microsphere is <2 ms (based on the measured corner frequency of the Brownian 

fluctuations (32)) and the relaxation time of the DNA is <10 ms (33).  The DNA 

extension was increased in small steps of 10 nm (0.12% change in fractional extension 

per step) at 50 Hz, such that there was sufficient time for relaxation.  

4.3.4  Ramped DNA Stretching 

After detecting a DNA tether the extension was quickly relaxed by decreasing 

the separation between the traps in 1 µm steps at 50 Hz until the fractional extension 

of the DNA was <65%, typically reaching ~30-50% (tension <0.15 pN).  The 

molecule was then stretched by increasing the separation in 8.5 nm steps (<0.4% 

change in fractional extension per step) at 50 Hz until the force (averaged over 60 ms) 
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exceeded 5 pN.  The molecule was then relaxed again, and this stretch-relax cycle was 

repeated until packaging was complete or the tether broke.  There was no evidence 

that the 5 pN applied force caused any slipping of DNA out of the phage head during 

these measurements, since this would have shown up as a drop in the recorded force 

signal.  Previously we showed that slipping occurs very rarely with a 5 pN applied 

load (3). Each stretch to 5-6 pN (which corresponds to reaching a fractional DNA 

extension of ~95%) yields an accurate measurement of the DNA tether length 

(corresponding to a certain filling level) at that time point.  The DNA length was 

calculated knowing the separation between the traps, force, and compliances of the 

traps, using the measured force vs. fractional extension relationship.  The length of 

DNA packaged is equal to the total DNA length minus the length unpackaged (the 

tether length) and the % packaged is equal to the length packaged divided by the φ29 

genome length.  This gives us a group of discrete lengths and times from which to 

calculate time-averaged velocities during each stretch cycle.  We calculate the change 

in length and change in time between all adjacent stretch events, yielding a velocity 

for each.  The plot of velocity vs. filling averaged over all datasets was obtained by 

binning the individual velocities from all the packaging events in 5% filling bins. 

4.3.5  Force-clamp Measurements 

After a DNA molecule was tethered the traps were quickly separated (at 10 

µm/s) until the tension rose above a force set point, and feedback was then invoked to 

hold the force fixed at the set point.  The force (averaged over 20 ms) was monitored 

at 50 Hz, and if it was greater/less than the force set point the traps were moved 

closer/farther by 4 nm (<0.2% change in fractional extension per step).  This simple 
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feedback method was more than sufficient for our determination of the average 

velocity over a 1 s or longer time interval.  The DNA length was calculated knowing 

the separation between the traps, force, and compliances of the traps, using the 

measured force vs. fractional extension relationship.  To obtain the average velocity 

for each complex the length vs. time data corresponding to capsid fillings up to 10% 

was fit to a line by the least-squares method to obtain the slope.  Large, clearly 

discernable pauses (velocity  < 10 bp/s for >2 s), which would skew the velocity 

measured with a given complex at a particular filling level sharply from the mean 

velocity, were removed prior to analysis. The ensemble average velocity was 

calculated by averaging these individual velocities for all packaging events measured 

at each particular force.  This method was used with a low-load of 5 pN to measure the 

velocity vs. capsid filling.   The decrease in velocity with filling occurs due to the 

buildup of internal load (i.e., that resisting DNA confinement) (3).  This method was 

also used to determine the motor velocity with loads up to 40 pN. 

4.3.6  Fixed-trap Separation Measurements 

Measurements of motor velocity for total loads >40 pN were made with capsid 

fillings ranging from 70 to 80%, such that internal forces contributed to the total load 

acting on the motor.  These measurements were made by holding the separation 

between the traps fixed, and allowing the externally applied load (DNA tension) to 

build as the DNA tether shortened.  Only datasets in which the external force covered 

the range from at least 5 to 25 pN were used.  The tether length was calculated 

knowing the separation between the traps, force, and compliances of the traps, using 

the measured force vs. fractional extension relationship.  Large, clearly discernable 
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pauses (velocity  < 10 bp/s for >2 s), which would skew the velocity measured with a 

given complex at a particular force sharply from the mean velocity, were removed 

prior to analysis.  Velocities were calculated by fitting the length vs. time data in a 1 s 

window moved in 0.2 s steps (corresponding to certain average loads) to a line by the 

least-squares method to obtain the slope.  To obtain the average velocity vs. force all 

of these individual velocities, from all datasets, were averaged together in 5 pN force 

bins.  

The total load equals externally applied load (which is measured) plus internal 

load.  The internal load was deduced from the known capsid fillings in the fixed trap 

measurements by relating the velocity measured in the velocity vs. filling data to the 

velocity measured in the velocity vs. total load data.  The velocity vs. filling data was 

measured with near zero external load using the ramped DNA stretching technique 

and the velocity vs. total load data was measured with near zero internal load using the 

force-clamp method, as described above.  Each measured filling value (ranging from 

70-80%) was translated into a corresponding velocity V by linear interpolation of the 

velocity vs. filling data.  Each velocity V was then translated into an effective load 

(the deduced internal load) using the velocity vs. total load data.  This translation was 

done by fitting the velocity vs. total load data, as shown in Fig. 4.4A, to the theoretical 

expression in Ref. (34), which yields a formula for calculating total load from 

velocity.  Errors in this calculation were estimated using 95% confidence intervals in 

the fit using the curve fitting toolbox in Matlab 7 (Mathworks, Inc.). 
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4.4  Results 

4.4.1  Measurement Technique 

The experimental setup is shown in Fig. 4.1.  A dual trap optical tweezers was 

used to manipulate two types of microspheres.  Prohead-gp16 motor complexes were 

prepared in bulk and attached to antibody-coated microspheres prior to introduction 

into the microfluidic chamber and trapping in one of the optical traps.  Similarly, DNA 

substrate molecules were attached to streptavidin-coated microspheres via a biotin tag, 

and the bead was captured in the second trap.  Details are given in the methods 

section.  In the presence of ATP, the microspheres were brought into near contact for 1 

s and then separated to detect DNA tether formation and the nearly simultaneous 

initiation of translocation.  By initiating DNA packaging in the optical tweezers 

chamber, we are able to measure the rate and force of DNA translocation over the 

entire length of the packaged DNA substrate, in contrast with our previous work that 

was only able to report on the final two thirds of this process.  Detailed studies of the 

factors governing the initiation of packaging will be presented elsewhere (J.P. 

Rickgauer et al., manuscript in preparation). 

Previously, we measured the average rate of packaging versus length of DNA 

packaged (filling level) with an applied 5 pN external load (3).  However, when 

viruses assemble in vivo there is presumably minimal external load on the DNA.  The 

frictional drag forces have been estimated to be very small (21).  Even accounting for 

the bacterial cytoplasm being ~10-fold more viscous than water (35), the frictional 

drag during packaging is estimated to be <2 × 10-3 pN.  We therefore sought to 

develop a technique for measuring DNA packaging at near zero applied load.  We 
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accomplished this by holding the DNA slack most of the time during packaging 

(<0.15 pN of tension) using a ramped DNA stretching technique where we extended 

the DNA briefly to 5 pN at time intervals to measure the change in tether length (Fig. 

4.2).  Details are given in the methods section. 

4.4.2  Early DNA Packaging Dynamics 

The improvements described above allow us, for the first time, to be able to 

measure the motor velocity from the earliest stages of packaging to completion under 

near-zero external load (Fig. 4.3).  Strikingly, we find that the DNA translocation rate 

decreases significantly during the first half of head-filling, rather than being constant.  

In addition, the average DNA translocation rate at the beginning of packaging is ~165 

bp/s, ~50% higher than the average rate of ~100 bp/s measured earlier with a 5 pN 

force clamp and the capsid partly filled (3).  This difference is largely accounted for 

by two factors: the velocity is ~25% higher at near-zero filling than at one-third filling 

and ~15% higher at near-zero load than at 5 pN.  The residual ~10% difference is 

attributable to the more accurate determination of the filling level provided by the new 

initiation method and dual optical tweezers instrument used in the present study. 

4.4.3  Velocity-load Relationship of the Motor 

Since there is a significant decrease in velocity with filling during the earliest 

stages of packaging, we reevaluated the velocity versus load relationship of the motor 

(3, 34).  Previously, it was measured with at least one-third of the genome length 

packaged, where the motor velocity is lower.  These earlier measurements were also 

made by holding the trap positions fixed and allowing the DNA tension to increase 

with ongoing packaging.  While this is a convenient method for obtaining 
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translocation data across a range of forces in a single measurement, the capsid filling 

increases by ~10-15% from its initial value during such a measurement due to the 

compliance of the traps and DNA.  This change in filling results in an increasing 

internal force (the force resisting DNA packaging) during the measurement that is 

difficult to account for.  Therefore, to determine the velocity vs. load more accurately 

in the present work we made velocity measurements at specific loads at low capsid 

filling (in the range 5-10%) by using feedback to control the separation between the 

traps, so as to maintain a constant load.  These measurements were repeated with 

many different complexes at each load.  The tether length versus time, and hence 

motor velocity, was then determined at each specific force value (Fig. 4.4).  This 

method was used for loads up to 40 pN.  Details are given in the methods section. 

When the externally applied force exceeded ~40 pN, rapid breakage of DNA 

tethers (likely due to failure of the prohead-antibody linkage) made data collection 

difficult.  Therefore, to determine the motor velocity versus force for higher forces, we 

made measurements with capsid fillings ranging from 70 to 80%, such that an internal 

force contributed to the total force acting on the motor, as described in the methods 

section.  Thus, by adding an applied external load to the internal load, we access total 

loads >40 pN. 

As shown in Figs. 4.3 and 4.4, motor velocity decreases with increasing capsid 

filling and also decreases with increasing load.  The decrease in velocity with filling 

occurs due to the buildup of internal force (i.e., the force resisting DNA confinement) 

(3).  The internal force is deduced by relating the velocity measured in the velocity vs. 

filling data to the velocity measured in the velocity vs. force data, to obtain force 
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versus filling (Fig. 4.5).  Details are given in the methods section.  Our measurements 

reveal a significant internal force during the early stages of packaging, rising to a 

value of ~7 pN at one-third filling (~6% of the maximum) and ~14 pN at half filling 

(~12% of the maximum). The slope of the force versus filling curve increases 

continuously, such that the internal force increases sharply during the final stages of 

filling.  Such behavior is in accord with the trend predicted by recent theoretical 

models (15-18, 20-22, 24, 36).  We find that the internal force rises to 110 ± 9 pN, 

requiring one of the highest force generations reported for a biological molecular 

motor.  Recent theoretical calculations suggest that this internal force is only a factor 

of two lower than that needed to disrupt the protein-protein interactions that stabilize 

the capsid shell (16).  However, recent studies in which the capsid was indented by an 

AFM tip found that the capsid could withstand indentation forces up to ~1000 pN 

(37), a finding that is compatible with the capsid being able to withstand the 110 pN of 

internal force detected in our experiments.  

4.5  Discussion 

4.5.1  Impact of Improved Measurement Techniques 

The ability to obtain rate measurements from near-zero filling to head-full 

under zero-load conditions allows us to reinterpret the nature of φ29 DNA packaging 

and the physics of DNA compaction. Firstly, rate and force has been measured during 

translocation of the first third of the head-full complement of DNA, revealing a 

decrease in packaging rate throughout the whole process of translocation rather than 

only the last half.  Secondly, the higher rates of translocation measured here due to the 

zero-load approach reveal a more accurate picture of the response of the motor to 



 83

internal load.  In combination, these improvements have a significant impact on our 

understanding of the packaging dynamics. 

4.5.2  Motor Characteristics 

The average motor velocity at high external load determined previously was 

underestimated due to the use of the fixed-trap measurement mode and the tendency of 

the motor to pause and tethers to break at high external loads.  With our improved 

measurement technique and increased statistics we find that the average velocity 

approaches but does not reach zero with increasing force over the measured force 

range.  Such asymptotic behavior at high force is consistent with the prediction of a 

recent theoretical model describing the mechano-chemical kinetics of the φ29 motor 

(34).  By multiplying force by velocity we may also calculate the average power 

generated by the motor and plot it as a function of applied load (Fig. 4.4B).  A 

maximum of ~700 zeptowatts (700 × 10-21 watts) is measured at 30 pN load and 65 

bp/s motor velocity. 

4.5.3  Comparisons with Theory of Internal Forces Resisting DNA Confinement  

The magnitude of the force detected at low filling is similar to that inferred 

during the latter stages of DNA ejection in the phage λ system (27, 29).  Thus, the 

forces we observe to build during packaging could potentially drive complete ejection 

of the DNA from φ29 under in vitro conditions.  We note that DNA ejection into a cell 

is expected to encounter additional resistance due to intracellular osmotic pressure 

(26) and may also be aided by the action of other DNA translocating motors, including 

RNA polymerase (38-40). 
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Several theoretical models propose that the DNA is arranged as a coaxial spool 

with hoops of DNA arranged in a hexagonal lattice filling inward from the outermost 

radii (14, 16, 21, 25).  The free energy is calculated as the sum of the bending energy 

and an empirically determined inter-strand interaction energy that accounts for 

electrostatic self-repulsion and hydration effects; the energy is minimized by 

balancing these two terms.  The predictions of this model, which have been calculated 

for the specific case of φ29 (21), are in qualitative agreement with our experimental 

findings.  The internal force is predicted to rise sharply at the final stages of filling to a 

value on the same order of magnitude as that found experimentally, suggesting that the 

model correctly captures the essential physics.  Recent molecular dynamics 

simulations also yield similar predictions (24).  At a quantitative level, however, the 

agreement between experiment and theory is not perfect.  The maximum force is 

predicted to be ~50 pN in a solution containing 50 mM Na+, using an interaction 

potential based on DNA condensation measurements and a capsid volume estimated 

from cryo-EM images (21).    This calculated force is roughly a factor of two lower 

than the 110 pN we find in a solution containing 50 mM Na+ and 5 mM Mg2+, a 

condition which is expected to screen more strongly than 50 mM Na+ alone. 

The inverse spool model also predicts a lower internal force at low filling than 

we find experimentally.  For example, it predicts <1 pN at 25% filling with 50 mM 

Na+ when using the interaction potential determined from DNA condensation data 

(personal communication, P.K. Purohit), whereas we measure 5 pN at this point.  This 

discrepancy is not completely attributable to the assumed interaction potential 

parameters.  If these parameters are determined by fitting the model to our data at high 
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force (e.g., at 50 pN, which occurs at ~87% filling), instead of using the condensation 

data, the predicted force at 25% filling is still <1 pN (personal communication, P.K. 

Purohit).  This comparison indicates that the experimental curve has a slightly 

different shape than that predicted by the model.  The predictions of the model agree 

with our data better at high filling than at low filling, although we detect higher force 

across the entire range of fillings.  Below we discuss several possible reasons for these 

discrepancies between experiment and theory. 

4.5.4  Frictional Dissipation 

If energy dissipation occurs during packaging, the mechanical work done, 

which is what we measure experimentally, would be higher than the gain in potential 

energy of the confined DNA, and this would explain our finding a higher-than-

predicted packaging force.  Purohit et al. (21) have estimated that viscous dissipation 

forces due to displacement of water from the capsid would be negligible, but other 

sources of friction may be present, such as that between the DNA and motor or capsid 

wall and between DNA segments inside the capsid (41, 42).  On the other hand, 

observations of occasional slipping during φ29 DNA packaging (3) and of DNA 

ejection from bacteriophages T5 (28) and λ (43) indicate that DNA can exit the capsid 

at >10 kpb/s, a rate two orders of magnitude faster than the rate of packaging.  These 

observations suggest that there is little frictional resistance to DNA movement within 

the capsid, such that frictional dissipation is unlikely to explain our findings. 

4.5.5  Interaction Potentials 

The disagreement between theory and experiments may indicate that the 

empirical DNA-DNA intra-strand repulsion potentials derived from DNA 
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condensation experiments (44) are not universally applicable to describe DNA 

packaged in all types of phages in all solution conditions.  One notable difference is 

that the DNA segments are highly bent inside the viral capsid whereas straight bundles 

of molecules were studied in the condensation experiments (44).  Interaction potentials 

for counterion-screened DNA segments are difficult to calculate theoretically from 

first principles, but continuing work on this problem (42) may help to reconcile our 

findings with theory. 

4.5.6  Arrangement of the DNA 

Since the inverse spool model accurately predicts the ejection force in phage 

λ, the observation of a higher internal force may indicate that the DNA conformation 

during packaging in φ29 is different (and less energetically optimal) than that assumed 

in the theoretical model.  The DNA conformation in φ29, which has a prolate 

icosahedral capsid, may also be different than that in λ, which has a larger isometric 

icosahedral capsid.  Recent cryo-EM 3D reconstruction of P22 and epsilon15 phages 

(45-47) have been interpreted as indicating some degree of spooling of the DNA 

around the portal axis, however similar reconstructions of φ29 do not appear to reveal 

such organization (48, 49).  Moreover, many dynamic simulations do not observe 

formation of a coaxial spool (15, 19, 20, 22-24, 36).  Thus, the measured internal force 

in φ29 may be higher than predicted because the DNA is packed in a configuration 

that is more energetically costly.  Factors that may influence the DNA conformation 

are the shape of the capsid (23), the rate of packaging (36), and degree of DNA 

twisting during packaging (22).   



 87

The observed build up of internal force during the early stages of packaging 

appears to be in qualitative agreement with the Brownian dynamics simulations by 

Kindt et al. (15).  These simulations find that the DNA conformation would evolve 

from a disordered structure, giving rise to forces of several picoNewtons at low filling, 

into a compressed spool-like structure at high filling.  A number of other recent 

simulations using a wide variety of methods, including equilibrium thermodynamics 

calculations for a confined thick polymer (18), stochastic rotation dynamics 

simulations of a bead-spring model (20, 23), and dynamic simulations of discrete 

wormlike chains (22, 36) also predict disordered conformations and non-negligible 

internal forces during the early stages of packaging. 

In the inverse spool model, the DNA conformation is also assumed to be at 

equilibrium at all points in time during packaging.  However, given the rapid rate of 

the DNA translocation it is possible that the packed DNA does not immediately 

equilibrate.  Studies of DNA knotting inside of phage P4 suggest there is some 

freedom for the DNA to rearrange after packaging (50), and recent dynamic 

simulations find that ejection forces can be lower than packaging forces when the 

packaged DNA is allowed to relax before it is ejected (23).  A recent molecular 

dynamics simulation also found an appreciable difference between equilibrated 

internal energy and work done during packaging (24).  The timescale on which any 

relaxation may take place in an actual phage is unknown, but it could be longer than 

the several-minute duration of our packaging experiments. 
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4.6  Conclusions 

We have presented improved optical tweezers measurements of DNA 

packaging in bacteriophage φ29 that reveal the dynamics during the early stages of 

capsid filling and motor response over a wider range of forces.  The ramped DNA 

stretching technique described here should also be applicable to studies of many other 

molecular motors.  We find that the φ29 packaging motor is capable of generating 

higher velocities and forces than detected previously.  These measurements improve 

our understanding of the motor function and physics of DNA confinement.  The 

detection of appreciable internal forces at low filling suggest that the DNA does not 

adopt a coaxial spool conformation during the early stages of packaging and that the 

forces that build during packaging are available for complete ejection of the φ29 

genome in vitro.  The sharp increase in internal force with filling during the latter 

stages of packaging is in qualitative accord with many recent theoretical calculations, 

but none predict forces as high as we detect.  Our results suggest that further 

theoretical and structural studies on the DNA conformation and nature of the DNA-

DNA interaction potentials will be essential to fully understanding DNA packaging in 

φ29. 
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Figure 4.1.  Schematic illustration of the experimental method.  Microspheres 
carrying prohead-ATPase complexes were captured in one optical trap (bottom left) 
and microspheres carrying DNA molecules were captured in a second trap (top left).  
To initiate DNA packaging the microspheres were brought into near contact for ~1 s 
(middle) and then separated to probe for DNA binding and translocation (right).  The 
force acting on the DNA was recorded by measuring the deflection of the laser beam 
forming the top trap and the bottom trap was translated under computer control by use 
of an acousto-optic deflector. 
 
 
 

Figure 4.2.  Measurement of motor velocity at near-zero load.  The DNA was held 
slack most of the time (F < 0.15 pN) and periodically stretched by separating the traps 
until the force reached 5-6 pN (bottom graph) to accurately determine the trap 
separation (top graph) and, from this, the DNA tether length. 
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Figure 4.3.  Rate of packaging versus capsid filling.  Data was recorded at near-zero 
load using the ramped stretching method (average over N = 24 complexes).  Standard 
errors on the measurements are approximately equal to the size of the filled circles (~3 
bp/s). 
 

 
Figure 4.4. Force dependent packaging dynamics. (A)  Rate of packaging versus total 
load acting on the motor.  Each velocity was determined as an average of N = 6 to 34 
complexes (mean N = 17, error bars indicate standard errors).  Data for total loads <40 
pN (circles) were recorded at 5-10% capsid filling, where the internal force is 
negligible.  Data for total loads >40 pN (squares) were collected at 70-80% capsid 
filling, where both external and internal load contributed.  The contribution of internal 
load for loads >40 pN was determined from the known filling using the velocity vs. 
filling data (Fig. 4.3) and low-force velocity vs. load data, as described in the text.  
The solid line is a fit of the data to the theoretical expression in Ref. 34.  (B)  Average 
power generated by the motor versus load.  Note that 1 zeptowatt = 10-21 watts ≅ 3 
pN·bp/s. 
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Figure 4.5.  Mean internal force versus capsid filling deduced from the results in Figs. 
4.3 (rate vs. filling) and 4.4A (rate vs. load).  The inset plot is a magnified view 
showing the force increase during the early stages of packaging.  The error bars were 
calculated as described in the text. 
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Chapter 5 
 

Initiation of Bacteriophage φ29 DNA Packaging and Effect of the Gp3  
Terminal Protein Studied by an Optical Tweezers Assay 

 
 

5.1  Abstract 

A key step in the assembly of many viruses is the packaging of DNA into a 

precursor capsid (prohead) by the action of an ATP-powered molecular motor.  Here 

we describe a new optical tweezers assay that permits study of the initiation of DNA 

packaging into single bacteriophage φ29 proheads.  We demonstrate an assembly 

pathway whereby prohead-ATPase complexes are assembled in vitro and then bind a 

target DNA molecule within a few seconds and began translocation within one second.  

The DNA terminal protein gp3 had a dramatic effect on the DNA-gp3 conformation 

during packaging initiation.  The initial extended length of the DNA-gp3 tether varied 

from ~30-100% of the full-length substrate, showing that packaging did not generally 

involve binding of a free end of the DNA, and that DNA-gp3 had a higher-order 

structure.  Digestion of gp3 with proteinase K eliminated this variability, resulting in 

uniform full-length tethers at initiation.  These findings are consistent with previous 

electron microscopy studies showing that φ29 DNA-gp3 forms lariats mediated by gp3 

and suggest that DNA packaging initiates at the lariat loop junctions.  The gp3 

terminal protein greatly enhances packaging in bulk assays, but non-native DNAs, 

including E. coli and human sequences, were packaged when brought into the 

proximity of prohead-ATPase complexes by mechanical manipulation in the optical 

tweezers assay. 

 



 

 

97

 

5.2  Introduction 

A particularly striking step that occurs in the assembly of many double-

stranded DNA viruses is the packaging of the viral genome into preformed precursor 

capsids (proheads) by a transiently assembled molecular motor complex(1-3).  

Although high-resolution structures of some dsDNA viruses and components of the 

packaging motor complexes have been determined(4-7), the mechanism of DNA 

packaging, particularly the structural transitions involved in packaging initiation, is 

obscure.  To elucidate the molecular dynamics of packaging, biophysical 

measurements are a complement to the structural, genetic and biochemical 

approaches.  

The Bacillus subtilis bacteriophage φ29 is one of the simplest dsDNA phages 

and is an excellent model for investigating basic principles of viral assembly(8, 9).  

The 19.3 kilobase pair φ29 genome encodes twenty gene products. The DNA 

packaging motor is situated at a unique five-fold vertex in the 40nm by 50nm prohead. 

The motor consists of: the dodecameric head-tail connector comprised of gene product 

10 (gp10), a ring of RNA molecules (prohead RNA, pRNA) attached to the narrow 

end of the connector, and multiple copies of the gp16 ATPase(10).  The structure of 

the connector has been determined by X-ray crystallography, and it has been proposed 

to play an important role in DNA translocation(5, 11).   

The φ29 genome, like that of human adenovirus, has a terminal protein 

covalently bound to each 5’ end (DNA-gp3).  Gp3 primes DNA replication(12), and 

the recent determination of this protein complexed with the φ29 DNA polymerase(13) 

has yielded a model for the priming mechanism.  Gp3 also greatly enhances the 
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efficiency and selectivity of DNA packaging in vitro(14). Packaging initiation 

involves the interaction of the motor complex (connector/pRNA/ATPase) and the 

DNA-gp3 substrate, but little is known about the way this ensemble coordinates DNA 

binding and translocation. 

Previously, we developed a method for studying φ29 DNA packaging using 

optical tweezers in which packaging activity was reconstituted in a completely defined 

system using purified components(15, 16).  DNA was packaged processively at speeds 

up to ~100 bp/s, and a high force of ~60 pN generated by the motor was needed to 

overcome high internal force resisting DNA confinement in the prohead.  We assayed 

stalled complexes in which about one-third of the genome was already packaged in 

bulk, and therefore the dynamics of initiation of packaging and early translocation 

events could not be examined.  Here, we present an improved method in which DNA 

packaging is initiated in the optical tweezers, permitting study of motor assembly, 

binding of the DNA substrate, and initiation of translocation. 

5.3  Results and Discussion 

5.3.1  Assembly of DNA Packaging Complexes 

In the standard in vitro packaging assay, the proheads, packaging ATPase gp16 

and DNA-gp3 are mixed together in bulk(10), but the order of interaction of the 

components is unclear.  Here we controlled the sequence of the interactions during 

initiation of packaging.  Proheads and the packaging ATPase gp16 were assembled in 

the presence of the non-hydrolyzable ATP analog γS-ATP, and these complexes were 

attached to antibody-coated microspheres.  Restriction fragments of DNA-gp3 
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molecules were attached to streptavidin-coated microspheres via a biotin tag at the 

restriction site (see Materials and Methods). 

5.3.2  Optical Tweezers Assay  

Our measurement technique is illustrated schematically in Fig. 5.1.  Two 

optical traps were formed in a thin fluid chamber filled with the packaging buffer 

containing ATP.  A DNA-coated microsphere was injected into the chamber via a 

small capillary tube and captured in one optical trap.  A prohead-gp16-coated 

microsphere was injected via a second capillary tube and captured in the second trap.  

One optical trap was moved with respect to the other by means of a computer-

controlled acousto-optic deflector.  Packaging was initiated by bringing these two 

microspheres into near contact for one second and then quickly separating them to 

probe for tether formation.  When a DNA molecule bound to the prohead-motor 

complex, it formed a tether between the two microspheres that was stretched taut 

when the traps were separated.  The binding was detected by measuring the tensioning 

force acting on the microspheres.  A DNA binding event was usually detected after 

only a few approach cycles, as shown in Fig. 5.1.   

The prohead-motor complex bound DNA very rapidly—within a few seconds 

after the DNA was brought into close proximity.  When a binding event was detected, 

the DNA was stretched until the tension reached 5-10 pN, and the separation between 

the two optical traps was then fixed.  Translocation of the DNA by the motor was 

detected as a subsequent rise in the measured tension due to the progressive shortening 

of the DNA tether, as shown in Fig. 5.1.  In most cases, binding events were followed 

by active DNA translocation, generally detected within one second of binding.   
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After the initiation of translocation, the tension in the DNA was allowed to 

build until breakage of the tether occurred.  Breakage is likely due to disruption of the 

antibody-prohead linkage, since the biotin-streptavidin linkage of the DNA is much 

stronger, or to stripping of the motor.  In these experiments, the concentration of the 

DNA was lowered to the point where only single DNA binding events were usually 

observed, as distinguished by the known characteristic elastic response of single DNA 

molecules(17). Breakage of the tether usually occurred in a single step, providing 

further confirmation that we were recording the translocation of a single DNA 

molecule.   

5.3.3  Stability of the Active Complex 

Notably, incubation with γS-ATP was essential for the formation of active 

prohead-gp16 motor complexes.  If it was omitted, or if only ATP was used, tether 

formation was not observed.  In addition, after the microspheres carrying the prohead-

gp16 complexes were injected into the fluid chamber, it was essential to bring the bead 

carrying the DNA in quickly to observe packaging. This may be due to disruption or 

inactivation of the prohead-gp16 complex as γS-ATP was exchanged with ATP in the 

chamber.  Implementation of a dual optical tweezers system allowed us to quickly 

load the microspheres into the traps and to probe for DNA binding and translocation 

within 5-10 seconds.  When prohead-gp16 complexes were exposed to ATP for longer 

than two minutes prior to DNA contact, the success of initiation of packaging 

decreased by ~90% (N=75 trials).  Thus, γS-ATP appears to stabilize an active form of 

the prohead-gp16 complex in the absence of DNA, whereas ATP destabilizes it.  Once 

the motor engaged the DNA, the active complex was stable in the presence of ATP 
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and remained engaged in highly processive translocation.  In this sense, engaged DNA 

is an essential component of the active motor complex.   

5.3.4  Variable Conformations of DNA-gp3 at Initiation 

In the initiation measurements, the initial extended lengths of the translocating 

DNA-gp3 tethers were highly variable, ranging from 30 to 100% of the full-length of 

the DNA substrate (Fig. 5.2A&B).  Such variability was not revealed in our earlier 

studies using partly packaged complexes, where any variability could be attributed to 

lack of synchronization of different complexes in the bulk reaction and the variable 

time lapse required to tether the DNA(15).  Here, however, we found inherent tether 

length variability at the start of packaging, showing that the DNA-gp3 has a complex 

structure and does not generally bind to the motor by a free end. 

5.3.5  Role of the DNA Terminal Protein 

Electron microscopy reveals that φ29 DNA-gp3 forms gp3-mediated lariats 

and that gp16 tends to bind to the lariat loop junctions(18).  The presence of such 

loops could reconcile the variable tether lengths observed in the optical tweezers if 

packaging initiates with binding of the prohead-gp16 complex to the DNA-gp3 lariat 

loop junction.  The variability is directly attributable to gp3, since the tether length 

variability disappeared when proteinase K-treated DNA was packaged (Fig. 5.2C&D).  

Both the left and right end restriction fragments with proteolysed gp3 were readily 

packaged with full tether lengths at initiation.  Further, non-native DNA molecules 

generated by PCR were packaged with full-length tethers at initiation, showing that 

packaging was not sequence dependent:  bacteriophage λ, E. coli and human DNA 

sequences were readily packaged (data not shown).  The observed single-molecule 



 

 

102

 

packaging of non-gp3 DNA, which is packaged inefficiently in bulk in vitro packaging 

assays(14), appears to have been facilitated by forcing the DNA and proheads into 

close proximity via mechanical manipulation. 

To further investigate the effect of gp3 on packaging, measurements were 

made with a 34.4 kbp φ29 gp3-DNA-lambda DNA hybrid construct that was ~80% 

longer than the wild-type φ29 genome.  Use of this construct allowed us to detect both 

the initiation and completion of packaging (Fig. 5.3).  Regardless of the initial tether 

length, a length of DNA approximately equal to the φ29 genome length was packaged 

before DNA translocation stopped.  This was also observed with non-gp3 DNA, 

except that the initial tether length was reproducible (Fig. 5.2).  Thus, tether length 

variability was not due to a rapid burst of packaging during the ~1 second before the 

DNA was stretched to measure the tether length.  Further, tether variability could not 

be due to the motor binding in the middle of the DNA and packaging two widths of 

the DNA (i.e., a folded DNA). Structural studies indicate that the portal channel is 

only large enough to accommodate a single dsDNA(5). 

If the prohead bound at a lariat-loop junction, and this loop was disrupted upon 

initiation of DNA translocation, a sudden increase in tether length to the full length of 

the template would be expected but such behavior was not observed.  Rather, 

continuous shortening of the tether suggests that the motor is able to process the 

putatively looped DNA, either by translocating it while it maintains the same size of 

loop or excising it and translocating the remaining tether.  DNA loop translocation has 

previously been observed with other enzyme complexes, including mismatch repair 

complexes, bacterial chromosomal segregation complexes, chromatin remodeling 
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factors, and type I and III restriction endonucleases(19-23).  If excision occurs, this 

could be a consequence of the reported gp16-induced supercoiling of the lariat 

loop(18) during initiation under tension in the optical tweezers.  Cleavage of the φ29 

genome has been observed in sucrose gradient sedimentation of packaging 

intermediates (unpublished data).  It is hypothesized that this could be a result of 

sedimentation induced tension in the DNA-motor-initiation complex causing the 

motor to behave abnormally and cleave the DNA.  The optical tweezers could 

exacerbate an effect of this nature because tension must be maintained to observe any 

packaging.  As a further test for the persistence of DNA loops during packaging, trials 

were carried out in which the DNA tension was quickly ramped up during packaging 

by moving the optical traps apart.  In a few trials a sudden lengthening of the tether 

was observed, consistent with loop disruption.  However, the sudden lengthening was 

not always consistent with the predicted length of the loop.  Furthermore, in the vast 

majority of trials the tether completely detached, presumably due to dissociation of the 

antibody-prohead linkage or to complete unbinding of the DNA from the motor.  

The apparent packaging of a higher-order DNA-gp3 structure is consistent 

with the possibility that complex DNA structures are packaged in other phage systems.  

In bacteriophage T4, studies of DNA replication and recombination processes suggest 

that branched DNA structures may need to be processed during packaging(24).  

However, there is no direct experimental data on the DNA structural requirements for 

packaging in T4.  Understanding the mechanism of DNA translocation will likely 

require higher-resolution structural studies of the motor-DNA complex that can 

complement our present single-molecule studies. 
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5.3.6  Utility of the Method 

The methods described here will have applications in future studies.  The 

ability to reproducibly initiate packaging in real time makes it possible to accurately 

measure the fraction of DNA packaged, which paves the way for more precise and 

detailed studies of the function of the φ29 motor, including characterization of the 

nature of the DNA-motor interactions and the energetics governing DNA confinement 

in the prohead.  Moreover, the techniques presented here are applicable to the study of 

DNA packaging in other systems, such as bacteriophages λ and T4 (2, 25). 

5.4  Methods 

5.4.1  Sample Preparation 

Bacteriophage φ29 proheads, DNA-gp3, and gp16 were purified as described 

previously(18).  SpeI DNA-gp3 fragments (a 14.9 kbp left end and a 4.4 kb right end) 

and the λ-φ29 DNA-gp3 hybrid construct was prepared and labeled as described 

previously(15).  Digested DNA-gp3 fragments were prepared by incubating 0.13 

µg/µl of DNA-gp3 with 0.3 µg/µl proteinase K for 30 min at 65°C.  The human and E. 

coli DNA constructs were prepared by PCR as described previously(26).  Prohead-

motor complexes were assembled as follows: 2 µg of proheads containing 120-base 

pRNA were mixed with 0.25 µg of gp16 in 10 µl of 0.5x TMS buffer (50 mM Tris-

HCl buffer (pH 7.8), 50 mM NaCl, 5 mM MgCl2) for 2 min; γS-ATP (Roche Applied 

Science) was then added to a final concentration of 0.4 mM, and the sample was 

incubated for 45 min at room temperature. 
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Streptavidin-coated microspheres (2.2 µm diameter, 5% w/v) and protein G-

coated microspheres (2.1 µm diameter, 5% w/v) were obtained from Spherotech and 

washed twice by centrifugation in phosphate buffered saline.  The biotinylated DNA 

was tethered to the streptavidin microspheres as described previously(26).  Anti-phage 

antibodies were bound to the protein G microspheres by incubating them for 10 min in 

a 1/10 dilution of rabbit antiserum prepared against φ29, washing them five times in 

0.5x TMS, and resuspending them in 1/10 volume of 0.5x TMS.  2 µl of these 

microspheres were added to 4.5 µl of the prohead-motor complexes and 10 µl of 0.5x 

TMS and incubated for 45 min.  Packaging measurements were carried out in 0.5x 

TMS supplemented with 0.5 mM ATP. 

5.4.2  Optical tweezers 

A dual optical tweezers system similar to that used in studies of actin-myosin 

interactions was used(27).  In brief, a diode-pumped solid-state Nd:YAG laser 

(CrystaLaser) was split into two orthogonally polarized beams focused by a water-

immersion microscope objective (Olympus, Plan Apochromat, 60x, 1.2 NA).  One 

beam was steered by use of an acousto-optic deflector (Intraaction), and the second 

beam was fixed.  The exiting beams were collected by a second, identical objective, 

and the deflections of the fixed beam were measured by imaging the back focal plane 

of this objective onto a position-sensing detector (On-Trak).  The system was 

calibrated by using two DNA molecules of known lengths as metrology standards(28). 

During probing for DNA binding, the trap position was ramped back and forth 

at 10 µm/s.  The force signal was recorded at 1 kHz, and the contour length of the 
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DNA tether in basepairs was calculated from the measured end-to-end extension by 

use of the wormlike chain model, as described previously(15). 
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Figure 5.1.  Initiation measurement.  Left:  Schematic diagram showing the 
experimental configuration.  Two microspheres are held in two optical traps.  Pre-
assembled prohead-gp16 complexes are bound to one microsphere (top, magnified 
view in red box).  DNA molecules are tethered to a second microsphere (bottom, 
magnified view in green box). Right:  Imposed trap separation (top graph) and 
measured force (bottom graph).  To initiate DNA packaging the two microspheres 
were brought into near contact for ~1 second (decreasing trap separation to near zero) 
and then rapidly separated to probe for DNA binding.  In this particular example no 
binding was detected in the first probing, but an event was was detected after the 
second approach, as indicated by the sudden rise in force as the traps were separated 
(end of the blue section of the plot in the bottom graph).  When the force rose to 5 pN, 
the trap separation was fixed (green section of the top and bottom graphs) and DNA 
translocation was detected as a progressive rise in force.  The force rises due to the 
progressive tensioning of the DNA as the motor pulls it in. 
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Figure 5.2.  Initiation of DNA packaging with tethered φ29 DNA-gp3 restriction 
fragments (a 14.9 kbp left end and 4.4 kbp right end).  (A)   Multiple measurements of 
force vs. trap separation showing initiation events. The trap separation was increased 
until the force rose to 5-10 pN whereupon the separation was fixed. The subsequent 
rise in force is due to the shortening of the tether due to DNA packaging.  Only 
measurements on actively packaging complexes are shown. (B)  Histogram of the 
initial DNA tether lengths for N=146 complexes with the gp3 DNA fragments.  (C & 
D)  Corresponding measurements for N=58 complexes after digestion of gp3 with 
proteinase K. 
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Figure 5.3.  Packaging of a 34.4 kbp DNA-gp3 construct longer than the native φ29 
genome. The construct was produced by ligating together restriction fragments of λ 
and φ 29 DNA.  When translocation starts at the end of the DNA, as occurs with DNA 
lacking gp3, the tether shortens with a characteristic decreasing velocity profile (upper 
plot, gray line) due to the build-up of internal force resisting DNA confinement in the 
prohead.  The DNA translocation stops after roughly one genome length has been 
packaged.  With the DNA-gp3 construct the initial tether length is often shorter than 
full length, yet approximately the same total length of DNA is translocated during 
packaging (lower plots, black lines). 
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Chapter 6 
 

Single Phage T4 DNA Packaging Motors Exhibit Large Force Generation,  
High Velocity, and Dynamic Variability 

 
 

6.1  Abstract 

Terminase enzyme complexes, which facilitate ATP-driven DNA packaging in 

phages and many eukaryotic viruses, constitute a wide and potentially diverse family 

of molecular motors about which little dynamic-mechanistic information is available.  

Here, we report optical tweezers measurements of single DNA molecule packaging 

dynamics in phage T4, a large tailed E. coli virus that is an important model system in 

molecular biology.  We show that a complex is formed between the empty prohead 

and the large terminase protein (gp17) that can capture and begin packaging a target 

DNA molecule within a few seconds, thus demonstrating a distinct viral assembly 

pathway.  The motor generates forces >60 picoNewtons (pN), similar to those 

measured with φ29, suggesting that high force generation is a common property of 

viral DNA packaging motors.  However, the DNA translocation rate was strikingly 

higher than that of φ29, averaging ~700 bp/s and ranging up to ~2000 bp/s, consistent 

with packaging by phage T4 of an enormous 171 kb genome in <10 minutes during 

viral infection, and implying high ATP turnover rates of >300 s-1.  The motor velocity 

decreased with applied load, but averaged 320 bp/s at 45 pN, indicating very high 

power generation.  Interestingly, the motor also exhibited large dynamic changes in 

velocity, suggesting that it can assume multiple active conformational states gearing 

different translocation rates.  This capability, in addition to reversible pausing and 

slipping capabilities that were observed, may allow phage T4 to coordinate DNA 
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packaging with other ongoing processes, including viral DNA transcription, 

recombination, and repair. 

6.2  Introduction 

A critical step in the assembly of many viruses is the packaging of the viral 

genome into a pre-assembled prohead shell by the action of an ATP-powered 

molecular motor (1, 2).  Systems in which this mode of assembly occurs include 

numerous tailed dsDNA and dsRNA phages and certain animal viruses including 

adenoviruses and herpesviruses.  Viral DNA packaging complexes thus constitute a 

wide and potentially diverse family of molecular motors that are considerably 

understudied relative to cellular molecular motors such as myosins, kinesins, and 

helicases. 

In a typical phage assembly pathway, a prohead shell of precise dimensions co-

assembles with a scaffolding core.  One of the vertices of the prohead is unique, 

containing a dodecameric portal ring structure (3).  When the scaffolding leaves, a 

defined space is created inside the capsid.  A packaging ATPase complex then docks 

onto the outer end of the portal, inserting one end of the viral genome into the 3.5-4 

nm channel, and translocates the DNA utilizing ATP hydrolysis energy (2, 4).  

Following genome packaging, the ATPase dissociates, leaving the portal with the 

head, its outer surface providing a platform for the assembly of tail components. When 

the virus infects a cell, the densely packed DNA exits rapidly through the portal 

channel and tail tube into the host (5). 

Recently we found that the phage φ29 packaging motor translocates DNA at up 

to ~165 bp/s and exerts surprisingly large forces, estimated as high as 80 pN (6, 7).  A 
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strong motor was shown to be necessary to overcome high internal forces that oppose 

dense DNA confinement in the prohead, which were proposed to play an important 

role in driving DNA ejection during infection (6).  Recent studies of phage λ DNA 

ejection also deduced high forces of ~20 pN (8).  The dynamic-mechanistic 

characteristics of the packaging motors, however, are poorly understood. Considering 

that phages are the most abundant life forms on Earth (9), these characteristics may 

vary widely with the capsid sizes and shapes and structures, genome lengths, packing 

densities, biochemical properties, and host cell environment. 

T4 is an important model for large tailed phages that exhibits distinct 

differences from phage φ29 (10).  Most notably, T4 has a much larger capsid size (120 

× 86 nm), and must package a 9× longer genome than φ29 during a shorter overall 

time window during infection (11, 12).  The measured φ29 DNA translocation rate is 

too slow to explain the full packaging of the 171 kb T4 genome in this time window.  

T4 is also the prototype for a vast majority of the viruses that package DNA by a 

headful mechanism (4) and lacks the unusual RNA component found in the φ29 motor 

(1). 

Several recent advances also make T4 an attractive system to study the 

packaging motor function. A defined in vitro T4 packaging system consisting of only 

three components, empty proheads, the large terminase protein (gp17, the packaging 

ATPase) and DNA, has recently been developed.  In the presence of ATP and 

carefully optimized reaction conditions, as high as 50-100% of the input DNA has 

been packaged in bulk assays (13-15).  T4 is also the only virus for which an atomic 

structure of the packaging ATPase has been determined.  Specifically, in recent work, 
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the N-terminal ATPase domain of gp17 was determined at up to 1.8Å resolution (16).  

The structures were found to have closest similarity to monomeric helicases, proposed 

to translocate along DNA by an inchworm mechanism (17).   

Here we report direct measurements of single DNA molecule packaging, 

providing new insights.  First, we demonstrate a distinct assembly pathway for the 

prohead-motor complex leading to rapid initiation of packaging.  Second, we find that 

the motor generates very high forces, suggesting that high force generation is a 

universal property of viral DNA packaging motors.  Third, we find that the prohead-

gp17 can, by itself without any other components, translocate DNA processively at 

strikingly high rates, consistent with the packaging of the enormous T4 genome in 

vivo in a limited time window during infection.  Fourth, we find that the motor has the 

capability to translocate DNA at variable rates and reversibly pause and slip, 

capabilities that may be needed to regulate and coordinate DNA packaging with 

ongoing DNA transcription, recombination, and repair processes.  

6.3  Results and Discussion 

6.3.1  Initiation of Packaging 

We found that single T4 prohead-motor complexes could be triggered to 

initiate DNA packaging in vitro via manipulation with optical tweezers.  This new 

approach represents an improvement over earlier studies of phage φ29 that assessed 

partly packaged, pre-stalled complexes (6, 18), because it enables us to study the 

initiation and earliest stages of DNA packaging.  This approach was made possible by 

our finding that prohead-gp17 complexes could be pre-assembled with a non-

hydrolyzable ATP analog (γ-S-ATP) and immobilized on microspheres using 
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antibodies.  DNA molecules were tethered to a separate preparation of microspheres 

and packaging was initiated by bringing the DNA and prohead-motor complexes into 

proximity, as shown schematically in Fig. 6.1.  A microsphere carrying DNA was 

captured in one trap and a microsphere carrying prohead-gp17 complexes was 

captured in a second trap.  The two microspheres were then quickly brought into near 

contact for 1 s in the presence of packaging buffer containing ATP and then quickly 

separated.  This procedure was repeated until we detected single DNA binding, 

inferred by the measured rise in force when the DNA was stretched.  We found that 

binding could occur rapidly, within seconds of bringing DNA into the proximity of the 

complexes, and DNA translocation (packaging) initiated within 1 s after binding.   

Our study thus defines a distinct assembly pathway for the packaging 

machinery.  In previous studies the pathway was unclear as three components 

(proheads, gp17, and DNA) were simply mixed together.  It was proposed that the 

terminase complex first binds the DNA and then to the prohead to initiate packaging 

(10).  Our present experiment demonstrates an alternate pathway in which a prohead-

gp17 motor assembles first and then binds DNA.  We note, that this competent 

prohead-gp17 complex does not retain activity very long following a large dilution in 

the buffer containing ATP.  After injection of the microspheres carrying the prohead-

gp17 complexes into the measurement chamber (an essentially infinite dilution), 

packaging was only initiated when the DNA was presented within ~20 s.  Inclusion of 

BSA (0.1 mg/ml) and DTT (1 mM), commonly used stabilizers, did not have any 

effect (N=14 recorded events).  However, similar behavior was observed with the 

phage φ29 motor (Rickgauer et al., submitted).  The success of our assay thus 
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depended on our ability to quickly load the microspheres into the traps and to quickly 

probe for DNA binding. After initiating packaging, the complex becomes very 

strongly bound to the prohead, as evidenced by the fact that large forces can be 

applied (described below).  One interpretation is that threading of the DNA through 

the portal is necessary to stabilize the active translocating conformation.   

Data were collected in two modes (6).  In the “fixed traps” mode, after the 

DNA was stretched and packaging was detected we held both traps stationary and 

measured a progressive increase in DNA tension as the motor reeled in the DNA.  In 

the “force clamp” mode the DNA tension was held constant by using a feedback loop. 

6.3.2  Force Generation 

Measurements in fixed traps mode on N=33 individual packaging complexes 

are shown in Fig. 6.2A.  These measurements were made with <10% of the full T4 

genome length of DNA packaged, where the internal forces resisting DNA 

confinement are expected to be small (7, 19).  These data show that the T4 motor can 

generate large forces.  The maximum force recorded was 62 pN, which is close to the 

force at which dsDNA becomes strongly distorted under tension (20).  This figure is a 

lower bound on the force generation since most measurements ended with the tether 

breaking, rather than the motor stalling.  These breakage events are consistent with 

forced disruption of the antibody-prohead link (21), although they could also 

correspond to release of the DNA from the motor-prohead complex.  The wide 

variability in the plots in Fig. 6.2A reflects differences in the starting forces imposed 

during the experiment, but also inherent differences in the rates of packaging by 

different complexes, as discussed further below. 
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The free-energy release of ATP hydrolysis may be calculated as ∆G = ∆G0 + 

RT ln([ADP][Pi]/[ATP]) ≅ -73 kJ/mol, where ∆G0 ≅ -30 kJ/mol is the standard free 

energy change, R the gas constant, T the temperature, and [ATP], [ADP], and [Pi] the 

concentrations of ATP, ADP and Pi in the reaction mixture (Methods) (22).  Expressed 

in energy units of force times displacement per ATP, 73 kJ/mol ≅ 120 pN·nm/ATP.  

The observation that the motor can translocate the DNA against a force F >60 pN 

implies that the length of DNA translocated per ATP hydrolyzed (∆L) must be <6 bp 

since the work done (F∆L) must be less than the free-energy release of ~120 pN-nm 

per ATP hydrolysis (120/60 = 2 nm ≅ 6 bp).  The lower bound on force implies an 

upper bound on step size because energy = force × step size.  Any higher value of 

force or energy conversion efficiency <100% would imply an even smaller step size.     

The force generated by the T4 motor is at least 20× higher than that generated 

by skeletal muscle myosin, 8× higher than that generated by conventional kinesin 

motors, and 8× higher than that generated by RecBCD helicase (23, 24).  In our most 

recent studies of φ29 we showed that combination of an externally applied load and 

internal load at high capsid filling implies that the motor can generate >80 pN (7).  In 

the present measurements we put a bound of >62 pN through direct measurement by 

applying just external load.  We conclude that both motors generate similarly high 

forces in the sense that >80 pN and >62 pN are both much higher than the forces 

generated by classical motors such as myosin II, which generates only ~3 pN (23).  

That both motors produce very high forces suggests that high force generation may be 

a general feature of viral DNA packaging motors.  This finding is sensible given that 
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most double-stranded DNA viruses package DNA to similarly high density, and this 

packing is expected to require overcoming large opposing forces due to DNA bending 

rigidity, entropic change, and electrostatic self-repulsion. 

6.3.3  Dependence of the Motor Velocity on Load   

Analysis of the data in Fig. 6.2A reveals the dependence of the mean velocity 

(averaged over all complexes) vs. applied force (Fig. 6.2B).  In the limit of low load, 

the average velocity is very high, ~700 bp/s, ~5× higher than that of the φ29 motor.  

As with φ29, the velocity decreases with increasing load, indicating that a step in the 

mechano-chemical cycle of the motor involving DNA translocation is an important 

rate-limiting step in the kinetics (25).  In addition to being faster than φ29, we find that 

the T4 motor has a lower sensitivity to force.  When increasing the load from 5 to 30 

pN, the T4 motor velocity decreased by ~1/3, while the φ29 motor velocity decreased 

by ~1/2 (7), suggesting that the T4 motor may be capable of generating even higher 

forces than the φ29 motor.  This was somewhat surprising because the forces resisting 

packaging of the T4 genome are actually predicted to be ~40% lower than those in 

φ29 (due to the larger capsid size, different shape, and slightly lower packing density) 

(19). 

The T4 motor also generates 7× higher power (product of average force and 

velocity) than the φ29 motor.  The maximum power occurred with an applied load of 

40 pN, where the velocity was 380 bp/s (Fig. 6.3), yielding 40 pN × 380 bp/s = 15200 

pN·bp/s = 5.2 x 10-18 Watts.  If the motor step per ATP is similar to that of φ29 (2 bp) 

(18), T4 must be capable of hydrolyzing ATP at least 7× faster than φ29.  The power 
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generation may seem small, but the motor is a nanoscale device, occupying a volume 

of only ~(10 nm)3.  The power density is thus ~5000 kiloWatts/m3, roughly twice that 

generated by a car engine.  Given a free-energy release of 130 pN·nm per ATP, the 

power figure implies an ATP hydrolysis rate of at least 5200 pN·nm/s ÷ 120 pN·nm 

per ATP ≅ 40 ATP/s per complex (or higher if the energy conversion efficiency is 

<100%).  If each motor step is tightly coupled to one ATP hydrolysis, and the step size 

is independent of load, the upper bound of 6 bp on the step size and measured 

maximum velocity of 1840 bp/s implies even higher bound on the hydrolysis rate of at 

least 1840 bp/s ÷ 6 bp/ATP = 300 ATP/s; higher than the highest previously reported 

of ~400 ATP/gp17/min (26) (≅ 33 ATP/s per complex, assuming a pentameric gp17 

ring). 

6.3.4  Force-clamp Measurements 

These measurements allowed us to follow the packaging dynamics over longer 

DNA lengths (Fig. 6.3A).  A low 5 pN load was applied to facilitate accurate 

measurement while not decreasing the motor velocity substantially.  A 25.3 kb DNA 

construct, much shorter than the full T4 genome was used, such that negligible internal 

force was expected.  Indeed, the change in velocity with filling was negligible (~1 bp/s 

on average per % of the genome packaged), in accord with theoretical predictions 

(19).  Technical limitations in the optics currently prevent us from manipulating the 

entire T4 genome.  The present measurements focus on characterizing inherent motor 

function aside from internal load effects.  Two immediately evident features are the 

high packaging rates and the high variability in the rates.  The average rate was 690 
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bp/s.  However, some complexes were slower and some substantially faster, ranging 

up to ~2000 bp/s.   

6.3.5  Reversible Pausing and Slipping 

Occasional pauses in translocation were evident in the force-clamp 

measurements, appearing as plateaus in the length vs. time plots (Fig. 6.3A).  Plateaus 

of duration >0.2 proceeded and followed by active packaging, during which the 

standard deviation (SD) in length was statistically indistinguishable (within 2 SD) 

from that in negative control experiments, were scored as pauses.  Negative control 

experiments were done by tethering the DNA template between microspheres as 

described (21), in the absence of packaging proteins.  A total of 633 pauses were 

identified in the 102 recorded events; an average of 2.3 kb of DNA was packaged per 

pause.  The mean pause duration was 0.66 s (SD 0.66 s) and the maximum was 5.4 s.  

Within experimental resolution pauses occurred at random positions did not depend 

strongly on the length of DNA packaged (correlation coefficient = -0.04).  The pauses 

were ~5× shorter in duration on average than those observed with φ29 (6), which 

mirrors the ~5× higher average packaging rate with T4 and suggests a similar 

mechanism of pause recovery. 

Slips in which the DNA came partially out of the capsid were occasionally 

observed (Fig. 6.2A).  A total of 112 slips >50 bp were tabulated.  The mean slip was 

150 bp (SD 186 bp) and the maximum, 1.6 kb.  The slips occurred evenly throughout 

packaging.  Roughly half were faster than the average rate (690 bp/s); while half were 

slower.  This observation of slow slips differs from our finding with φ29, where all 

slips were faster than the packaging rate (6).  The mean rate of the slow slips was 400 
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bp/s (SD 185), mean size 135 bp (SD 98), and mean duration 0.48 s (SD 0.48).  The 

longest duration was 2.0 s for a slow slip of 440 bp.  Since the T4 virus can eject its 

DNA within seconds (12), the observed rate of slipping must be limited by friction 

between the motor and DNA.  Based on its structure in φ29 (3), the portal has been 

proposed to function during packaging as a “one-way valve” to restrict backwards 

slipping (G. Oster, personal communication).  Our observation of many slips slower 

than the ejection rate is consistent with this proposal. 

We also conclude that the motor is highly processive: on average 12.8 kb was 

packaged per slip, similar to our finding with φ29 (6).  While 12.8 kb is considerably 

less than the 171 kb genome length of T4, most slips were short and did not cause the 

DNA to completely exit the capsid.  Thus, packaging as a whole is highly processive.  

Overall, pauses and slips had only a minor effect on the packaging rate, slowing it by 

~10% on average, although some complexes were slowed by up to 33%. 

6.3.6  Variability in the Motor Velocity 

A histogram of the mean packaging rates for all packaging events is shown in 

Fig. 6.3B.  The mean is 690 bp/s, and the SD is very large (340 bp/s).  The slowest 

complex averaged 70 bp/s, while the fastest averaged 1840 bp/s.  Pauses and slips had 

a significant effect on certain records, but were not the primary cause of the overall 

variability.  Fig. 6.3C shows the velocities after editing the pauses and slips as 

described above.  The mean rate increased slightly to 770 bp/s and the SD remained 

high (320 bp/s).  The strikingly high velocity of the T4 motor is evident when 

comparing the velocity distribution with that of φ29 (Fig. 6.3D) (mean = 142 bp/s, SD 

= 14 bp/s).  The T4 velocity is also much more variable.  The finding of such different 
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behavior is perhaps not surprising since there are several known distinct differences 

between the two motors, as noted in the introduction, including that the φ29 motor, 

unlike T4, has an RNA component). 

The wide velocity variations are rather surprising and cannot be explained by 

simple kinetics models (25, 27).  A simple class of models applied to many motors 

assumes that discrete stepping is tightly coupled to the ATP hydrolysis cycle occurring 

at a well-defined average rate.  The φ29 motor has been described by such a model, in 

which the motor makes 2 bp steps at a rate limited by phosphate release (18).  In such 

a model, velocity variations occur because Brownian fluctuations play an important 

role in driving the motor transitions.  In the most-random possible case, referred to as 

a “Poisson stepper,” one expects an exponential distribution of waiting times between 

steps (27).  Larger steps produce larger velocity fluctuations, but we have shown 

above that the step size of the T4 motor must be very small (< 6 bp).  A Poisson 

stepper moving at the measured rate, with a step size of 6 bp, and with added noise 

equal to the measurement noise, cannot explain the large variations we observe (Fig. 

6.3E).  Some individual complexes also exhibited large velocity fluctuations in time 

(Fig. 6.4A&B), different for each complex and not correlated with position on the 

DNA.  These fluctuations could also not be explained by a simple kinetic model (Fig. 

6.4C)(42% had SD >2-fold that of a Poisson stepper and 19% had SD >3-fold greater). 

We emphasize that two types of variability were observed:  1. Variation in the 

average velocities of different complexes, referred to in the literature as “static 

disorder” and 2. Variations in the velocities of single complexes in time, referred to as 

“dynamic disorder” (28-30).  While it is difficult to rule out protein degradation or 
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instability as a contributing factor to static disorder, such effects cannot fully explain 

dynamic disorder since the velocity was observed to vary both up and down in time.  

Degradation would be expected to only cause decreases.  In the case of φ29, loss of 

even a single motor subunit is expected to completely stop packaging, because 

coordinated, successive firing of the ATPase subunits has been shown to be essential 

to motor function (18). 

To further confirm our findings, we made N=33 measurements using an 

independently prepared batch of gp17.  Both the static (SD of 370 bp/s) and dynamic 

disorder (mean relative SD of 2.3) were consistent with the other measurements.  

Since one notable difference between T4 and φ29 is the endonuclease activity in T4, 

we did additional measurements with a gp17 mutant that lacks nuclease activity but 

has full DNA packaging efficiency (D401N) (31).  These measurements again 

revealed significant static (SD of 490) and dynamic disorder (mean relative SD of 

1.6), not statistically different than with the wild-type, suggesting that the nuclease 

function does not explain the variability. 

Similar levels of static and dynamic disorder in enzyme kinetics have been 

reported in several previous single-molecule experiments, including studies of lactate 

dehydrogenase, cholesterol oxidase, λ exonuclease, and RecBCD helicase (24, 32-34).  

Our data shows that such behavior can also occur in a more complex multi-component 

(gp17, gp20) motor.  Xie and coworkers have provided evidence that such variability 

can be attributed to the existence of multiple active conformational states of the 

enzyme complexes and slow inter-conversion between them (28-30).  In the case of 

the T4 motor, such an interpretation is consistent with recent biochemical studies 
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suggesting multiple gp17 conformers and oligomerization states exhibiting different 

ATPase activity: i) gp17 has very weak intrinsic ATPase activity (Kcat, 1-2 ATP 

hydrolyzed/gp17/min), stimulated 50-100 fold by the small terminase protein, gp16 

(35); ii) three stimulated ATPase states were observed and the one with the highest 

activity, ~400 ATPs hydrolyzed/gp17/min, was attributed to an oligomerized gp17 

(26); iii) gp17 is modestly stimulated  by the portal (20%), and the phage T4 ssDNA 

binding protein, gp32 (100%) (26); and iv) about 8-10 fold stimulation was observed 

when gp17 is part of the complete motor during active DNA translocation (14). 

Evidence suggests that T4 packaging may begin while transcription, 

recombination, and repair are still underway on the same DNA substrate (36).  The 

products of T4 DNA replication and recombination are complex concatenated and 

branched structures that must be resolved while the DNA is “fed” to the packaging 

machine.  Gene products involved in transcription, including gp32 and gp55, have 

been shown to interact with gp17, suggesting that packaging is coordinated with other 

enzymatic processes (37).  Given the high packaging rate, we suggest that the 

capability of the motor to reversibly pause, slip, and change velocity may be necessary 

to coordinate packaging with transcription, recombination, and repair processes on the 

same DNA substrate. 

We carried out additional experiments in which the purified small terminase 

(gp16) was added to the prohead-gp17 complexes, and found that it severely inhibited 

packaging (no packaging recorded in over 200 trials).  Thus these experiments show 

that gp16 does interact strongly with the prohead-gp17 complex, but simply mixing 

these proteins together in vitro does not result in the formation of an active complex; 
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consistent with the recent findings of bulk assays (13, 14). 

6.3.7  Implications of the High Motor Velocity 

The high packaging rate is a distinct feature of T4.  The motor, which has 

structural similarities to helicases (16), translocates DNA faster than the fastest known 

helicase (RecBCD, which moves at speeds up to ~1000 bp/s) (38).  Only FtsK, a 

helicase-like complex that transports dsDNA across a membrane in dividing E. coli, 

has been reported to move faster (up to 5000 bp/s) (39).  The packaging rates we have 

measured are consistent with known time constraints for viral DNA packaging in vivo.  

T4 has a ~9× longer genome than φ29, yet completes assembly slightly faster than φ29 

(~20 min. vs. ~30 min. at 37 °C).  Since essential packaging proteins are not expressed 

until the latter half of the infection cycle, only a ~5-10 min. window is available to 

complete packaging in vivo (36).  Pulse-chase and temperature shift experiments with 

mutants indicate that the DNA is packaged in vivo in as little as ~3 min at 37 °C (11, 

12).  Our measurements were made at room temperature (~23 °C).  Preliminary 

studies of φ29 (unpublished data) indicate that the packaging rate increases several-

fold when the temperature is increased from 23 to 35 °C, a similar trend as found with 

many enzymes.  Thus, if packaging takes ~3 min in vivo at 37 °C, it may be expected 

to take on the order of 10 min. at ~23 °C. 

Based on our measured rates, the 171 kb T4 genome would be packaged in ~4 

min. at the average of 700 bp/s, or ~1.5 min. at the maximum of 1840 bp/s, if the rate 

did not decrease with capsid filling.  These are lower limits, because we do expect the 

rate to decrease with filling due to the buildup of internal forces resisting DNA 
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confinement as packaging proceeds (19).  If the dependence on filling in T4 follows 

the same trend as that of φ29, full packaging would take 7 min. on average or 2.7 min. 

at maximum velocity.  These figures are an upper limit since the T4 motor velocity 

decreases more gradually with load (Fig. 6.2B) than that of φ29, and the maximum 

internal force is predicted to be lower (19). 

About 80% of complexes in our assay had sufficient rates to package the full 

genome within 10 min.  This implies that gp17 complexes in our assay, operating in 

vitro with no other components, translocate DNA at a rate consistent with the 

measured rates of packaging in vivo.  Only ~20% of the complexes exhibited rates too 

slow to account for native packaging kinetics.  Since T4 assembly is highly efficient, 

with few unfinished complexes, these “slow” motor conformations must not often 

form in vivo.  Interaction of gp17 with various components not present in our 

experiments, including gp16, gp32, and gp55, may facilitate assembly of the most 

active conformation of the motor complex, consistent with recent biochemical findings 

(26). 

Fundamentally, packaging rate = motor step size × stepping rate.  Since the 

measured φ29 step size is ~2 bp, and since our measurements show that the T4 step is 

<6 bp, we can conclude from our maximum measured rate of 1840 bp/s that the T4 

motor is capable of stepping at least 4× higher than the φ29 motor.  The measured 

power generation at high load put an even higher bound on the ATP hydrolysis, as 

discussed above.  Although the structure of the T4 ATPase has been recently 

determined, and an inchworm translocation mechanism proposed, the structure of the 
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φ29 ATPase is not yet available for comparison.  There may be differences in the 

catalytic sites of the two motors of interest for structural biologists to investigate in 

future. 

6.4  Conclusions 

We have developed an optical tweezers method for measuring single DNA 

packaging dynamics in phage T4.  A defined complex consisting of only proheads and 

gp17 ATPase can package DNA very rapidly, reconciling the ability of the virus to 

package its large genome in a limited time window during the natural infection 

process.  Packaging can initiate via a pathway in which prohead-gp17 complexes are 

formed and then rapidly bind and translocate DNA.  The T4 motor can generate very 

high forces (>60 pN), suggesting that high force generation is a common property of 

viral motors.  It can also translocate DNA at variable rates and reversibly pause and 

slip, capabilities that T4, and other viruses, may need to regulate and coordinate 

packaging with transcription, recombination, and repair processes.  The development 

of this single-molecule assay, combined with recent determination of the crystal 

structure of the gp17-ATPase domain (16), identification of critical functional residues 

of the motor and mutants, and recent development of a complementary fluorescence-

correlation spectroscopy assay (15), make T4 an attractive model system for detailed 

structure-function investigations. 

6.5  Experimental Procedures 

6.5.1  Reagents 

Τ4 components were prepared as described (14).  Bulk assays with ~10-fold 

excess of linearized 4 kbp plasmid DNA showed ~20-30% this DNA was packaged, 
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consistent with at least one DNA packaged into every prohead (14).  The biotinylated 

25.3 kb DNA template was prepared and tethered to streptavidin coated microspheres 

(2.1 µm diam) as described (21).  1.25 × 1010 proheads were mixed with 0.15 nmol of 

gp17 in 2 µl of 0.5 M Tris-HCl (pH 7.5), 50 mM MgCl2, 10 mM spermidine, 10 mM 

putrescine, 1 M NaCl plus 10 µl of 10% (w/v) PEG 20,000 (Fluka, #95172) and 

incubated for 2 min.  2.5 mM γS-ATP was then added to a final concentration of 0.4 

mM and the sample was incubated for 45 min at room temperature.  Anti-T4 

antibodies were attached to the protein G microspheres (2.1 µm diam) as described 

(21) and 2 µl were added to the prohead-gp17 complexes and incubated for 45 min.  

Measurements were carried out in 50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 1 mM 

spermidine, 1 mM putrescine, 5% (w/v) PEG 20,000, 100 mM NaCl, 1 mM ATP, 5 

µM ADP, 5 µM NaH2PO4.   

6.5.2  Force-clamp Measurements 

The dual optical tweezers system was set up and calibrated as described (40).  

The force was monitored at 1 kHz and if it was greater/less than the force set point of 

5 pN  the traps were moved closer/farther by 1 nm (<0.05% change in fractional 

extension).  The DNA length was calculated knowing the separation between the 

traps, compliance of the traps, and force vs. fractional extension relationship measured 

in the packaging buffer.  The velocity vs. length of DNA packaged was analyzed by 

determining the velocity in 1 kb length bins by fitting the length vs. time data in each 

bin to a line.  The average decrease in velocity for each complex was then determined 

by fitting the binned data to a line.  The mean velocity of each complex was 
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determined as the total change in tether length divided by the total elapsed time.  The 

velocity vs. time was determined by fitting the length vs. time data in a 2 s sliding 

window to lines.   

6.5.3  Fixed-trap Measurements 

The motor velocity vs. load was determined with fixed trap separations, such 

that the DNA tension rose as packaging proceeded.  The tether length was calculated 

knowing the separation between the traps, force, compliances of the traps, and 

measured force vs. fractional extension relationship.  Large, clearly discernable pauses 

(velocity <20 bp/s for >0.2 s) were removed prior to analysis.  Velocities were 

calculated by fitting the length vs. time data in 0.5 s sliding windows (corresponding 

to certain average loads) to lines.  All of the individual velocities, from all datasets, 

were averaged together in 5 pN bins. 
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Figure 6.1.  Schematic of the experiment.  T4 prohead-gp17 complexes were attached 
to antibody-coated microspheres, and captured in one optical trap (bottom left).  
Biotinylated DNA molecules were tethered to streptavidin-coated microspheres and 
captured in a second optical trap (top left).  The bottom trap was moved with respect 
to the top one while measuring the force.  To initiate packaging, the microspheres 
were brought into near contact for 1 s (middle) and then quickly separated to detect 
DNA binding and translocation (right). 
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Figure 6.2.  Force characteristics of the motor. (A) Force measurements on N=33 
complexes in the “fixed traps” mode.  As DNA packaging proceeds, the DNA tension 
and load opposing the motor increases.  Each measurement ends with breakage of the 
tether (see text).  (B) Analysis of the data in panel (A) yields the mean velocity vs. 
applied load.  The error bars are calculated as standard error of the mean, calculated as 
SD divided by the square root of the number of measurements (N=33).  The solid line 
is a linear fit. 
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Figure 6.3.  Motor Velocities. (A) Translocation dynamics (DNA tether length vs. 
time) measured after initiation of packaging and application of a 5 pN force clamp.  
Each line is a recording on a different packaging complex.  Thirteen of the N=102 
recorded datasets are shown. The lower dashed line indicates a packaging rate of 2000 
bp/s and the uppermost indicates 145 bp/s, the average rate of phage φ29.  (B) 
Distribution of average motor velocities measured for each of the recorded packaging 
events with N=102 complexes in the force-clamp mode.  (C) Same distribution after 
editing pauses and slips from the records (see text).  (D) Corresponding distribution 
recorded with φ29 (N = 50).  (E) Distribution of rates expected for simulated datasets 
having the same mean velocity using the simple kinetic model (see text). 
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Figure 6.4.  Temporal fluctuations in the velocity determined in a 2 s sampling 
window.  Examples of complexes exhibiting: (A) relatively small changes and (B) 
relatively large changes.  (C)  Histogram of SD in velocity for all complexes relative 
to the corresponding SDs for simulated datasets using a simple kinetic model (see 
text). 
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Chapter 7 
 

Measurements of Single DNA Molecule Packaging Dynamics in 
Bacteriophage λ Reveal High Forces, High Motor Processivity, and  

Capsid Transformations 
 

 
7.1  Abstract 

Molecular motors drive genome packaging into preformed procapsids in many 

dsDNA viruses.  Here, we present optical tweezers measurements of single DNA 

molecule packaging in bacteriophage λ.  DNA-gpA-gpNu1 complexes were 

assembled with recombinant gpA and gpNu1 proteins and tethered to microspheres, 

and procapsids were attached to separate microspheres.  DNA binding and initiation of 

packaging were observed within a few seconds of bringing these microspheres into 

proximity in the presence of ATP.  The motor was observed to generate greater than 

50 picoNewtons (pN) of force, in the same range as observed with bacteriophage φ29, 

suggesting that high force generation is a common property of viral packaging motors.  

However, at low capsid filling the packaging rate averaged ~600 bp/s, which is 3.5-

fold higher than φ29, and the motor processivity was also 3-fold higher, with less than 

one slip per genome length translocated.  The packaging rate slowed significantly with 

increasing capsid filling, indicating a buildup of internal force reaching 14 pN at 86% 

packaging, in good agreement with the force driving DNA ejection measured in 

osmotic pressure experiments and calculated theoretically.  Taken together, these 

experiments show that the internal force that builds during packaging is largely 

available to drive subsequent DNA ejection.  In addition, we observed an 80 bp/s dip 

in the average packaging rate at 30% packaging, suggesting that procapsid expansion 
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occurs at this point following the buildup of an average of 4 pN of internal force.  In 

experiments with a DNA construct longer than the wild-type genome, a sudden 

acceleration in packaging rate was observed above 90% packaging in many cases, and 

greater than 100% of the genome length was translocated, suggesting that internal 

force can rupture the immature procapsid. 

7.2  Introduction 

Virus assembly is a remarkable example of supramolecular self-assembly 

wherein coordinated protein-protein and protein-nucleic acid interactions lead to the 

formation of hundreds of identical copies of the virus per infected host cell.  While 

viruses exhibit a variety of assembly pathways, common features exist in many cases.  

For instance, numerous double-stranded DNA viruses, including certain tailed 

bacteriophages and animal viruses such as herpesviruses, share similar assembly 

pathways, as follows(1-4). Infection of the host cell leads to the synthesis of proteins 

that assemble into “procapsid” shells. Concurrently, viral DNA is replicated producing 

numerous copies of the viral genome.  An ATPase and viral DNA complex assemble 

at the procapsid portal, a ring-shaped structure situated at a unique vertex of the 

icosahedral procapsid, to complete the packaging motor.  DNA translocation through 

the portal into the procapsid interior is then powered by ATP hydrolysis, packaging a 

single genome to near crystalline density(4, 5).  After packaging is complete the 

enzyme complex dissociates and “finishing” proteins, such as tail proteins in the case 

of bacteriophages, bind to complete the assembly of the infectious virus.  

We recently developed a method to directly measure the packaging of single 

DNA molecules into single bacteriophage φ29 procapsids using optical tweezers(6, 7).  
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We found that the φ29 packaging motor translocates DNA processively at rates up to 

165 bp/s, exerting forces of at least 80 pN, and that this high force generation is 

required to overcome large forces resisting dense DNA confinement in the procapsid.  

Whether these features are universal to other viruses has remained unclear, but the 

dsDNA viral packaging motors constitute a genetically interrelated family that are 

members of the broader FtsK-HerA super-family of ATPases(4, 8).  In this study, we 

present the first optical tweezers measurements of single DNA molecule packaging in 

bacteriophage λ, an important model system in molecular biology for over half a 

century, and one that exhibits several differences from bacteriophage φ29(1, 5). 

λ is an E. coli virus with a 62 nm diameter icosahedral capsid containing a 48.5 

kbp genome, 2.5× longer than that of φ29.  DNA packaging is driven by the λ 

terminase complex, a hetero-oligomer composed of the viral gene products gpA (the 

73.3 kDa large terminase subunit) and gpNu1 (the 20.4 kDa small terminase 

subunit)(5).  The gpA subunit possesses ATPase and DNA packaging activities 

required to translocate DNA into the procapsid interior.  The gpNu1 subunit has site-

specific DNA binding activity and mediates assembly of terminase at a specific 

packaging initiation site (the cos site)(5).  Unlike φ29, there is no evidence for an 

RNA component in the λ terminase motor complex(9).   

In contrast to φ29, which packages a monomeric genome capped by terminal 

proteins(10), λ terminase excises a unit length genome from a concatameric 

(immature) DNA precursor substrate produced by rolling circle replication(3).  In this 

regard, λ follows a similar assembly pathway as herpesviruses, while φ29 is similar to 
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adenoviruses.  Excision of a single genome from the concatemer (DNA “maturation”) 

is mediated by the gpA subunit of λ terminase, which possesses site-specific 

endonuclease and strand separation catalytic activities.  Recent biochemical studies 

suggest that gpA and gpNu1 proteins assemble into a stable gpA1/gpNu12 heterotrimer 

and these trimers further assemble into a homogeneous tetrameric ring of sufficient 

size to encircle dsDNA(11).  Presumably, the terminase ring is assembled at a cos site 

in the immature DNA concatemer, matures the genome end, binds to the portal ring in 

a procapsid to complete the packaging motor complex, and then translocates DNA into 

the procapsid interior.   

The λ procapsid, like that of many other viruses (but not including φ29) also 

undergoes a significant procapsid expansion during packaging that roughly doubles its 

internal volume(2, 5, 12).  Electron microscopy studies indicate that procapsid 

expansion occurs during packaging with somewhere between 10-50% of the full 

genome length packaged(2, 5, 12).  At some point after expansion, 420 copies of an 

accessory capsid protein, gpD, bind to the procapsid exterior(13, 14); the presumed 

role of gpD is to stabilize the expanded capsid structure and prevent DNA release(2, 5, 

15). 

Here we present single-molecule studies of λ packaging dynamics and 

compare our results with those obtained previously with bacteriophage φ29.  We find 

similarly high force generation but also find many differences including substantially 

higher translocation rates, higher processivity, different motor pausing behavior, and 

lower internal force buildup.  In addition, we find evidence for an effect of procapsid 

expansion on the packaging dynamics and evidence that immature procapsids (which 
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lack gpD) can rupture at high filling, allowing translocation of substantially greater 

than 100% of the native genome length. 

7.3  Results and Discussion 

7.3.1  Initiation of Single DNA Molecule Packaging 

We developed a procedure in which packaging of single DNA molecules into 

single λ procapsids was triggered by manipulation with dual optical tweezers 

(Methods).  First, in a bulk reaction, we tethered biotinylated λ DNA fragments 

containing a cos packaging initiation site to streptavidin-coated microspheres.  We 

then assembled the terminase complex onto the DNA by adding an extract containing 

recombinant gpA and gpNu1 proteins, which form a stable packaging intermediate 

referred to as Complex I(5, 11, 16, 17).  We attached empty λ procapsids to separate 

microspheres coated with anti-λ procapsid antibodies. 

Packaging was initiated as shown schematically in Fig. 7.1A.  Two optical 

traps were created in a thin chamber filled with the packaging buffer containing ATP.  

Microspheres carrying DNA-terminase complexes were injected into the chamber via 

a small capillary tube and caught in one trap.  Microspheres carrying procapsids were 

injected via a second capillary and captured in the second trap.  One trap was moved 

with respect to the other by deflecting one laser beam with a computer-controlled 

acousto-optic deflector, and packaging was initiated by bringing the two microspheres 

into proximity for ~3 seconds and then quickly separating them.  Binding of the DNA-

terminase complex to the procapsid was detected by measuring an increase in 

tensioning force as the DNA was stretched taut between the two microspheres(18).   
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We found that procapsids could bind to the DNA-terminase complex within a 

few seconds after they were brought into close proximity.  The tethered DNA was 

stretched until the tension reached ~3-7 pN, and we then fixed the separation between 

the traps.  Translocation of the DNA by the motor was detected as a rise in the 

measured force due to the progressive shortening of the DNA tether, as shown in Fig. 

7.1B.  Active translocation was typically detected immediately after observation of the 

DNA tether formation, thus showing that packaging can also initiate very rapidly.  No 

translocation was observed in the absence of ATP (data not shown).  

7.3.2  The λ DNA Packaging Motor Generates High Forces 

To ascertain the effects of an applied force on the motor, the traps were held 

fixed and the tension was allowed to rise as the motor reeled in the DNA (Fig. 7.1B, 

Methods).  These measurements were made with <20% of the native λ genome length 

packaged, where the internal forces resisting DNA confinement are expected to be 

small(19-25).  Under these conditions, the entire load on the motor is due to the 

externally applied force.  Such force recordings were made on N=92 complexes, with 

representative examples shown in Figure 7.1A.  The maximum force detected was 51 

pN (Fig. 7.1B, marked by arrow), which shows that the λ motor is capable of 

generating very large forces, of the same order as those generated by the φ29 motor(7), 

and at least 15× higher than that generated by skeletal muscle myosin motors(26).  We 

note that each of these measurements ended with the tether breaking at some 

maximum force or with a long un-recovered pause for >60 s, whereupon recording 

was stopped.  The breakage of the tether could correspond to detachment of the DNA 

from the terminase-procapsid complex, unbinding of the DNA-terminase complex 
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from the procapsid, or detachment of the procapsid from the antibody-coated 

microsphere; however, based on previous measurements of bond strengths of several 

different antibody-antigen pairs (which typically break within seconds under a 50-60 

pN load) (27-29), we suspect that the procapsid is detaching from the microsphere.  

Therefore, these measurements put a lower bound on the force-generating capability 

of the motor. 

Many pauses in DNA translocation were clearly evident as plateaus in the 

force versus time plots (see Figure 7.1B).  The frequency of pausing increased 

strongly with increasing force (Fig. 7.2A), but duration of the pauses did not (Fig. 

7.2B).  Notably, the pausing at high forces (>10 pN) was much more frequent than 

observed in studies of φ29 packaging, suggesting that there may be differences in the 

operation of the two motors.  At 40 pN, the φ29 motor paused only once every ten 

seconds on average, whereas the λ motor paused once every 1.4 seconds. 

The free-energy release associated with ATP hydrolysis may be calculated as 

∆G = ∆G0 + RT ln([ADP][Pi]/[ATP]) ≅ -80 kJ/mol, where ∆G0 ≅ -30 kJ/mol is the 

standard free energy change, R the gas constant, T the temperature, and [ATP], 

[ADP], and [Pi] the concentrations of ATP, ADP and Pi in the reaction mixture 

(Methods)(30).  Expressed in energy units of force times displacement per ATP 

molecule, 80 kJ/mol ≅ 130 pN·nm/molecule.  Therefore, our finding that the λ motor 

can translocate the DNA against a force >50 pN implies that the length of DNA 

translocated per ATP hydrolyzed (∆L) must be less than 8 bp since the work done 



 147

(F∆L) must be <130 pN·nm (i.e., ∆L < 130 pN·nm/50 pN = 2.6 nm ≅ 8 bp of B-form 

duplex DNA (0.34 nm/bp)).   

7.3.3  Motor Velocity Versus Applied Load 

The force vs. time data was analyzed to determine the velocity vs. load, as 

described in Methods.  We find that the average motor velocity decreases with 

increasing load (Fig. 7.3), indicating that one or more of the rate-limiting steps in the 

mechano-chemical cycle of the motor involves DNA translocation.  Displacement 

against an opposing force requires mechanical work, which increases the height of the 

reaction energy barrier and slows the reaction rate(31).  Within a simple Kramer’s 

type model of thermal activation over a single reaction barrier against an opposing 

force, one expects the motor velocity to decrease as v = v0 exp[-F∆x/kT], where v0 is 

the rate under zero load, F the opposing force, ∆x the translocation step, and kT the 

thermal energy(31).  However, this simple one-transition model does not fit our data 

very well, suggesting additional rate limiting steps in motor translocation.  We 

therefore fit the data to a model containing two rate limiting steps, v = v01 exp[-

F∆x1/kT] + v02 exp[-F∆x2/kT], which yields much better agreement with the data (Fig. 

7.3).  This analysis suggests that a fast transition with v01=615 bp/s and ∆x1= 1 bp is 

rate limiting at low force, and a second, slower transition with v02= 190 bp/s and ∆x2 ≅ 

0 becomes rate limiting at high force.  To the extent that this minimal model applies, 

the rate-limiting step at low force involves translocation of ∆x1 ≅ 1 bp, which is well 

within our upper bound of 8 bp based on the energetic considerations described above.  

A second transition that does not involve significant translocation (∆x2 ≅ 0) appears to 

become rate limiting at high force.  This second transition would thus correspond to a 
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purely biochemical transition, as opposed to a mechanical one.  For example, if DNA 

translocation occurs during Pi release, as postulated for the φ29 motor(32), our data 

suggests that another step not producing translocation, such as ATP binding or 

hydrolysis, becomes rate limiting at high force. 

By multiplying the average force by the average motor velocity at that force, 

one may calculate the average power generated by the motor.  The maximum power 

generation was observed with an applied load of 45 pN, where the motor velocity was 

208 bp/s (Fig. 7.3), yielding an average power of 9400 pN·bp/s ≅ 3200 pN·nm/s.  

Given a free-energy release of 130 pN·nm per ATP (see above), this power figure (rate 

of energy consumption) implies an ATP hydrolysis rate of at least 3200 pN·nm/s ÷ 

130 pN·nm per ATP ≅ 25 ATP/s.  On the other hand, if each step of the motor is 

tightly coupled hydrolysis of one ATP and the step size is independent of load, our 

upper bound of 8 bp on the step size and measured average velocity of 590 bp/s (at 5 

pN load) would imply an even higher bound on the ATP hydrolysis rate of at least 590 

bp/s ÷ 8 bp/ATP = 74 ATP/s.  In either case, these figures are notably higher than the 

value of ~10 ATP/s previously estimated in bulk packaging assays(33).  Our finding 

of a higher rate may be due to inaccuracies in the bulk assay measurements due to 

difficulties in accounting for a fraction of inactive complexes and background rate of 

futile hydrolysis.  An advantage of the present single-molecule technique is that it 

measures only active complexes. 

We can estimate the efficiency of the motor (i.e., the efficiency of chemical-to-

mechanical energy conversion) from the ratio of the measured power PM to the power 

available from ATP hydrolysis PA.  At 45 pN, PM = 3200 pN·nm/s and PA = 
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∆GATP·V/d, where ∆GATP = 130 pN·nm as described on p. 8, V is the average motor 

velocity, and d is the step size.  Taking a value of d = 1 bp, as suggested by our fitting 

of the velocity-load data to a simple kinetic model as described above, yields an 

efficiency of ~12% under these particular conditions.  Our upper bound on the step 

size of 8 bp assumes a maximum efficiency of 100%. 

7.3.4  Force-clamp Measurements and Processivity of Packaging 

We tracked packaging over longer distances by using a force-clamp in which 

the separation between the two optical traps was varied under feedback control to 

maintain a small constant load of ~5 pN as the DNA was translocated(6).  The DNA 

tether length versus time  (Fig. 7.4) was determined knowing the compliance of the 

traps and the measured force versus fractional extension relationship of the DNA.  

Three different DNA constructs of lengths 35, 52, and 75 kbp, were used (Methods).  

The latter two, which are longer than the native 48.5 kbp genome, were chosen in 

order to investigate the limiting behavior at high capsid fillings.  More data was taken 

with the shorter length since we found that it was much easier to initiate packaging in 

the optical tweezers with this construct.  In most cases the measurements ended before 

the full DNA length was translocated, due either to the tether breaking, as discussed 

above, or due to a long un-recovered pause (>60 s).  Therefore, we repeated the 

experiment many times to obtain complexes reaching high packaging levels.  

Altogether, N=97 force-clamp datasets were recorded that reached at least 40% 

packaging (53 with the 35 kbp construct, 20 with the 52 kbp construct, and 24 with the 

75 kbp construct). 
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Our measurements reveal that the λ motor is highly processive.  Slips in which 

the tether length increased, indicating that the motor released its grip on the DNA, 

were very infrequent with only 42 observed in the 97 measured packaging events.  An 

example of one of the largest slips is seen in Fig. 7.4 (marked “s”; several examples of 

pauses are marked “p”).  The average slip length was 164 bp (standard deviation 172 

bp), which is negligible compared with the 48.5 kbp genome length.  The rate of 

movement of the DNA during slipping events ranged from ~50 bp/s to ~3 kbp/s 

(average 930 bp/s), the highest rate being similar to the measured rate of DNA ejection 

from lambda phage in similar ionic conditions(34).  On average, less than one slip 

occurred per genome length of DNA packaged, indicating ~3x higher processivity 

than observed in φ29 packaging(7).  Overall, pauses and slips had only a small affect 

on the average packaging rate, slowing it by ~10%.   

7.3.5  Internal Force Buildup During Packaging 

The average packaging rate (motor velocity) versus length of DNA packaged 

in the force clamp measurements is plotted in Fig. 7.5A.  The rate is constant during 

the first 20% of genome packaging, consistent with negligible internal force resisting 

DNA packaging in this low capsid filling regime, in accord with our findings with φ29 

in the absence of Na+ and theoretical predictions(6, 19, 21-23).  The average rate of 

580 bp/s (SD 120 bp/s) is approximately equal to that at 5 pN determined in our 

velocity vs. load measurements (Fig. 7.3). 

As the procapsid filled from 20% to 90% of the genome length the average 

packaging rate decreased from 580 bp/s to 240 bp/s.  Since the motor velocity 

decreases with increasing load (Fig. 7.3), this decrease in velocity with capsid filling is 
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indicative of a building internal force resisting DNA confinement in the procapsid, as 

found previously with bacteriophage φ29(6, 7).  The internal force may be deduced by 

relating the velocity measured in the velocity vs. filling dataset (Fig. 7.5A) to the 

velocity measured in the velocity vs. force dataset (Fig. 7.3), to obtain force versus 

filling (Fig. 7.5B), as described in Methods.  We find that the force rises steeply with 

filling during the latter half of genome packaging, as observed with φ29(6, 7) and 

predicted theoretically(19, 21-25), and reaches 25 ± 6 pN with 90% of the genome 

length packaged.  This force is notably two to three-fold lower than that measured for 

φ29 in a similar ionic condition(6).  However, it is in good agreement with the λ phage 

DNA ejection force measured by osmotic pressure experiments(35, 36) and predicted 

by theoretical calculations(23, 36).  Specifically, an osmotic pressure of ~15 atm was 

found to be necessary to suppress DNA ejection from a λ mutant having a 41.5 kbp 

truncated genome(36), corresponding to an ejection force of ~15 pN(20).  This capsid 

filling level corresponds to our 86% of wild-type genome packaged point, where we 

find a nearly identical internal force resisting packaging of 14 ± 2 pN.  Taken together 

these experiments confirm the notion(7, 19) that the internal force that builds during 

packaging is largely available to drive subsequent DNA ejection. 

7.3.6  Procapsid Expansion 

An expansion of the λ procapsid that roughly doubles its internal volume has 

been shown by electron microscopy studies to occur during packaging with 

somewhere between 10% and 50% of the genome packaged(2, 5, 37, 38).  In our 

measurements, a significant dip (decrease then increase) in the packaging rate was 
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observed at ~30% packaging (Fig. 7.5A), and our interpretation of this feature is that it 

is due to the procapsid expansion.  As shown in Fig. 7.5B, this dip corresponds to a 4 

pN increase then decrease in the internal force.  Our interpretation is that internal force 

builds in the unexpanded procapsid and triggers expansion, which subsequently 

reduces the internal force due to a reduction in DNA confinement.  No dips in 

packaging rate were seen with bacteriophage φ29, which does not undergo expansion 

during packaging(6).  This feature is not attributable to scaffold proteins as they are no 

longer present when packaging starts(5).  While a dip at 30% is clearly evident in the 

average rate, we note that not all individual datasets show this dip.  It is clearly evident 

in 38 of the 97 datasets (several examples are shown in Fig. 7.6).  We also note that 

the size of the dip in individual datasets is variable, ranging from ~10-60%.  These 

findings suggest that individual procapsids may expand at different internal force and 

filling levels, that the force is sometimes smaller than we can measure.  It has also 

been suggested that thermal fluctuations may also play an important role in triggering 

expansion of viral procapsids(39).  In addition, other effects besides the direct effect of 

internal force, such as formation of a critical number of contacts between the DNA 

and inner walls of the procapsid, may also play an important role in the process(40). 

7.3.7  Rupture of the Immature Procapsid 

In the force-clamp measurements with the 52 kbp and 75 kbp constructs we 

recorded 18 datasets in which packaging reached >90% and significant slowing of the 

packaging rate was observed in every case (Fig. 7.5A).  In nine datasets, greater than 

100% of the genome length was translocated, and a striking feature was seen in all of 

these records:  After slowing dramatically, the motor abruptly accelerated to full 
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speed, and this event occurred at a distinct point between 90 and 100% packaging 

(Fig. 7.7A&B).  It is clear that the complex remains tethered between the 

microspheres following this event because the DNA remains stretched under a 

measured force of 5 pN.   The rapid DNA translocation by the motor then continued 

up to ~105-146% of the genome length, which is significantly more than expected for 

the assembly of a viable phage(5).  Our interpretation of these events is that the 

building internal force at 90-100% of genome packaging causes rupture of the 

expanded procapsid, which releases the confined DNA and relieves the opposing load 

on the motor.  We believe that such rupture occurs in our assay because the accessory 

capsid protein gpD is not present in the reaction mixture. 

A number of studies have examined the role of gpD, both in vivo and in vitro; 

the latter studies were based on assay systems that utilized complementing extracts of 

virus-infected cells(41-43).  More recently, bulk studies using purified components 

have demonstrated that the assembly of infectious λ virus is reduced to 2% of 

maximum when gpD is omitted from the reaction mixture(44).  All of these authors 

concluded that gpD binds to the DNA-filled capsid, stabilizing the expanded structure to 

prevent DNA release.  The gpD requirement is abrogated when shortened genomes are 

used in the packaging reaction, presumably because the packaged DNA does not 

create excessive internal pressure(41). 

Further investigation of the role of gpD in DNA packaging, utilizing purified 

terminase to package mature lambda DNA into purified procapsids, is underway in the 

Catalano lab (Yang and Catalano, manuscript in preparation).  Preliminary results 

indicate that while gpD is fully dispensable when DNA lengths <40 kb are packaged, 
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it is required to efficiently package the last ~15% of the genome.  In the absence of 

gpD, attempted packaging of this last bit of DNA (the full genome) renders the entire 

duplex accessible to DNase, presumably due to deterioration of the capsid integrity; 

electron microscopy studies are underway to further confirm this hypothesis.  

Therefore, the available bulk data are consistent with our single molecule studies 

showing that in the absence of gpD, (i) most packaging complexes do not reach >90% 

and (ii) the small fraction that do progress beyond 90% (~40 kb) appear to rupture the 

capsid.  

Our present findings show that the tightly packaged DNA generates high 

internal forces and provide evidence that loss of DNA can occur via rupture of the 

procapsid with >90% of the genome packaged in the absence of gpD.  These findings 

thus strongly support the hypothesis that gpD stabilizes the expanded procapsid.  Our 

results further suggest an assembly sequence in which gpD binds during packaging, at 

a point between procapsid expansion and completion of packaging, to foster 

packaging of the full-length λ genome. 

7.3.8  Time Required to Package the λ Genome  

From our measurements of the average packaging rate (v) versus length of 

DNA packaged (L) we may estimate the time required to package the native 48.5 kbp 

λ genome.  Specifically, we may numerically integrate (1/v) from L = 0 to 48.5 kbp.  

For the purpose of this calculation we chose to omit the sudden acceleration above 

90% packaging, where the procapsids appear to rupture in the absence of gpD, and 

instead extrapolated the decreasing velocity trend from 90% to 100% packaging.  We 

find that it would take 120 seconds (2 minutes) on average to package the λ genome.  
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This figure is consistent with previous measurements for packaging in vivo and in 

vitro (as determined in bulk assays) of 2-3 minutes(5, 12, 33, 45). 

7.4  Conclusions 

We have used optical tweezers to measure single DNA molecule packaging 

dynamics in bacteriophage λ.  We have demonstrated that initiation of packaging can 

occur within a few seconds when DNA-terminase complexes and procapsids are 

brought into proximity.  We also show that the λ terminase motor generates very high 

forces and must work against substantial internal forces resisting DNA confinement.  

The initial rate of DNA translocation is quite high, averaging ~600 bp/s.  By 

characterizing the dependence of the motor velocity on load and capsid filling we 

deduced that a significant internal force builds inside the procapsid, approximately 

equal to the measured force driving phage λ DNA ejection.  A dip in the packaging 

rate at ~30% packaging suggests that the procapsid tends to undergo expansion at this 

point following an early build-up of internal force.  Sudden acceleration in the 

packaging rate was often observed proceeding beyond 90-100% packaging, indicating 

that internal force can rupture the immature procapsids, which lack the gpD stabilizing 

protein.  Future work will aim to study packaging with pre-expanded procapsids and 

to examine the effect of added gpD.  λ has been a rich model system for studying 

principles of viral assembly for many decades, and the biochemistry of this system is 

under continuing investigation by several research groups.  We expect that the 

methods and findings presented here will open many new avenues for future 

investigations. 
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7.5  Materials and Methods 

7.5.1  DNA constructs 

The 35 kbp DNA construct was prepared from full-length lambda DNA (New 

England Biolabs).  We first ligated the DNA using T4 ligase to reform the entire cos 

site at an internal position.  This DNA was then digested with Nhe I, which cuts 34.7 

kbp from the left end cos site.  The 5’ overhangs produced by this digestion were 

biotinylated by using the Klenow fragment of DNA polymerase I to fill-in with biotin-

14-dCTP (Intvitrogen).  When this construct is treated with the terminase proteins, 

they cleave the DNA resulting in a 34.7 kbp DNA-terminase complex (complex I), 

and a 13.8 kbp cleavage fragment.  The 52 kbp and the 75 kbp DNA constructs were 

prepared from the BAC clone CTD-2342K16 and purified as described 

previously(46).  The 75 kbp construct was produced by digesting the BAC clone with 

restriction endonuclease BspEI producing a 5’ overhang 74,587 bp upstream of a left 

end lambda cos site (present in the pBeloBAC11 BAC cloning vector).  The overhang 

was then biotinylated as described above.  The 52 kbp construct was produced by 

digesting the BAC clone with restriction endonuclease BsiWI producing a 5’ overhang 

52,095 bp upstream of a left end lambda cos site, and this overhang was subsequently 

biotinylated as described above. 

7.5.2  Purification of Lambda Procapsids 

Lambda procapsids were expressed in the E. coli lambda lysogen NS428 

[N100 (λ Aam11 b2red3 cIts857 Sam7)](47).  The amber mutation in gene A (the 

large subunit of λ terminase) prevents DNA packaging and procapsids thus 

accumulate after induction.  Briefly, the lambda lysogen was grown overnight at 32°C 
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in LB broth, diluted 100x in LB broth and grown at 32°C until OD600 = 0.3 was 

achieved.  The culture was then shifted to 45°C for 15 min to induce the lysogen and 

the incubation continued for an additional 60 minutes at 38°C.  The cells were 

harvested by centrifugation and then re-suspended in one-hundredth volume lysis 

buffer [12.5 mM Tris-HCl, pH 7.8, 2.5 mM MgCl2, 25 mM NaCl, 0.75X Bugbuster 

(Novagen) and 40 units RNase-free DNase (Roche)]; lysis was monitored by light 

microscopy.  The lysate was clarified in a SS34 rotor at 10,000 rpm for 10 min, 

followed by an additional clarification in a microfuge at 13,000 rpm for 3 min.  The 

procapsids in the supernatant were isolated by sucrose density centrifugation in a 

linear 10-30% (w/v) sucrose gradient in 0.5X TMS buffer (25 mM Tris, pH 7.8, 5 mM 

MgCl2, 50 mM NaCl) in a SW55 rotor at 35,000 rpm for 75 min at 4°C.  The 

procapsid-containing band was collected, the procapsids diluted four-fold in 0.5X 

TMS buffer and harvested in the SW55 rotor at 35,000 rpm for 2 hr.  The pellet 

fraction was overlaid with 200 µl 0.5X TMS buffer at 4°C overnight to resuspend the 

procapsids, which were further purified by a second round of sucrose gradients, as 

described above.   

7.5.3  Production of Terminase 

Terminase was expressed from E. coli AZ1935(pCM101), which contains the 

lambda terminase genes A and Nu1(48).  The cells were grown and induced as 

described for procapsid expression above, and the post-induction temperature was 

40°C.  Fifteen minutes post-induction, the cells were harvested, taken into one-

hundredth volume TM buffer (25mM Tris-HCl, pH 7.6, 5mM MgCl2 with 10 mM 

DTT) and lysed by sonication.  The lysate was clarified by centrifugation for 10 min at 
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13,000 rpm in the microfuge at 4°C, and the supernatant mixed with an equal volume 

of cold glycerol and stored at -20°C. 

7.5.4  Initiation of Packaging 

Anti-λ procapsid antibodies were attached to the protein G microspheres (2.1 

µm diam, Spherotech) as described previously (7).  Streptavidin-coated microspheres 

(2.1 µm diameter, Spherotech) were washed twice in the packaging buffer (20 mM 

Tris-HCl (pH 8) with 10 mM MgCl2, 7 mM β-mercaptoethanol, 1 mM ATP, 1 µM 

ADP, and 1 µM Pi).  10 µl of washed microspheres were incubated with 2 µl of 200 

µg/ml DNA in the same buffer for 20 minutes.  2 µl of terminase extract was then 

added to the mix and incubated for >20 minutes at room temperature before use in the 

experiments.  ~3 µl of each microsphere solution was diluted in 0.5 ml of packaging 

buffer prior to injection into the sample chamber.  These conditions resulted in 

packaging events being recorded only once per several pairs of microspheres tested, 

such that we were usually tethering only one DNA molecule at a time.  Further, when 

the tether broke at the end of each measurement (or was broken intentionally 

following long pauses when packaging didn’t resume after 60 s) we verified that the 

force dropped to zero in a single step, to show that we had only one DNA tethered.   

7.5.5  Optical Tweezers Instrument 

A dual optical trap system was used, consisting of a solid-state Nd:YAG laser 

(CrystaLaser) split into two orthogonally polarized beams focused by a water-

immersion objective (Olympus, Plan Apochromat, 1.2 NA).  One beam was steered by 

use of an acousto-optic deflector (Intraaction).  The exiting beams were collected by 
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an identical objective, and deflections of the fixed beam were detected by imaging the 

back focal plane of the objective onto a position-sensing detector (On-Trak).  The 

signal was filtered by a 340 Hz low-pass RC filter and then digitized at 1 kHz by a 16-

bit data acquisition card (National Instruments, 6035E).  The instrument was 

calibrated as described previously(18).  The series compliance of the two optical traps 

was 10.3 nm/pN.  Measurements were made at 23°C.   

7.5.6  Force-extension Measurements 

The elasticity of DNA (fractional end-to-end extension vs. force) was 

measured in the packaging buffer by tethering a 25.3 kbp DNA construct, labeled at 

one end by biotin and the other end by digoxygenin, between a streptavidin-coated 

microsphere and anti-digoxygenin-coated microsphere as described previously(29).  

These data were used to calculate the tether length from measurements of the 

extension at a given force.  These measurements also served as negative control 

experiments, showing that no DNA translocation activity was measured in the absence 

of procapsids and terminase protein.  Pauses during packaging were identified as 

sections of data in which the standard deviation in tether length was statistically 

indistinguishable (within 2 SD) from that measured in the control experiments. 

7.5.7  Fixed-trap Separation measurements 

The dependence of the motor velocity on load was determined by holding the 

trap separations fixed after detecting packaging, such that the DNA tension rose as 

packaging proceeded.  The change in tether length was calculated from the measured 

force knowing the separation between the traps, compliances of the traps, and 

measured force vs. fractional extension relationship of the DNA, as described 
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previously(18).  Long discernable pauses (velocity <20 bp/s for >0.2 s), were edited 

out of the length vs. time plots prior to analysis.  Velocities were calculated by linear 

regressions of the length vs. time data in a 0.5 s sliding window.  To obtain the 

average velocity vs. force the individual velocities from records spanning forces from 

at least 5 to 20 pN were averaged together in 5 pN force bins. 

7.5.8  Force-clamp Measurements 

DNA binding was detected by measuring the force acting on one microsphere 

upon quickly separating the two traps.  If the force reached 5 pN, a feedback algorithm 

was invoked to control the trap separation so as to maintain the force at 5 pN.  The 

force was recorded at 1 kHz and if it was greater/less than the force set point the traps 

were moved closer/farther by 1 nm.  The tether length was calculated knowing the 

separation between the traps, force, compliances of the traps, and measured force vs. 

fractional extension relationship, as described previously(18).  The motor velocity vs. 

length of DNA packaged was determined for each complex by linear regression of the 

length vs. time data in 1 kbp length bins.  Clear pauses (velocity <20 bp/s for >0.2 s) 

and slips larger than 50 bp were edited out before determining the velocity.  The 

overall ensemble average velocity vs. length of DNA packaged was calculated by 

averaging the velocities in each bin over all datasets. The average internal force vs. % 

of genome packaged was calculated by relating the average velocity measured in the 

velocity vs. packaging dataset to that measured in the velocity vs. force (F-v) dataset.  

The F-v data was well fit by the function F=a+(b/v)+(c/v2)+(d/v3), with constants a=-

63, b=7.0e4, c=-2.2e7, and d=2.6e9.  The forces corresponding to the velocities 
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measured in the velocity vs. packaging dataset were calculated using this function and 

the 5 pN applied force was subtracted to obtain the contribution of internal force. 
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Figure 7.1.  Experiment details. (A) Schematic illustration of the experiment. λ 
proheads were attached to antibody-coated microspheres and captured in an optical 
trap (bottom left).  A microsphere carrying the DNA-terminase complexes was 
captured in a second optical trap (top left).  The bottom trap was moved with respect 
to the top trap while monitoring the force acting on the top microsphere.  To initiate 
DNA packaging, the microspheres were brought into near contact for ~3 s (middle) 
and then quickly separated to probe for DNA binding and translocation (right).  (B)  
Force generated by individual motors measured with fixed trap positions.  The 
recordings start at 5 pN and the force opposing the motor increases as packaging 
proceeds and the tension in the DNA rises.  Individual recordings have been arbitrarily 
offset along the time axis for display purposes.  Several examples of pauses of the 
motor, as discussed in the text, are marked by “p”.  The arrow denotes the highest 
force measured (51 pN). 
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Figure 7.2.  Pausing behavior. (A) Dependence of pausing frequency on applied force.  
Frequency was calculated as the number of pauses per second that were recorded in 
particular force ranges. (B) Dependence of pause duration on applied force. 
 
 
 
 

 
Figure 7.3. Average motor velocity versus applied load force.  The dashed line is a fit 
to a single decaying exponential and the solid line is a fit to a sum of two decaying 
exponentials, as described in the text. 
 

A 

B 



 164

 
Figure 7.4.  Packaging dynamics measured with a constant 5 pN load (force-clamp).  
Each line is a plot of DNA tether length versus time recorded for an individual 
complex.  Individual recordings have been arbitrarily offset along the time axis for 
display purposes.  The plateaus seen in some records (marked “p”) indicate pauses of 
the motor.  The section marked “s” in the far right record indicates a slip in which the 
motor temporarily lost grip on the DNA (see text). 
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Figure 7.5. Packaging dependence upon filling. (A)  Average packaging rate versus % 
of the native 48.5 kbp genome length packaged.  The x-axis scale is the same as in 
panel B.  Dashed lines indicate transition points, as discussed in the text.  The average 
velocity was determined from N=97, 68, 21, 16, and 9 datasets that reached 40, 60, 80, 
90, and 100% genome packaging, respectively.  (B)  Average internal force versus % 
of genome length packaged.  Inset schematic diagrams indicate the various capsid 
transitions, as discussed in the text. 
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Figure 7.6.  Velocity vs. filling. (A)  Examples of records showing a dip in the 
packaging rate in the vicinity of 30% packaging.  (B)  Examples of other records 
without a clearly resolved dip at that position.  The two plots share the same x-axis 
scale. 
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Figure 7.7.  Examples of packaging measurements with a DNA construct that 
translocated beyond the native genome length.  These datasets were recorded in force-
clamp mode with a constant load of 5 pN.  (A)  % of genome length packaged versus 
time.  Plots for six different complexes have been displaced arbitrarily along the time 
axis for clarity. (B) Velocity versus % of genome length packaged calculated in a 5 s 
sliding window.  Plots for the six different complexes are shown in different colors. 
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Chapter 8 
 

Conclusion 
 
 

Bacteriophages constitute a remarkable, yet relatively simple, group of 

biological machines.   The emergence of in vitro DNA packaging assays has allowed 

bacteriophages to become an optimal system for the study of single molecule protein-

DNA interactions.  In particular, optical tweezers are ideal for the study of DNA 

packaging dynamics as illustrated in this dissertation, allowing the tracking of 

packaging over large distances and at high resolution.   Dynamic features not 

previously directly observable via bulk measurements have given insight into the 

operation of the bacteriophage DNA-packaging molecular motors.  The quantitative 

measurement of the forces resisting packaging and tight confinement of DNA has 

provided clues as to the conformation of the packaged DNA.  Structural transitions 

and failure of the procapsid have been dynamically observed in bacteriophage λ. 

In the φ29 packaging system, we have seen that large forces must be overcome 

to package the genome to high density.  These forces, predictably, can be modulated 

by ionic screening of the DNA backbone.  The degree to which the DNA screening 

affects the observed packaging forces was observed to be less than that predicted 

theoretically assuming an inverse coaxial spooling of the DNA (1).  This suggests the 

DNA is not as ordered as assumed in these theories.  While the assumption of inverse 

coaxial spooling was based on cryoelctron microscopic reconstructions of 

bacteriophages (2-5), recent simulations have shown that the apparent order seen in 

cryo-em reconstructions could also arise from more disordered conformations (6, 7).  
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Future theories incorporating alternative conformations may provide better agreement 

with our φ29 experiments. 

DNA packaging rates by T4 were observed to be much faster than those of 

φ29, consistent with the need to package a nine times longer genome.  Additionally, 

the T4 motor exhibited a large degree of variability in velocities compared to φ29 and 

λ, and in particular, large variability within individual phages (dynamic variability).  

We suggest that this could be due to the motor assuming alternative conformational 

states.  Possible interactions with regularatory proteins not present in our packaging 

assay might play a role in regulating these velocity variations.  Though we attempted 

to rule out effects of protein degradation by comparing multiple sample preparations, 

we cannot fully eliminate this possibility.  It is conceivable that some flexibility of the 

packaging proteins might lead to a more robust motor and higher packaging 

efficiencies. 

In the λ packaging system, DNA packaging rates were observed to be faster 

than φ29 and slightly slower than T4.  The lambda system showed a strong sensitivity 

to force in the form of pausing—a similar effect is not seen in φ29 or T4.  Also, unique 

dynamic transformations of the capsid were evident in the lambda packaging studies.  

At 30% of the native genome length packaged the capsid is observed to expand, 

releasing pressure built up during the early parts of packaging.  At approximately 90% 

of the native genome length packaged, the capsid is observed to rupture.  This result is 

in good agreement with previous in vivo studies that inferred the capsid may rupture, 
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but did not directly observe it (8).  It is likely that the absence of capsid stabilizing 

protein gpD would prevent this rupture in future studies. 

A summary/comparison of the different packaging dynamics observed in each 

system appears in table 8.1.  Future studies of λ and T4 will allow for more 

comparisons with φ29 and between the two.  Studies at high resolution will hopefully 

allow the production of a working model of the motor.  Studies of various mutants of 

the packaging protein will allow even more detailed models of the DNA translocation 

and DNA-protein interaction to be developed.  Both systems provide ample 

experiments for comparison with other systems and are unique systems deserving 

further exploration in their own respects. 

The assays of the three phage systems studied here exhibit considerably 

different efficiencies for optical tweezers packaging.  φ29 continues to be the most 

efficient system and any future studies should take this into consideration.  Data 

typically can be collected much quicker and the system is well behaved.  The only 

concern is that our collaborators in the Bustamante group have already addressed 

many of the primary studies of φ29 and will continue to investigate it.  Thus, 

coordination and dialogue between the two groups is important to avoid repeating 

prior or current work of the other group. 

λ is not as well behaved as φ29, but works well and provides reproducible 

results.  The system is also well characterized biochemically (9).  This system is 

probably the most ideal for future studies.  The assay is relatively clean and avoids the 

ATP-γS-ATP buffer exchange necessity observed with T4 and φ29.  The λ system is 
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also a rich system with many unexplored facets and features not present in φ29.  

Furthermore, at present we are the only group that studies lambda at the single 

molecule level with optical tweezers.   

One potential future avenue of study of λ that I have already begun work on is 

the process of cos cleavage.  Because the λ genome exists as a long concatamer of 

genomes, after termination of the packaging of one genome, the end of the genome is 

cleaved from the beginning of the next.  It has been shown that this process is not only 

sequence specific, but also dependent on the length of DNA packaged (10-12) 

somewhat similar to a head full packaging mechanism.  It has been hypothesized that 

this could be due to slower packaging velocities, force inside the capsid triggering 

cleavage, or force in the connector channel triggering cleavage.  By using optical 

tweezers and varying ATP concentrations, we can study the cleavage behavior of 

DNA packaging when we have multiple cos sites present in the packaged DNA.  The 

optical tweezers provide a nice tool to both slow packaging and apply force. 

Another avenue of study for lambda is better elucidation of the capsid 

dynamics and stability.  Further studies with long DNA constructs should allow us to 

determine if the second bump in the packaging dynamics as a function of filling (fig. 

7.5) is a second capsid expansion event, some reorganization event of the DNA, or just 

simply noise.  In combination with studies of packaging in pre-expanded procapsids, 

various features of the dynamics due to capsid events versus DNA events can be 

isolated.  Finally, upon adding the capsid stabilizing protein gpD, we can study the 

capsid stabilization.  It is interesting to ponder whether the capsid could still be 
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ruptured at a later point in packaging even with the presence of gpD and what the 

inferred internal force will be at this point. 

T4 is also a promising system for future studies, but the in vitro assay needs 

optimization before it reaches the high throughput capability of φ29 or λ.  The two 

primary difficulties with T4 packaging are the lack of efficiency and the viscosity of 

the packaging buffer.  In the optical tweezers, the T4 packaging assay is 5-10x less 

efficient than φ29 or λ and the necessity of 5% PEG makes trapping and manipulating 

the microspheres much more difficult.  Our collaborators have reported that they have 

eliminated PEG from the assay and see improved efficiency.  Whether or not it is 

simply the buffering/packaging assay that needs improvement or the protein 

purification process needs improvement remains to be seen.  Hopefully the T4 system 

will continue to improve, as there are numerous future studies available.  In particular, 

one ongoing study is focused on a packaging ATPase mutant that seems to randomly 

cleave the DNA during packaging. 

We are currently developing a high-resolution tweezers apparatus to resolve 

the stepping behavior of λ and T4.  The system will be similar to the apparatus at our 

collaborators group (13).  Assuming that we are able to achieve base pair resolution, 

this should provide a rich source of new studies.  Presumably, we would be able to 

develop a theoretical model of how the λ and T4 motors work and compare with the 

results found for φ29 at Berkeley.  These bacteriophage systems should continue to be 

a source of intriguing studies of molecular self-assembly in the future. 
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Table 8.1. Summary of results for comparison of bacteriophages φ29, λ, and T4. 

 

 
 

Frequent above 
15pN 

~130 kbp/slip 

40% 

23%

860 bp/s 

560 bp/s 

> 60 pN 

DNA-motor 
complex + prohead

λ 

Rare 

~15 kbp/slip 

67% 

42% 

1840 bp/s 

770 bp/s 

> 50 pN 

Prohead-motor 
complex + DNA 

T4 

Prohead-motor 
complex + DNA 

Initiation pathway 

~20 kbp/slip Processivity 
(at low filling, load) 

180 bp/s Maximum velocity 

10%Std Deviation 

145 bp/s Average velocity 
(at low filling, load) 

Rare Pausing 

55% V30pN/V5 pN 

> 100 pN Force generated 

φ29Virus: 
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