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Abstract 

Because of the unique simplicity of their life cycles, compared to all other evolving 

organisms, double-stranded (ds) DNA bacteriophages have served as an extremely 
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valuable model for elucidating the basic physics and molecular biology of gene replication 

and expression. In this dissertation, we present experimental work on two phages, 

lambda and P22, to study the general genome delivery (ejection) mechanisms of dsDNA 

bacteriophage.   

 

Using lambda phage, we systematically investigated the effects on DNA genome ejection 

of external osmotic pressure controlled by the concentration of osmolyte (PEG 8000) and 

the presence of polyvalent cations (tetravalent polyamine spermine, Sp4+). We found that 

the internal pressure of the capsid decreases from 38 to 17 atm as the [Sp4+] is increased 

from 0 to 1.5 mM. The existence of Sp4+ can also induce incomplete ejection under zero 

osmotic pressure when its concentration reaches 0.15 mM or higher; for [Sp4+] below 

this threshold, the ejection is complete. Further, we observed that the self-attraction 

induced by Sp4+ affects the configurational dynamics of the encapsidated genome, 

causing it to get stuck in a broad range of non-equilibrated structures. 

 

In order to further study the DNA ejection mechanism from phage capsids, we have 

systematically determined how DNA transcription in vitro is affected by the presence of 

different osmolyte and viscogen molecules, so that we can test the transcription-pulling 

hypothesis of genome delivery in the presence of crowded environments mimicking the 

cytoplasm of the bacterial cell hosts of phages. We found that at high concentrations of 

DNA templates, macromolecules can increase the RNA yield due to crowding effects on 

the initiation step of transcription, while small molecules decrease the yield because of 
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viscosity effects on the elongation step. Experiments carried out at low concentrations 

show a decrease in yield for large and small molecules, confirming the dominant effect of 

viscosity effects in the elongation step. 

 

Having established and quantified the nature of the spontaneous driving force for DNA 

delivery, we then studied the ejection behavior of internal proteins from another phage, 

P22, and their functions in an in vitro osmotic suppression system controlled by PEG 8000. 

We found that the Outer Membrane Protein A (OmpA) from Salmonella, the natural 

bacterial host of P22, can significantly enhance the rate of DNA ejection in the presence 

of the primary receptor, LPS. While the DNA is ejected in the presence of LPS, no ejection 

of the internal proteins occurs unless OmpA is also present. We also find that their 

ejection is largely complete before any of the genome is ejected. This finding helps us 

understand the possible roles that the internal proteins play during infection. 
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CHAPTER 1 
 

Introduction 
 

Bacteriophages are a group of viruses that infect bacteria. Their life cycles have long 

attracted the attention of biologists and physicists, going back to the 1940s when Delbruck 

and Lvoff founded their “phage schools” at Caltech and the Pasteur Institute, respectively. 

Their aim was to elucidate the fundamental processes of DNA replication and gene 

expression by means of simple viruses and the bacteria they infect; in doing so, they 

founded the field of “molecular biology”. Although it is 62 years ago that the Hershey-

Chase experiment was performed (Hershey et al., 1952) showing that when bacteria are 

infected only the phage genome enters the host cell, with its capsid (protein) remaining 

outside, many aspects of the process are still under debate. Among them are two major 

questions: “What is the mechanism of genome ejection?” and “How do the internal 

proteins that are packaged inside the mature capsid along with DNA get involved in DNA 

transport through the host cell membranes?” 

 

Bacteriophages were discovered independently by two groups of people in the early 

1900’s (Twort, 1915; d'Hérelle, 1917) and have since been intensively studied, serving 

as a tool to understand the physics of biological molecules and the process of life. Like 

all viruses, bacteriophages consist of genetic material (DNA or RNA, single-stranded or 

double-stranded) surrounded and protected by a protein capsid. But the phages can differ 

in shape: icosahedral shell, with or without a tail; or a filamentous structure (Mc Grath et 
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al., 2007). Double-stranded (ds) DNA bacteriophages with tail and icosahedral shell are 

the main subject of interest here.  

 

Figure 1-1. Schematic of dsDNA tailed-phage assembly steps: First, scaffold proteins guide the 
coat protein to form a procapsid; then DNA is packaged, followed by expansion and maturation 
of the capsid; subsequently, the tail is attached to the head to form a mature phage particle. 
(Aksyuk, 2011) 
 

 

Figure 1-1 shows the general pathway of a tailed-phage assembly from a succession of 

virally-encoded proteins (Aksyuk, 2011): first the scaffold proteins co-assemble with coat 

proteins to form a double-shelled structure with a portal complex protein located at one 

vertex. Then a DNA “packaging machine” binds to the portal complex and starts 

packaging DNA into the capsid. At the same time the capsid expands and the scaffold 

proteins escape from the capsid. After all the DNA has been packaged, the motor falls off 

and other tail parts are added on to the portal and a mature virus capsid is formed. Some 

viruses also package several copies of proteins (internal proteins) that are important in 

their life cycle inside the capsid during the procapsid formation period.  
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During the DNA packaging process, the virally-encoded motor needs to consume energy 

from the hydrolysis of ATP to drive the DNA into the capsid. Work must be expended 

because DNA is a uniformly-negatively-charged and rigid polymer and the total length 

(“contour” length) of the genomic DNA that needs to be packaged in one capsid is usually 

several hundred times longer than the capsid radius. The radius is also smaller than the 

“persistence” length of the DNA, i.e., the radius into which the DNA can be bent by 

thermally-available energy. Thus the electrostatic self-repulsion and bending energy of 

the densely-packed charged DNA make dsDNA viruses extremely highly pressurized 

(Smith et al., 2001). For instance in bacteriophage lambda, the internal pressure can 

reach about 40 atm (Evilevitch et al., 2003). 

 

Figure 1-2. Phage T4 infecting E. coli: the tip of the tail as well as the tail spikes bind to receptors 
on the host surface and then the genome is delivered into the cell, leaving the protein capsid 
outside (Simon et al., 1967). 
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Viruses can’t “live” without infecting their host cell. From the early Hershey-Chase 

experiment we already know that a dsDNA virus delivers only its genome into the host 

and leaves the capsid outside. Figure 1-2 shows T4 viruses infecting E. coli (Simon et al., 

1967). The phages first diffuse around the host surface until they dock at specific 

molecules on the cell surface called receptors (often transmembrane proteins), followed 

by conformational changes in the proteins located in the portal and the tail of the virus 

which trigger genome transfer into the targeted cell.  

 

Studies done with dsDNA viruses have confirmed that the internal pressure plays a 

significant role in delivering DNA by helping the genome penetrate the host membrane, 

working against friction and the inside osmotic pressure of the cell (~3-5 atm due to many 

proteins and small molecules in the cytoplasm). So it is easy to imagine that anything that 

can change the pressure difference between the virus capsid and the host will affect the 

genome delivery process. In Chapter 2, we use bacteriophage lambda as a model system 

to study the extent of phage genome release by a combination of osmotic stress and 

polyvalent cations. Previous studies showed the dependence of in vitro DNA ejection 

properties on either ambient salt concentrations or osmotic pressure. But none has 

systematically investigated how the extent of ejection is controlled by a combination of 

these conditions. In this work we specifically quantify the role of: the polyvalent cation, 

spermine, a polyamine with four positive charges, which is permeable to the capsid and 

can neutralize the negative charges on lambda DNA; and the osmolyte polyethylene 

glycol (PEG) 8000, a polymer that cannot penetrate into the capsid and thus can affect 
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only the environmental osmotic pressure. We find that incubation of the phage particles 

in spermine concentrations as low as 0.15 mM – the threshold for DNA condensation in 

bulk solution – is sufficient to significantly limit the extent of ejection in the absence of 

osmolyte; for lower spermine concentrations the ejection is complete in the absence of 

osmolyte. We also show that any desired extent of DNA ejection can be assured by 

different combinations of polyvalent cation concentration and osmotic pressure in the host 

solution. The degree of nonequilibrium dynamics of the packaging and ejection processes 

can also be investigated at the same time, showing that the presence of polyvalent cation, 

which induces a self-attraction between neighboring portions of packed DNA, impedes 

re-organization of the genome, causing it to get stuck in a broad range of non-equilibrated 

structures. 

 

As the genome comes out of the capsid, the osmotic pressure inside the capsid continues 

to decrease and finally reaches the pressure of the host cell. Experiments on phages 

lambda and T5 (Evilevitch et al., 2003; Leforestier et al., 2008) have shown that at this 

point there is still around half of the genome remaining inside, but the pressure exerted 

by it no longer exceeds that of the host. Then, what drives the second half of the genome 

into the host? One of the proposed mechanisms is that transcription of viral DNA by RNA 

polymerase can pull the DNA out of the capsid. Transcription of the genome is the first 

stage of infection in cells. To test this idea in vitro we proposed to first use high-molecular-

weight osmolyte to stop the DNA ejection half-way and then initiate transcription to see 

whether the DNA ejected length will change. In order to do this, it is necessary to first 

know how transcription works in a crowded environment. It also helps us understand the 
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transcription process in vivo where the cell contains many biological molecules and 

organelles. In Chapter 3, we mainly studied the dependence of the transcription process 

on different types (large molecules and small molecules) of osmolyte/viscogen both at 

high concentration and at the single-molecule level. When reactant concentrations are 

high, high-molecular-weight osmolyte can increase the yield of RNA transcription while 

small molecules inhibit this process, reducing the yield of RNA. Single-molecule 

measurements allow us to study separately the elongation step of the transcription 

process, and it is observed that the RNA yield is always decreased, independent of the 

kind of osmolyte involved. These findings make the transcription process in live cells more 

understandable. 

 

 

 

 
Figure 1-3. Three families of tailed bacteriophage (Mc Grath et al., 2007). Left: Myoviridae, with 
long contractile tails; middle: Podoviridae, whose tails are very short and usually no longer than 
one third of those in Myoviridae and Siphoviridae; right: and Siphoviridae, also with long (but non-
contractile) tails.  
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Knowing the driving force for DNA delivery after the virus binds to the outer membrane 

receptor, we want to further find out what factors are needed to facilitate passage of the 

viral DNA through both the outer and inner membranes as well as the periplasmic space 

of the host. Cartoons shown in Figure 1-3 depict three families of the tailed phages (Mc 

Grath et al., 2007). The main difference between them lies in their tail properties, with 

different tails suggesting that they have different mechanisms of delivering their genome 

into the cytoplasm. On the left of Figure 1-3 is a sketch of T4, one of the Myoviridae. It 

has a long contractile tail. When it infects bacteria, the tail contracts and facilitates the 

penetration of DNA into the cell membranes. The phage on the right represents one of 

the Siphoviridae, which has a long flexible tail. Its tail does not contract to lead the genome 

to cytoplasm. The middle one with the shortest tail is typical of the Podoviridae, one of 

which – P22 – is the focus of Chapter 4. They have short, non-contractile tails, no longer 

than 17nm. We deal with the question of how they are able to transfer their genomes 

across the 40-60nm defense barrier of host cell bacterial membranes.  

 

Studies have shown that the internal proteins that are prepackaged (and which do not 

leave with the scaffolding proteins) are needed to achieve successful infection, but little 

is known about how and when the internal proteins come out of the virus. We choose to 

work with P22, one of the Podoviridae, and set up an in vitro osmotic suppression system 

with PEG 8000 to study the ejection of the internal proteins by progressively controlling 

the extent of ejection from the phage.  
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Figure 1-4. P22 virion structure (Tang et al., 2011), segmented to highlight individual components: 
coat protein (blue); DNA (green); portal protein (red); tail spike protein (dark yellow); tail needle 
(yellow). Scale bar: 20 nm. 
 

Figure 1-4 is a cryo-reconstruction image of the P22 virion (Tang et al., 2011). Blue color 

is the capsid made of coat protein. It is filled with viral genomic DNA, which is represented 

by green. The portal protein (colored red) is located at one of the vertices and extends 

inside almost to the center the capsid. Connecting with the portal are the tail-spike 

proteins (labeled with dark yellow) which are functional during the early stage of the 

infection. In the center below the portal (colored yellow) is the tail-plug protein (needle), 

which needs to be displaced during infection. Previous studies have shown that 

lipopolysaccharide (LPS) from the virus’ host cell (Salmonella) is recognized as a receptor 

that triggers ejection in vitro (Iwashita et al., 1973).  LPSs are large molecules consisting 

of lipid and of a polysaccharide composed of O-antigen, which is a glycan polymer 

comprising the outermost domain of LPS. LPSs are found in the outer membrane of the 

bacteria (Raetz et al., 2002). 

http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Lipid
http://en.wikipedia.org/wiki/Polysaccharide
http://en.wikipedia.org/wiki/Glycan
http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Bacterial_outer_membrane
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Figure 1-5. P22 infection process (Kristin et al., 2014): A virion utilizes its tail spike proteins to 
bind to its primary receptor, LPS. By hydrolyzing the LPS, virus is able to move closer to the cell 
surface and finally deliver their genome into the host cytoplasm. During the genome entry, there 
has to be some mechanism to facilitate this process. For example, a putative channel is formed 
through both membranes to transfer DNA into the host.  
 

 

Figure 1-5 shows the infection process of P22 (Kristin et al., 2014): Infection begins when 

the tail-spike proteins of P22 interact with LPS from its host Salmonella to help position 

the phage on the bacterial outer membrane. Tail-spike proteins have enzymatic 

properties that can digest the long O-antigen of the LPS into smaller repeat units and 

bring the phage closer to the surface of the host. Upon protein structural changes, tail-

plug proteins are displaced and finally DNA is released (Andres et al., 2010; 2012).  

 

We find from in vitro studies of ejection that the Outer Membrane Protein A (OmpA) from 

Salmonella significantly enhances the rate of DNA ejection in the presence of LPS. 

Further, we observe that while the DNA is ejected in the presence of LPS, no ejection of 

the internal proteins occurs unless OmpA is also present, and that their ejection is largely 
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complete before any of the genome is ejected. This finding helps us better understand 

how P22 infects its host cell and, in particular, about possible roles that the internal 

proteins play during infection. 
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CHAPTER 2 

 

Controlling the Extent of Viral Genome Release by a 

Combination of Osmotic Stress and Polyvalent 

Cations 

 

Abstract 

 

While several in vitro experiments on viral genome release have specially studied the 

effects of external osmotic pressure and of the presence of polyvalent cations on the 

ejection of DNA from bacteriophages, few have systematically investigated how the 

extent of ejection is controlled by a combination of these effects. In this work we quantify 

the effect of the tetravalent polyamine spermine on the extent of ejection of the DNA from 

bacteriophage lambda as a function of the osmotic pressure. We found that the pressure 

required to completely inhibit ejection decreases from 38 to 17 atm as the spermine 

concentration is increased from 0 to 1.5 mM. Further, incubation of the phage particles in 

spermine concentrations as low as 0.15 mM - the threshold for DNA condensation in bulk 

solution - is sufficient to significantly limit the extent of ejection in the absence of osmolyte; 

for spermine concentrations below this threshold, the ejection is complete. In accord with 

recent investigations on the packaging of DNA in the presence of a condensing agent, 
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we observe that the self-attraction induced by the polyvalent cation affects the ordering 

of the genome, causing it to get stuck in a broad range of non-equilibrated structures. 

 

 

 

 

Many double-stranded (ds) DNA viruses have their stiff, highly-charged, genomes packed 

to crystalline density in pre-formed rigid shells (capsids), resulting in a high state of stress. 

The work of packaging is performed by strong virally-encoded protein motors, and the 

resultant stress provides much of the driving force for genome ejection. Considerable 

theoretical (Reimer et al., 1978; Odijk, 1998; Kindt et al., 2001; Tzlil et al., 2003; Purohit 

et al., 2005; Forrey et al., 2006; Petrov et al., 2011) and experimental work (Smith et al., 

2001; Evilevitch et al., 2003; de Frutos et al., 2005; Smith et al., 2011) has been devoted 

to calculating and measuring the forces and pressures associated with these processes. 

It is only recently, however, that attention has been focused on the nonequilibrium 

dynamics of the packaging process, which involves loading rates as high as 100s of base 

pairs (bps)/sec. In particular, Smith and co-workers (Berndsen et al., 2014; Keller et al., 

2014) have employed single-molecule techniques to study the heterogeneity of the 

packaging dynamics and how it varies when the DNA-DNA interactions are changed from 

repulsive to attractive.  

 

One expects that the genome dynamics associated with ejection from the capsid will also 

be sensitive to disorder in the packaged DNA and to the nature of the DNA-DNA 
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interactions. We address these issues here by investigating the separate and combined 

effects of polyvalent counterions and of osmolytes on the in vitro genome ejection 

properties of bacteriophage λ, a dsDNA virus. As predicted (Tzlil et al., 2003), we found 

that a significant fraction of the genome remains inside the capsid when ejection is 

triggered in the absence of osmolyte but in the presence of spermine (Sp4+) at 

concentrations sufficiently high to induce DNA self-attraction (condensation). Comparably 

limited ejection obtains in the absence of spermine and in the presence of 3-4 atm of 

osmotic pressure.  

 

Most notably, and consistent with the strong heterogeneity in packaging rates reported 

by Smith and coworkers (Berndsen et al., 2014; Keller et al., 2014), we found in our 

ejection studies that DNA self-attraction induced by polyvalent cations causes the 

packaged DNA to become stuck in a wide range of non-equilibrium structures. Related 

effects have been discussed in several simulation studies of phage packaging (Forrey et 

al., 2006; Petrov et al., 2011; Ali et al., 2006), including the effects of twist (Spakowitz et 

al., 2005) on entanglement. Specifically, we report measurements of the extent and 

nature of genome ejection for a variety of biologically relevant osmotic pressures and 

polyvalent cation concentrations, and discuss our results in the context of related work on 

DNA condensation and of our present understanding of strongly-confined DNA. 

 

Wildtype bacteriophage lambda was purified from infected E. coli c600, and the lambda 

receptor (LamB) purified from E. coli pop154, both as described earlier. The final titer of 

phage was around 1011 infectious units per ml, determined by plaque assay. Virus 
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solution was first treated with DNase I (1 unit, New England Biolabs) to remove free DNA 

due to the breakage of capsids during purification. Each 100 µl of phage sample was then 

incubated overnight at 4ºC in TM buffer (50mM Tris, pH 7.5, 10mM Magnesium Sulfate) 

with Sp4+ so that it could diffuse into the capsid and equilibrate with the DNA. PEG 8000, 

LamB, 1% detergent (oPoE), DNase I buffer and an additional 5 µl of DNase I (2 units) 

were then added together to the samples, and incubated at room temperature for 15 min 

to allow the LamB to bind to the phage, triggering ejection. Further incubation for 4 hr at 

37 ⁰C ensured that the ejected DNA was fully digested by DNase I. 

 

The unejected DNA lengths were determined by extracting them from the capsids. To 

denature the DNase I before extraction, 1 mM EDTA was added and the sample heated 

for 10 min at 75⁰C. After addition of an equal volume (100 µl) of protein lysis buffer (25 

mM EDTA, 200 mM Tris, 250 mM NaCl, 1%SDS, pH 7.5) and 1 µl of Protease K (1 unit), 

the samples were incubated at 65⁰C for 1 hr to disrupt the capsids, allowing the DNA 

inside to be released. Phenol/chloroform extraction was done twice to separate protein 

from DNA, followed by ethanol precipitation to concentrate the DNA. Finally, the 

precipitated DNA was redissolved in TE buffer and analyzed by electrophoresis in a 0.3% 

agarose gel run for 6 hr at 3V/cm and stained with SYBR gold. 

 

Figure 2-1.A is a gel image showing the length of DNA remaining inside the capsid when 

ejection is triggered in solutions containing no osmolyte, but with Sp4+ at concentrations 

between 0 and 1.5 mM. Because of a low concentration of the LamB receptor (only one 

per phage) and the failure of some phages to eject even when bound to receptor, genome  
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Figure 2-1. 1. A. 0.3% agarose gel of unejected DNA, following ejection from phages triggered by 
LamB after incubation with Sp4+ at concentrations ranging from 0 to 1.5 mM. 1. B. Same, but 
with the indicated combinations of PEG and Sp4+ concentration. 
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ejection is triggered in only about half of the phage particles in any sample. (This estimate 

is inferred from the relative intensities of the two bands in the gel - see the discussion 

given immediately below.) Accordingly, all of the lanes show a band corresponding to the 

full-length (48.5 kbp) DNA that remains unejected and hence protected by the capsid. In 

the rightmost 3 lanes, for which [Sp4+] < 0.15 mM, we see only this band, because 

ejection is complete from all opened capsids. For [Sp4+] > 0.15 mM, however, there is 

another (and distinctly more diffuse – see below) band corresponding to the lengths (≈ 

25-33 kbp) of DNA remaining in the capsids following ejection. The presence of a 

significant length of the genome remaining in the capsid attests to the DNA having been 

condensed by spermine (Tzlil et al., 2003), and the broad range of lengths involved 

reflects the large non-equilibrium effects associated with the spermine-induced 

attractions between neighboring portions of packaged duplex. This strong heterogeneity 

is consistent with the large standard deviation in packaged lengths measured for high 

spermine concentration by Keller et al (2014). 

 

Note that the above 25-33 kbp range of lengths corresponds to 52-68% of the genome 

remaining in the capsid when ejection is triggered under DNA condensation conditions. 

Measurement of the UV absorbance of ejected, digested, DNA in the supernatant, 

following centrifugation, while not providing direct information on the distribution of ejected 

(and therefore of un-ejected) DNA lengths, does give their average value. In this way 

Evilevitch (2006) obtained a value of 29 ± 2 kbp for the average length remaining inside 

the lambda capsid when ejection was triggered in the presence of 1 mM spermine, with 

the ± 2 kbp uncertainty calculated from propagation of errors. This result, i.e., 60% of the 
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genome remaining inside in the presence of 1mM spermine and 0 atm osmotic pressure, 

can be compared with 50% and 90% remaining inside in the case of (1 mM spermine and) 

1 atm (Evilevitch et al., 2004) and 3.5 atm (Evilevitch et al., 2008) of osmotic pressure, 

respectively.  

 

As a control, we checked that spermine-induced condensation of DNA did not result in 

the DNA running differently than uncondensed DNA in the electrophoresis gel. Samples 

of lambda DNA incubated in 1 mM Sp4+, and the same DNA incubated in spermine-free 

buffer solution, ran identically in a 0.3% agarose gel in TE (spermine-free) buffer, thereby 

confirming our determinations of unejected DNA lengths in the case of super-threshold 

[Sp4+]. Further, consistent with related studies (Evilevitch et al., 2006), DNA is not 

protected against DNase I digestion by virtue of it being condensed by spermine: DNA is 

essentially fully digested into nucleotides by DNase I, after incubation with Sp4+ at 

concentrations up to 5 mM, under the conditions of our nuclease digestion protocol. 

 

As an additional control we checked that the duration of digestion of ejected DNA did not 

affect the amount of ejection, i.e., the length of DNA remaining in the capsid. In particular, 

after adding LamB to the phage samples incubated in spermine and/or PEG, we digested 

for either 3, 4, or 5 hr with DNase I and ran gels as in Figure 2-1.A and 2-1.B for each of 

the three time durations, and found no differences in the positions and intensities of the 

bands associated with DNA remaining in the capsids.  
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Even though the phages have been incubated in spermine before genome release is 

triggered, the packaged DNA can only begin to feel its self-attraction after a significant 

amount of ejection has occurred. Up until that point the average interaxial spacing 

between neighboring duplex portions is smaller than the 2.8-2.9 nm at which the onset of 

attractive forces occurs (Raspaud et al., 2005). The effective interaction is repulsive and 

ejection proceeds until the average interaxial spacing becomes this large or, alternately, 

until the length of DNA remaining inside is sufficiently small that its toroidal condensate 

has an outer radius equal to the inner radius of the viral capsid (Tzlil et al., 2003; 

Leforestier et al., 2009). Were the DNA able to relax (equilibrate) during packaging and 

ejection, the points at which these limits are reached would coincide. But they can vary 

considerably from phage to phage because the local packaging configurations are highly 

heterogeneous as a result of large non-equilibrium effects associated with how the 

genome was packaged in the first place (Berndsen et al., 2014; Keller et al., 2014) and 

especially because of the onset of strong self-attraction of the packaged DNA as it is 

ejected following the incubation with spermine.  

 

Measurements were also carried out with mutant bacteriophage lambda b221, whose 

genome length is 37.8 kbp. In this case, the lengths of DNA remaining in the capsid were 

- as expected - the same (25-33 kbp) as for the wildtype, because of the ejected DNA 

being digested by DNase I. And, again, as with the wildtype, the unejected DNA is much 

more polydisperse than would be expected if the DNA configurations arising in packaging 

and ejection of the genome were equilibrated for all of the force, pressure, and spermine 

conditions involved. 
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This departure from equilibrium was anticipated by Tzlil et al.(2003) who, in calculating 

that 1/4th to 1/3rd of the lambda genome should remain unejected in the presence of self-

attraction, pointed out that this prediction should be a lower-bound because of non-

equilibrium effects. Computer simulation studies by Petrov and Harvey (2011) also 

addressed the effect of self-attraction on ejection. In particular, they used molecular 

dynamics to examine different lengths of DNA - corresponding to 10, 30 and 78% of the 

full genome - equilibrated in capsids with purely repulsive interactions between 

neighboring duplex portions. Attractive interactions were then switched on, mimicking the 

effect of incubation in a sufficiently high concentration of spermine. The shorter (10 and 

30% length) chains were able to form toroid-like structures, whereas the trajectories 

associated with the long (78%) one were associated with pronounced non-equilibrium 

structures. Similar effects had been reported in earlier phenomenological packaging 

simulations by Ali, Marenduzzo and Yeomans (2006), and by Forrey and Muthukumar 

(2006). 

 

In an experiment similar in concept to ours, de Frutos et al. (2005) examined the ejection 

of DNA from T5 phage, for which the full length is 114 kbp, in the presence of sufficient 

spermine to condense the DNA. Gel electrophoresis analysis of the DNA remaining in the 

phage capsids showed several broad bands, at approximately 100, 46 and 11 kbp. These 

widely different lengths are difficult to explain, but are consistent with those found for T5 

by Leforestier et al. (2008), who measured the lengths of DNA remaining in the capsid 

following ejection in the presence of low concentrations of PEG; they are also consistent 
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with the several pauses in ejection reported in kinetic studies of T5 in the absence of PEG 

(Mangenot et al., 2005).  

 

De Frutos et al. did, however, estimate the size of the maximum toroid that could fit inside 

the capsid, using the empirical value of the ratio between the inner and outer toroidal radii 

reported earlier from studies by Bloomfield and coworkers (Aracott et al., 1990) of DNA 

in solution condensed by polyvalent cations into circumferentially-wound/hexagonally-

packed toroids with circular cross-sections. This maximum length of unejected DNA is the 

value that one would measure if the DNA configuration were able to re-equilibrate 

throughout the ejection process. It is given (in bps) by 

𝐿𝑚𝑎𝑥𝑡𝑜𝑟𝑜𝑖𝑑 =  2.78(𝑅𝑖𝑛𝑛𝑒𝑟𝑐𝑎𝑝𝑠𝑖𝑑)3√3ℎ(𝑎𝑐𝑜𝑛𝑑)2  

 

where 𝑅𝑖𝑛𝑛𝑒𝑟𝑐𝑎𝑝𝑠𝑖𝑑 is the inner radius of the capsid, h = 0.34 nm/bp, and acond is the interaxial 

spacing in spermine-condensed DNA. Using acond = 2.88 nm, and 40 nm for the inner 

radius 𝑅𝑖𝑛𝑛𝑒𝑟𝑐𝑎𝑝𝑠𝑖𝑑 of the T5 capsid, they obtained an estimate of 36 kbp for the length of the 

condensed genome equilibrated inside. The same calculation for lambda phage, using 

the 28-nm internal radius determined by Dokland and Murialdo (1993), leads to an 

estimate of 12 kbp for the length remaining inside, consistent with the value calculated 

directly by Tzlil et al. using measured DNA bending and self-attraction energies (Rau et 

al., 1992). The fact that we measure more than twice this length, and a broad distribution 

of lengths about this average, is a consequence of the large role played by non-

equilibrium genome configurations in the case of self-attraction.  
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It is instructive to compare the ejection studies on lambda and T5 with the series of high-

resolution cryo-electron microscopy structural studies by Leforestier and Livolant (2009) 

in which PEG was used to limit the ejection of DNA from T5 and then 5 mM Sp4+ was 

added to condense the DNA remaining inside the capsid. By using a range of PEG 

concentrations they obtain a range of unejected lengths, many of which are short enough 

for their toroidal condensates to have outer radii smaller than the inner radius of the 

capsids. The lengths of DNA in the toroids could then be calculated from measurements 

of their inner and outer radii, again assuming a circular cross-section and hexagonal 

packing. A stress-free toroid persists until its outer radius becomes as large as the inner 

radius of the capsid. For longer lengths, the confined condensates are deformed toroids 

with average interaxial spacings < 2.8 nm. In this way, by using osmolyte to stabilize 

progressively longer DNA lengths inside the capsid before adding spermine, Leforestier 

and Livolant were able to conclude that there are about 27 kbp of DNA in the toroid that 

just fits inside the 40-nm inner radius of the T5 capsid. 

 

Each concentration of PEG in the host (external) solution corresponds to a certain amount 

of water being sucked out of the phage capsid (from which PEG is excluded). As a result, 

the water inside is under tension, thereby producing a force resisting the ejection of DNA. 

As demonstrated by earlier measurements (Evilevitch et al., 2003; de Frutos et al., 2005; 

Knobler et al., 2009), the higher the PEG concentration the lower the extent of genome 

ejection. To explore how this mechanism of osmotic suppression competes with the 

effects of polyvalent-cation-induced DNA self-attraction, we carried out a series of 
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experiments in which we measure the extent of genome ejection in the presence of both 

PEG and spermine. 

 

We consider three regimes of spermine concentration, defined with respect to the 

threshold value (0.15 mM) for mediating a self-attraction: its total absence; a sub-critical 

value (0.1 mM); and a super-critical value (1.5 mM). We incubate the phage in Sp4+ and 

PEG, trigger ejection by adding LamB in the presence of DNase I, deactivate the DNase 

I, extract the unejected DNA, and measure its length in an agarose gel. In this way we 

determine the fraction of ejected DNA for each specified pair of spermine and PEG 

concentrations. 

 

Figure 2-2 shows the dependence of fraction ejected vs. osmotic pressure: for sub-

threshold [Sp4+] (0.1 mM), see solid squares, which is not high enough to induce an 

attraction between neighboring DNA duplex portions; and for super-threshold [Sp4+] (1.5 

mM), see solid circles. For comparison, we also measured ejection fractions as a function 

of osmotic pressure for the case of zero spermine (see open circles) and superimpose on 

those data points a curve (dotted) fit to the measurements reported earlier by Grayson, 

et al. (2006) for lambda ejection in the absence of Sp4+. (The determination of osmotic 

pressure from PEG w/w% concentration was made using the same calibration employed 

in our previous studies: see, for example, Evilevitch et al., 2003.) Two of the three curves 

- those corresponding to no Sp4+ and to non-zero but sub-threshold Sp4+ - are 

qualitatively similar. In particular, because the DNA self-interaction is purely repulsive in 

both cases the fraction ejected in the absence of osmotic pressure (i.e., no PEG) is 100%. 
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The PEG pressure needed to completely suppress ejection is 38 atm for [Sp4+] = 0 and 

25 atm for [Sp4+] = 0.1 mM. This is because the presence of a low concentration of 

polyvalent cation, even though insufficient to mediate a self-attraction, nevertheless 

contributes to a reduction in the self-repulsion that dominates the capsid pressure. On the 

other hand, the curve in Figure 2-2 for the DNA fraction ejected for super-critical [Sp4+] 

(1.5 mM) is qualitatively different. It starts (for no PEG) at a value of about 0.4, 

corresponding, as discussed earlier, to about 0.6 of the genome remaining in the capsid. 

Also, because of the much higher spermine concentration, the pressure in the intact 

phage is as low as 17 atm. 

 

The error bars in Figure 2-2 correspond to the standard deviation in the average DNA 

length ejected under the corresponding conditions of spermine concentration and osmotic 

pressure, based on several measurements made for each sample. But the range of 

lengths observed in each measurement is significantly larger. Recall from the gel in Figure 

2-1 that for ≥ 0.15 mM, and hence for the zero-osmotic-pressure 1.5 mM [Sp4+] sample 

represented by the left-most filled circle on the lowest curve in Figure 2-2, the lengths of 

DNA remaining in the capsid range from 25 to 33 kbp. If, on the other hand, an average 

length of about 28 kbp is made to remain in the capsid because of having imposed a 

sufficiently high osmotic pressure in the absence of spermine, we expect that the 

associated range of lengths involved will be smaller because no attractions are operative 

under these conditions. The same would be true for a combination of a lower osmotic 

pressure and a sub-threshold spermine concentration, where again there is only a 

repulsive self-interaction of the DNA. This situation is illustrated in Figure 2-1.B, a gel of 
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Figure 2-2. The ejected DNA fraction as a function of osmotic pressure (PEG8000 concentrations), 
for each of three different concentrations of [Sp4+]: open circles, no spermine; filled squares, 0.1 
mM spermine; and filled circles, 1.5 mM. In each case the phage are incubated in PEG and/or 
[Sp4+], ejection is triggered by addition of receptor in the presence of DNase I, the sample is 
centrifuged to isolate the capsids, and the DNA remaining in the capsids is extracted and run in 
an agarose gel as described in the discussion of Figure 2-1. The dot-dash and solid curves are 
fits to our data for sub- and super-critical spermine concentrations, respectively. 
 

extracted, unejected, DNA for these three scenarios. Lane 1 (to the immediate right of the 

ladder) is for 7.5 atm PEG, no spermine; lane 2 for 2.5 atm PEG, 0.1 mM spermine; and 

lane 3 for 1.5 mM spermine, no PEG. The average DNA length remaining inside the 

capsid is 29 kbp in all three cases, with ranges of 2, 4, and 8 kbp for spermine 

concentrations of 0, 0.1, and 1.5 mM, respectively, as determined from densitometry 
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traces of the gel. These results suggest, consistent with the situation reported from single-

molecule packaging measurements (Berndsen et al., 2014; Keller et al., 2014), that non-

equilibrium effects are weaker for more repulsive DNA-DNA interactions. They are also 

consistent with simulation studies of ejection (Marenduzzo, et al., 2013) in which reducing 

the self-repulsion of the confined chain makes it more likely to get stuck (“self-entangle”). 

 

It is clear that in vitro studies of dsDNA viruses like lambda and T5 have much to teach 

us about the dependence of genome packaging and ejection on ambient osmotic 

pressures and salt concentrations, and that future investigations will continue to yield 

improved physical understanding of these fundamental processes. In particular, the 

importance of nonequilibrium effects need to be explored further because of the short 

time scales involved compared to the relaxation times of strongly-confined stiff 

polyelectrolytes like DNA. These effects show up first in the packaging of the genome 

(Berndsen et al., 2014; Keller et al., 2014; Petrov et al., 2011; Forrey et al., 2006, Ali et 

al., 2006; and Spakowitz et al., 2005), and then again in its ejection (present work; and 

Marenduzzo et al., 2013), and their magnitude increases with weakening of the DNA self-

repulsion and with onset of self-attraction.  
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CHAPTER 3 

 

In vitro DNA Transcription in a Crowded Environment,                    

and Its Role in the Genome Delivery from a Bacterial Virus 

 

 

Abstract 

 

 

The bacterial cell cytoplasm is crowded with many large and small molecules which give 

rise to high osmotic pressure and high viscosity. The vital process of DNA transcription 

involves a number of proteins and nucleotides and can be affected by the presence of 

osmolytes and viscogens. In this study, we determined at both “high” concentration and 

at the single-molecule level how in vitro transcription is affected by the presence of various 

molecules of both high and low molecular weight. Small molecules will decrease the RNA 

yield mainly because of their effect on viscosity, while macromolecules can increase the 

yield in bulk by enhancing the binding between RNA polymerase and DNA template, 

thereby compensating for the viscosity effect. By starting at different transcription stages, 

we were able to determine that the osmolyte crowding effect that enhances binding plays 
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a main role during the initiation process, while the elongation step is the one that is 

affected most by viscosity. On the basis of these findings we design experiments to test 

the extent to which in vitro transcription can complete genome ejection from 

bacteriophage lambda in the presence of osmolytes and viscogens, and shed light on the 

possible role of this mechanism in vivo.  

 

3.1 Introduction 

Previous studies (see Chapter 1) on in vitro DNA ejection from bacteriophage lambda 

inform us about the pressure inside the dsDNA bacteriophage and its function during 

infection. But pressure alone is not enough to achieve complete genome delivery into the 

host (Molineux, 2013). The cell cytoplasm is a complicated environment where there are 

many large and small molecules as well as different cell organelles (Elowitz et al., 1999). 

Accordingly, an osmotic pressure of several atmospheres exists in the intracellular 

environment. For example, E. coli cells have an osmotic pressure of 3-5 atm (Cayley et 

al., 1991). This fact makes the DNA delivery process incomplete if pressure is the only 

driving force. More explicitly, for bacteriophage lambda, only about half of the genome 

remains unejected when the pressure inside the capsid drops to the value of that in the 

bacterial cytoplasm (Evilevitch et al., 2003). To deliver the rest of the genome, there have 

to be other mechanisms that can provide an ejection – or, pulling – force.  
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One hypothesis is that transcription of the already delivered DNA genes can pull the 

remaining portion out of the capsid. Transcription is a process initiated by an enzyme 

called RNA polymerase (RNAP) that binds to a certain (“promoter”) sequence of DNA and 

then moves along the DNA to produce a complementary strand of RNA. As it moves, it 

exerts a force against its transcribing direction. In a particularly well-studied example, 

bacteriophage T7, it has been demonstrated (Molineux et al., 2006) that transcription of 

an “early” gene, i.e., one delivered by the initial ejection step, is necessary to complete 

delivery of the genome. Specifically, the phage internal pressure only drives the first 

several hundred base pairs of genome out of the capsid, but that portion contains the 

promoter sequence for E. coli RNA polymerase and the rest of the genome is then pulled 

out by the transcription process with E. coli and virally-encoded (T7) RNA polymerases 

(Kemp et al., 2004). This raises the question: for other dsDNA bacteriophages, and in 

particular for lambda, can transcription by E. coli RNA polymerase contribute to the 

delivery of the remainder of the DNA after capsid pressure has fallen to that of the host 

cell cytoplasm?  

 

To test this idea in vitro, we first need to control the extent of DNA ejection from lambda, 

so that we can then initiate transcription and measure the ejected DNA length difference 

before and after transcription. Tuning the DNA ejection length can be achieved by setting 

up an in vitro osmotic suppression system with high-molecular-weight PEG 8000 

(Evilevitch et al., 2003).  
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Transcription is a complicated process including the many different steps depicted 

schematically in Figure 3-1 (Pearson Education Inc., 2012): initiation, in which RNAP 

diffuses in the solution, reaches the DNA template, moves along it and finds a specific 

promoter sequence, unwinds that part of the double helix by breaking the hydrogen bonds 

between complementary nucleotides, and forms a structure called the RNAP-DNA “open 

complex” (step 1 in Figure 3-1). NTPs are then recruited from the surrounding solution 

and RNA complementary to the template strand is produced (step 2 and 3 in Figure 3-1). 

Before producing full-length RNA, many truncated RNAs – referred to as “abortive 

products” (around 1-10 nucleotides long) – are usually synthesized by DNA “scrunching” 

while RNAP stays immobile on the promoter. Once RNAP overcomes an energy barrier 

and leaves the promoter sequence to move downstream of the template, transcription 

goes into the next step: elongation, in which full-length RNA is produced and freed into 

solution (Goldman et al., 2009) as RNAP moves along DNA and recruits NTPs for RNA 

synthesis. The last step is termination, wherein transcription is completed upon RNAP 

encountering a special (weak-RNAP-binding) sequence and falling off the template. If 

there is no termination site, transcription will not stop until the RNAP runs off the end of 

the linearized DNA template. 

 

Most in vitro transcription studies to date have been performed in buffered solution with 

low-concentration DNA template, purified RNAP, and RNA nucleotides, in the absence of 

any other molecules. But transcription processes are expected to behave differently in 

high concentrations of viscogen and/or osmolyte, or in the crowded environment of the  
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Figure 3-1. Transcription processes (Pearson Education Inc., 2012): binding of the RNA 
polymerase at a promoter site on DNA to be transcribed, unwinding of a region of the DNA helix 
and initiation of transcription, and synthesis of an RNA transcript complementary to the template 
strand of the DNA. The transcript elongates as the polymerase proceeds down the DNA until the 
polymerase reaches the termination site, falls off and finishes the transcription. 
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cytoplasm (Demidenko et al., 2011): viscogens will impede the diffusion of the 

components while osmolytes will produce a crowding effect that alters the effective 

binding of RNAP to DNA.  So in order to better understand these processes it is necessary 

to study transcription under controlled viscous and high osmotic stress conditions.  

 

We carried out experiments on four viscogens (substances affecting the viscosity of the 

solution), which also act as osmolytes – PEG8000, PEG 3350 (macromolecules), PEG 

400 and glycerol (small molecules) – and with two different RNAPs, T7 RNAP and E.coli 

RNAP to eliminate any specific chemical effect or specificity of RNAPs. In addition, 

experiments were also performed in two different concentration regimes: “high” 

concentration in which RNAPs bind and transcribe multiple times on DNA templates, and 

“low” concentration where there is only one-time transcription – i.e., once the RNAP 

finishes transcribing one DNA and falls off, it can no longer find another template during 

the time of the experiment. Different from the high concentration conditions where we 

initiate the reaction by mixing RNAP, DNA template and NTPs, the low concentration 

experiments were started with a pre-made DNA-RNAP open complex (Kim et al., 2011) 

so that we are able to study each step (initiation vs. elongation) separately during the 

transcription process and determine the contribution of each factor (mainly viscosity vs. 

osmotic pressure) to the different steps.  

 

We found at high concentration that the presence of macromolecules can increase the 

RNA yield in the case of both E.coli and T7 RNAPs, while small molecules have an 
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opposite effect. These effects are more obvious for higher-molecular-weight E. coli RNAP 

than for the smaller T7 RNAP. The transcription yield enhancement due to the 

macromolecules can be understood in terms of an increase in the dissociation-

association equilibrium constant of binding between template and RNAP. At low 

concentration, on the other hand, by studying two different high-molecular-weight 

polymers and two low-molecular-weight small molecules, we learned that all of them 

decrease the amount of RNA product, with this effect being most pronounced for the small 

molecules. In parallel, the low-concentration case was studied with single-molecule FRET 

measurements carried out by the group of Shimon Weiss, and similar results were found. 

Viscosity – viscous drag – in this situation is the major reason behind these lower yields 

of RNA, and is more pronounced for the smaller viscogens because of the competition 

between those molecules and NTPs at the active transcription site and the resultant 

slowing-down of NTP incorporation. 

 

3.2 Materials and Methods 

Transcription of 200bp DNA by E.coli / T7 RNA polymerase in the presence of PEG 

8000/glycerol in high concentrations 

Transcription samples with a total volume 20µL were prepared by mixing 4µL of 5x E. coli 

RNAP / 2µL of 10x T7 RNAP transcription buffer (NEB), 1µL of 1.33mg/mL (final 

concentration  ~0.5 µM) 200bp DNA made by PCR reaction containing pL promoter 

sequence (5’-TTGACATAAATACCACTGGCGGTTATACTGAGCACAGAAGTAGACCA 
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CGGAACGAGGTTC-3’) from bacteriophage lambda/T7 promoter (5’TAATACGACTCAC 

TATAGGGAGA-3’), 1 unit (1 µL ) of RNase inhibitor and 2 units (2 µL ) of E. coli / T7 RNA 

polymerase in different osmolyte conditions: 0, 2, 3, 4, 8, 12, 16, 20% (w/v) of PEG 8000, 

or 0, 5, 10, 20, 30, 40 (v/v) of glycerol, respectively. Samples were incubated at 37⁰ C for 

30 min to allow RNA polymerase to bind to the DNA template. Then 1µL of each 75mM 

solutions of ATP, UTP, GTP and CTP (with final concentration ~4mM of each NTP) were 

added to each sample followed by 1hr incubation at 37⁰ C to allow transcription to occur. 

After transcription, 1 unit (1 µL ) DNase I (RNase-free, NEB) was added to digest the DNA 

template and terminate the transcription. The amount of RNA products was visualized by 

running a 1% agarose gel, stained with Ethidium Bromide and quantified by ImageJ. Each 

band intensity was converted into relative yield by taking the ratio of the band intensity in 

each PEG/ glycerol sample to the one which does not contain any PEG or glycerol.  

Transcription of 75bp DNA by E.coli RNA polymerase in the presence of 

osmolyte/viscogen at low concentrations 

Reaction in nanomolar concentration was started with the DNA-RNAP open complex 

prepared by the Weiss group (Kim et al., 2011) in KG7 buffer (40mM HEPES, 10mM 

MgCl2, 1mM DTT, 100 µg/ml BSA, pH 7.0). The DNA template is 75bp long of which 

~40bp is the promoter sequence from E. coli lacCONS+2 with an added 20dA designed 

for FRET measurement at the end of the template (5’-

AGGCTTGACACTTTATGCTTCGGCTCGTATAATGTGTGGAATTGTGAGAGCGGAAA

AAAAAAAAAAAAAAAAAA-3’). These conditions determine that transcription can quickly 

go into elongation and go through only one round of RNA synthesis due to the low 
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concentration. For a 50μl reaction, the RNAP open complex was added to the final 

concentration 1nM and each rNTP concentration is 500nM (each component is 1000 

times lower than the previous high concentration test). Samples were prepared under the 

same osmolyte conditions as in the high concentration measurements but more types of 

molecules are used: PEG8000, PEG3350, PEG400 and glycerol. After 15 min incubation, 

which is long enough for a single round of transcription at room temperature, DNase was 

added to each sample to digest the template and stop the transcription reaction. OliGreen 

(Life Technologies O7582), a green-fluorescent nucleic acid quantifying agent, was 

added to each sample to measure the amount of RNA. Fluorescent signals were obtained 

with a Tecan Infinite M1000 Plate Reader (excitation wavelength 480 nm; emission 

wavelength 520 nm).  

 

3.3 Results 

At high concentrations, PEG8000 increases the RNA yield while glycerol decreases 

the RNA yield for both RNA polymerases  

Figure 3-2 shows the amounts of RNA product transcribed in solutions with PEG 8000 

concentrations corresponding (Ninni et al., 2003) to viscosities ranging from 1 to 17 

(relative to the viscosity of the PEG-free solution, for both E. coli RNAP and T7 RNAP). 

As the relative viscosity due to PEG 8000 is increased from 1 to 9, the relative 

transcription yield increases 2.5 fold and stabilizes for E. coli RNAP. The change is slightly 

smaller for T7 RNAP transcription, but also increases monotonically with PEG 

concentration (viscosity).  
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Figure 3-2. PEG8000 increases the yield of in vitro transcription by E.coli / T7 RNAP. Transcripts 
were produced in reactions containing E.coli / T7 RNAP, 200bp DNA template with pL/T7 
promoter and the different viscosities associated with different concentrations of PEG 8000. 
Relative efficiencies are calculated from densitometric scans of each RNA band divided by that 
in the control sample which does not contain any PEG 8000. Viscosity relative to pure water under 
the same condition is calculated from the literature calibration (Ninni et al., 2003). Error bars are 
one standard deviation based on at least three times of measurement. 

 

Glycerol is found to have a completely opposite effect: from 0 to 40% (v/v) which 

corresponds to relative viscosities from 1 to 4 (with respect to pure water) (Segur et al., 

1953), transcription yields for both E. coli and T7 RNAP decrease monotically as the 

glycerol concentration increases. And, similar to the situation with PEG8000, the effect 

on RNA yield for E. coli RNAP is larger than for T7 RNAP, probably because of the larger 

size of the former (450kDa for E. coli RNAP and 98kDa for T7 RNAP).  



36 

 

 

 

Figure 3-3. Glycerol decreases the yield of in vitro transcription by E.coli / T7 RNAP.  Transcripts 
were produced in reactions containing E.coli / T7 RNAP, 200bp DNA template with pL / T7 
promoter, and different viscosities (relative to glycerol-free solution) introduced by increasing 
concentrations of glycerol (Segur et al., 1953). Relative efficiencies are calculated by using 
densitometric scans of each RNA band divided by that in the control sample which has no glycerol.  

 

At low concentrations, RNA yield by E.coli RNAP decreases for all four different 

viscogens / osmolytes  

In the above high-concentration reaction conditions the overall transcription process 

includes multiple rounds of initiation and elongation steps as the polymerase successively 

falls off a template, diffuses around, and binds to the promoter sequence to of a new 

template to start a new transcription. Thus the relationship between RNA yield and 
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viscogen / osmolyte concentration arises from the combined effects of viscogen / 

osmolyte in each of the steps.  

 

Collaboration with the group of Shimon Weiss, who have been using single-molecule 

Fluorescence Resonance Energy Transfer (FRET) detection of transcription products, 

made possible the investigation of individual steps in the underlying process. We start 

with the DNA-RNAP open complex prepared by them and study transcription at low 

concentrations of all reactants. Thus there is no chance for the rebinding of the RNAP. In 

this way, we can study the viscogen / osmolyte effect on the NTP incorporation process 

alone. From the measurement of the fluorescence intensity, we determined the 

relationships of RNA yield to osmotic pressure/viscosity shown in Figures 3-4 and 3-5. In 

these studies we used four different, chemically-inert, substances, two of them small 

molecules and the other two polymers. In Figure 3-4 we have plotted the RNA yield 

against the osmotic pressure showing that in all cases the yield decreased with increasing 

osmotic pressure from 0 to 40 atm (Money, 1989). Comparing large molecules with small 

molecules, we find little difference between them.  

 

But if we plot the RNA yield against viscosity (Gonzllez-Tello et al., 1994), we see (Figure 

3-5) two different populations: In particular, small molecules including PEG400 and 

glycerol have a much larger effect on decreasing the RNA yield than do larger molecules 

like PEG 3350 and PEG 8000. 

 



38 

 

 

Figure 3-4. Effect of osmotic pressure (Money. 1989) on the yield of RNA transcribed by E. coli 
RNAP, for low concentrations of DNA. Transcripts were produced in reactions containing the 
transcription open complex comprised of E.coli RNAP and 75bp DNA template with a lacCONS+2 
promoter. Relative efficiencies are calculated as explained in Figures 3-2&3.   

 
Figure 3-5. Effect of viscosity on RNA yield by E. coli RNAP. Transcripts were produced in low-
concentration-DNA solutions containing the transcription open complex comprised of E.coli RNAP 
and 75bp DNA template with a lacCONS+2 promoter at different relative viscosities introduced 
by different molecules. Relative viscosity is calculated based on the literature (Gonzllez-Tello et 
al., 1994). 
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3.4 Discussion 

During the transcription process, large molecules, including the DNA template and the 

RNA product, need to continuously perform translational and rotational movements; small 

molecules such as NTPs and pyrophosphate keep diffusing in the solution (Demidenko 

et al., 2011). There are also molecular interactions during initiation and elongation 

between polymerase and template, along with conformational changes, all of which can 

be affected by the viscosity and osmotic pressure of the environment. In this study we 

work with both big molecules and small molecules in order to study the effect of crowding 

on molecular interactions and of viscosity on diffusion, as well as other possible factors 

influencing transcription.  

 

Effect of different osmolytes / viscogens on transcription at high conentration 

High concentrations allow multiple rounds of binding of both template and polymerases 

and thus several rounds of transcription. In this case it is not entirely clear why the 

viscogens / osmolytes glycerol and PEG 8000 appear to have opposite effects on RNA 

transcription yield. By increasing the viscosity of the solution, both molecules give rise to 

higher drag forces on all moving particles and thus hinder RNA polymerase from reaching 

or moving along the DNA template, thereby inhibiting transcription (Demidenko et al., 

2011); this is consistent with the monotonic decrease in RNA yield observed in glycerol 

shown in Figure 3-3. But the situation is more complicated in the case of PEG 8000. In 
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addition to the viscosity effect, slowing down all motions, there is also a “crowding” effect 

induced by high-molecular-weight molecules which can increase the yield of RNA. This 

crowding is associated with an attractive (“depletion”) force between the reactants (in this 

case the DNA template and RNAP) and make the transition from initiation into elongation 

faster.  More explicitly, the conformation after binding excludes less volume to the crowder 

PEG 8000 and thus alters the dissociation-association equilibrium constant (Morelli et al., 

2011), favoring association. This mainly affects the initiation step where two 

macromolecules need to bind and undergo a conformational change to proceed to 

transcription. So the increasing yield observed in PEG 8000 at high concentrations 

(Figure 3-2) suggests that the effect of increasing viscosity (slowing the motion of RNA 

polymerases) is offset by the increasing strength of association between RNA polymerase 

and DNA template due to the crowding effect. It also agrees with the fact that transcription 

is limited by the transition step from individual reactants to an active open complex. So 

for different types of reactions, introducing polymer can in theory (Minton et al., 1989) 

slow down fast associations (diffusion is the rate-determining step) and accelerate slow 

associations (association and transition are the rate-determining steps). But specifically 

for PEG 8000, another factor has been suggested that can affect the reaction: an 

attractive force between PEG and nonpolar or hydrophobic sidechains on the protein 

surface that can compensate for the excluded volume contribution to the PEG-protein 

interaction (Bloustine et al., 2006; Tubio et al., 2004; Winzor et al., 2006). But clearly in 

our case this interaction is less strong than the depletion effect.  

 

Effect of large / small molecules under low concentration conditions 
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Starting with the open complex, we are able to focus on the transition from initiation to 

elongation and beyond. Four different molecules were studied, and all showed a similar 

result – decrease of the transcription yield with increasing concentration of osmolyte / 

viscogen. Because the RNAP is already bound at the outset of reaction, and only a single 

round of transcription occurs, depletion forces play little role here and viscosity effects 

dominate. Previous studies had also shown that the elongation step can be largely slowed 

by high viscosity in an environment that limits the diffusion of NTP and by-product 

pyrophosphate reagents (Demidenko et al., 2011). But, interestingly, when we plot the 

transcription yield against viscosity, the results fall into two groups: small molecules have 

a larger effect in decreasing the yield than do large molecules. It is possible that because 

of their size, small molecules can compete with free NTPs for occupying the position 

where NTP gets incorporated into RNA, and thus slow the transcription. Another 

possibility is that the presence of large molecules may help lower the activation energy 

between initiation and elongation states, thereby increasing the transition rate and 

counteracting the effect of the viscosity. But since our method uses a fluorescent dye to 

test the total intensity and calculate relative yield, we have no idea about the length 

distribution of our RNA product, i.e., we cannot tell whether the presence of different 

molecules will affect the accuracy of the RNAP transcription starting point. The reason 

why we think it might affect the transcription starting point is based on the preliminary 

results obtained by the Weiss group, where they label the DNA template and RNAP with 

FRET pairs in a way that allows monitoring of the shape of the open complex with and 

without crowding molecules. They have shown that macromolecules like PEG 8000 can 

change the conformation of the open complex. But will this conformational change make 
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the transition from initiation into elongation easier? Or can it affect the transcription 

starting point and thus interfere with transcription accuracy? Further studies are needed 

to answer these questions. 

 

Thought about transcription pulling hypothesis of lambda DNA 

To try to answer the question “How is DNA translocated from virus capsid into host 

cytoplasm?” several different scenarios have been considered: diffusion-based ejection; 

pressure-based ejection; reversible protein binding; and transcription of early genes. 

Relevant to the case of T7, which supports the transcription mechanism, it has been 

shown that transcription by RNAP can generate bout ten picoNewtons of force, which is 

sufficient to provide a translocation rate of around 50-60bp/s (Grayson et al., 2007). Is 

this mechanism possible for bacteriophage lambda? Can transcription pull the DNA out 

when pressure no longer generates a net force? To test this idea in vitro, we need to stop 

the ejection about half way (see below) and then initiate transcription followed by the 

measurement of DNA exposed length. To start and continue transcription, RNAP must 

bind to a special sequence to start heading in the right direction and surmount termination 

sites along the template (if there are any), in order to reach the capsid and start pulling 

out DNA. 

 

Bacteriophage lambda has a 48.5kbp double-stranded DNA genome with 12-base single-

stranded overhangs (“cohesive sticky ends”) at both ends (Sanger et al., 1982). These 

two single-stranded parts are complementary to each other and will pair up to circularize 
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the DNA once both ends are available, i.e., once the DNA is fully ejected. Along the DNA 

there are two promoter sites, pL and pR (L and R indicate the direction of transcription, 

left and right), which are located about one third of the way from the right end (the end 

which is always packaged last and ejected first). Once the E. coli RNAP binds to the 

promoter, transcription will start until the polymerase meets a terminator site and falls off. 

A brief layout of terminators and promotors on lambda DNA is shown below in Figure 3-

6 (Echols et al., 1978). 

 

              tJ                                      b region                                   tL3           tL2    tL1  N  pL 

 

0          40                                                                                   64.4           68.9  71.1    73.5         100 

 

Figure 3-6: Partial genetic map of lambda showing the positions of the promoter and terminators 
for transcription leftward (towards the capsid). If RNAP can go through all the three terminators 
shown in the picture, transcription can then proceed all the way to the end of the b region, which 
is around 40 percent from the left end of the genome (Echols et al., 1978). 

 

 

There is a special gene called N located to the left of the pL promotor and it is the first 

gene that is transcribed, and by the host cell (E. coli) RNAP. Gene product N, a small 

protein with molecular weight 14kDa, is an antiterminator that allows transcription to 

continue through termination sites (Greenblatt et al., 1980; Van Glist et al., 1997). To 

function as an antiterminator, it also needs the DNA region called Nut (Vieu et al., 2004) 

between the pL promoter and the N gene. Nut acts through its messenger (m) RNA. More 

explicitly, during transcription, N is thought to bind to a small hairpin component of nut 
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mRNA, known as BoxB, Figure 3-7 so that N can capture the RNAP elongation complex 

and transform RNAP into the termination-resistant form (Das et al., 1992). 

                          NutL site 

            5’     BOX A            BOX B                                                                                         3’ 

 

            73.5 (pL)                                                                                                          73.3(N) 

 

Figure 3-7: Partial RNA transcript of lambda DNA between pL promoter and N gene showing the 
position of the nutL site. It contains two regions, BOX A (8nt) and BOX B (17nt). The 10nt 
upstream from BOX A and the 1nt downstream from BOX B are necessary for effective anti-
termination; Along with the 7nt spacer between BOX A and BOX B, the minimal length of nutL is 
43nt (Das et al., 1992). 

 

But these two factors are not sufficient to transcribe all the genes in lambda. In host cell 

E. coli, there are several additional protein factors that are important: NusA, B, E, G. 

These are E.coli transcription elongation factors that allow N protein to bind tightly to the 

elongation complex and lead to efficient suppression of terminators located thousands of 

base pairs away from the promoter sites. 

 

NusA: During transcription this host-cell protein generally reduces the RNA elongation 

rate and allows the pause of RNA polymerase to enhance rho-dependent and rho-

independent termination (Friedman et al., 1974; Mah et al., 1999). Rho is a protein in 

E.coli involved in transcription termination (Howard et al., 1977). For rho-dependent 

termination, the rho factor needs to access the RNA 50-100 nt upstream of the terminating 

site and move to the paused polymerase. In N-assisted anti-termination system, the 

pause of RNA polymerase at N-recognition sites (nut sites) mediated by NusA facilitates 



45 

 

the action of N protein on RNA polymerase. But when the concentration of N is high 

enough, and under low salt conditions, N alone in the absence of nut and NusA can 

suppress the termination. This has been demonstrated by a series of in vitro transcription 

experiments involving different concentrations of N protein and lambda DNA pieces as a 

template with or without NusA (Mason et al., 1992). More specifically, if the concentration 

of N protein reaches 500nM (versus the normal 50nM in natural system), RNA 

polymerase can go through a termination site which is several hundred base pairs away 

from the promoter site.  

 

NusB and NusE: These two proteins form a complex and bind to RNA containing the 

consensus BOX A sequence.  Interaction of NusB with BOX A facilitates the interaction 

of NusE with RNAP during N-mediated anti-termination. But NusE itself can interact with 

RNAP independently without NusB or BOX A. This has been shown by in vitro 

experiments (Keppel et al., 1974). By omitting one of the other factors (NusA, NusB and 

NusG), it is found that NusE can still form a complex with RNA polymerase and that this 

interaction is affected only when the amount of NusE is low. So, other factors can enhance 

the interaction between NusE and RNA polymerase (Friedman et al., 1976).  

 

NusG: NusG is required for efficient rho-dependent termination. But it is also a 

requirement for N-mediated anti-termination, as demonstrated in an experiment in which 

anti-termination is reduced in vivo without NusG. It contributes to the stability of N binding 
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to the lambda elongation complex, by being part of the complex (Downing et al., 1990; 

Sullivan et al., 1992; Li et al., 1992; Zhou et al., 2002).  

 

Accordingly, in our system, if we want transcription from the pL promoter to continue all 

the way to the left end of the b region (around 16k nt away from the promoter), the 

polymerase has to pass through several terminators such as tL1 (rho-dependent, 71.1% 

from the left end of lambda DNA), tL2 (rho-independent but a weak terminator, 68.9%) 

and tL3 (rho-independent, 64.4%) (see Figure 3-6). And the farthest terminator lies 

thousands of base-pairs away from the promoter. What factors should be in the system 

in order to ensure that the RNAP travel far enough to pull out the DNA? Ideally, we need 

to introduce all the factors listed above: N protein, nut sequence, and Nus factors but no 

rho factors (Stephen et al., 1992).  

 

But even if we could succeed in demonstrating that RNAP pulls out the DNA in vitro, is 

this what is happening in the lambda life cycle? Early work by Herskowitz suggests that 

during the bacteriophage lambda infection process, transcription will not start until the 

gene circularizes, i.e., the two sticky ends meet and pair up with each other to form a 

circle (Herskowitz et al., 1973). That means both ends of the DNA need to come into the 

cytoplasm first. If this is strictly true, transcription would not be involved in pulling the rest 

of the genome out. But so far no evidence has been found to support the statement that 

circularization happens first and transcription cannot occur without circularization.  
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In addition, it is a fact that the structural genes of lambda are located on the left of the 

DNA that come out last. These are transcribed by the polymerase that binds to the pR 

promoter and moves to the right side of the gene (Deighan et al., 2007). Only after the 

DNA ends bind together can those structural genes be reached by the polymerase 

moving rightward. But will the RNAP binding to the pL promoter keep transcribing the 

noncoding strand to produce redundant RNA and thus pull all the DNA out? It seems 

most unlikely. For these reasons, the transcription hypothesis for DNA delivery doesn’t 

appear to apply to bacteriophage lambda. 

 

3.5 Future work  

Although the above-described measurements at high and low concentrations, and the 

single-molecule assays of the Weiss group, allow us to study the effect of different 

molecules on transcription in considerable detail, there are still many studies needed to 

fully clarify the mechanisms with which they affect transcription. By changing the pairs of 

positions of the FRET labeling dyes on the DNA template (upstream, downstream, and 

the relative positions between two dyes) as well as on the RNAP, we can determine 

potential different conformational changes of the template and polymerase due to the 

presence of different osmolyte and viscogen molecules. If we want to focus on the 

crowding effect brought by large molecules, other alternatives such as dextrans and ficoll 

rather than PEG should be chosen in order to avoid the potential interaction between 

PEG and protein. It is possible that the addition of other molecules may affect the shape 

of the open complex and thus change the transcription rate and accuracy. By analyzing 
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the length and yield of abortive products, we can also learn whether different molecules 

have different effects on the open complex stabilization and about the activation energy 

to transit into elongation step. Such findings will help us understand more about the 

transcription process in the live cell environment. 
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CHAPTER 4 

Does Bacteriophage P22 Eject All Its Internal Proteins 

Before Its Genome? 

 

Abstract 

 

Double stranded (ds) DNA bacteriophages are highly pressurized due to the electrostatic 

self-repulsion and bending of the densely-packed, negatively-charged, DNA. Several 

studies have shown that this pressure provides a large force driving ejection of the 

genome from its capsid. In Podoviridae there are several (“E”) proteins contained in the 

capsid along with the DNA genome. These internal viral proteins are needed to facilitate 

passage of the viral DNA through both the outer and inner membranes of the host after 

the virus binds to the outer membrane. But essentially nothing is known about how and 

when the internal proteins come out of the virus. To study this question, and to 

progressively control the extent of ejection from P22, one of the Podoviridae, we set up 

an in vitro osmotic suppression system with high-molecular-weight polyethylene glycol 

(PEG) mimicking the cell environment. We find that Outer Membrane Protein A (OmpA) 

from Salmonella significantly enhances the rate of DNA ejection in vitro in the presence 

of lipopolysaccharide (LPS). Further, we observe that while the DNA is ejected in the 
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presence of LPS, no ejection of the E proteins occurs unless OmpA is also present, and 

that their ejection is largely complete before any of the genome is ejected. This finding 

helps us understand more about how P22 infects its host cell and, in particular, about 

possible roles that the E proteins play during infection. 

 

4.1 Introduction 

Tailed double-stranded (ds) DNA bacteriophages need to deliver their genomes into their 

bacterial hosts to initiate infection. The detailed mechanism of this process is not fully 

understood for any virus or phage. Generally, proteins located in the phage tail first 

contact the surface of the bacterium and the phage diffuses along the surface until it finds 

a specific receptor. Upon binding to the receptor, the phage tail undergoes a series of 

conformational changes that release the DNA and further transport it from the capsid into 

the cytoplasm of the host (Poranen et al., 2002). In order to overcome the defense barriers 

of the bacteria – outer and inner membranes along with the periplasmic space in between 

– bacteriophages use different strategies based on their tail morphology. Both Myoviridae 

(long, contractile tails) and Siphoviridae (long, non-contractile tails) have been well 

studied (Leiman, 2012; Davidson et al., 2012). Podoviridae, a family of bacteriophages 

with tails shorter than the width of the periplasm, cannot directly use their tails to penetrate 

both membranes and there is no generalized mechanism of infection known to date.  
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P22 is a member of Podoviridae that infects Salmonella enterica. It is a dsDNA phage 

with a 43.5 kbp genome that is packaged via a headful mechanism (Casjens et al., 1988) 

into an icosahedral procapsid formed from assembly of the coat, scaffolding, and portal 

proteins (King et al., 1976). There are three internal proteins (called “pilot, “ejection”, or 

“E” proteins) packaged inside P22 procapsids, all incorporated by scaffolding proteins in 

the early stages of assembly: gp16 (gene 16 product), gp20 and gp7, each with 10-20 

copies (Israel, 1977). A short tail “machine” is then connected at one of the five-fold 

vertices to complete the P22 virion. The majority of these structural proteins have been 

identified in recent cryoEM investigations (Tang et al., 2011; Lander et al., 2009). 

Although density in reconstructions of the portal had been ascribed to the E proteins, the 

most recent asymmetric reconstructions show (Tang et al., 2011) this to be incorrect and 

the location of the three E proteins within the mature virion remains unknown.  

 

Along with their DNA, most phages eject proteins that have been packaged into the capsid, 

and this is generally essential for infection (Molineux et al., 2013). Although the exact 

roles that each of these E proteins plays in infection have not been determined, some 

information is available. Gp16 acts within 10 minutes of infection, and when gp16-

deficient phage are used, cells continue to divide normally and do not replicate the P22 

genome. Co-infections showed that gp16 can work in trans; complementing a gp16-

deficient particle, indicating its early function occurs once it is ejected into the host 

(Hoffman et al., 1975a; 1975b). Furthermore, gp16-deficient phage do not induce 

superinfection exclusion response and gp16 is not part of the replication machinery (Israel 

et al., 1972). Gp7 and gp20 often co-purify with gp16, and gp7 ejection does not occur 
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when gp16 is absent (Israel, 1977). Indirect evidence supports a membrane-breaching 

role because purified gp16 disrupts dye-loaded, lipid vesicles (Perez et al., 2009). It has 

been proposed that the E proteins protect the DNA in the periplasm during infection (Israel, 

1977), but function and location post infection has yet to be determined experimentally. 

Taken together, these data suggest that the E proteins, gp7, gp16, and gp20, may be 

linked to the efficiency and dynamics of DNA ejection across host membranes.  

 

If the receptor is known and can be solubilized, phage ejection can be triggered in vitro, 

in which case the extent of DNA ejection can be controlled by the presence of an osmolyte 

in the surrounding buffer solution (Evilevitch et al. 2003; Castelnuovo and Evilevitch, 

2007).  More explicitly, each concentration of high-molecular-weight (8000) PEG in the 

host (“external”) solution corresponds to a certain amount of water being sucked out of 

the phage capsid (from which PEG is excluded). As a result, the water inside is under 

tension, thereby producing a force resisting the ejection of DNA. Such osmotic 

suppression studies done with dsDNA phages like lambda and T5 have shown that the 

virus capsid is highly pressurized as a result of the electrostatic self-repulsion and 

bending of the densely-packed, negatively-charged, semi-rigid DNA (Riemer et al., 1978). 

In these in vitro experiments, in which pressure is the only driving force for DNA ejection, 

the length of DNA ejected can be tuned by the osmotic pressure difference between the 

outside and inside of the capsid (Evilevitch et al., 2003).  In this study we use osmotic 

suppression to examine for the first time the ejection of both the DNA and the E proteins 

from P22, which sheds light on ejection mechanisms in Podoviridae.   
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4.2 Results/Discussion 

For P22, the O-antigen portion of lipopolysaccharide (LPS) located on the surface of the 

host Salmonella enterica serovar Typhimurium works as a primary receptor for infection 

(Iwashita et al., 1973); Andres et al. (2010) demonstrated that LPS can trigger ejection of 

DNA from P22 in vitro, which makes it possible to study the process with the osmotic 

suppression technique. 

Osmotic suppression experiments show release of DNA from P22 is 

inhibited at a pressure of 16.8 atm 

Using LPS to trigger ejection, we determined the fraction of the DNA remaining unejected 

in the presence of an osmotic pressure by separating the capsids from the ejected DNA, 

which was degraded by DNase, and then recovering and analyzing the DNA remaining 

in the capsids.  The results are indicated by the open circles in Figure 4-1.  For all samples, 

capsid “opening” was confirmed by plating experiments in which the number of remaining 

plaque-forming units (PFUs) after treatment with receptor was counted, as previously 

described (Parent et al., 2014). As evident from the figure, the extent of ejection 

decreases with increasing PEG concentration until it is completely suppressed at about 

17 atm. 
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Figure 4-1. Measured DNA ejection percentage from P22 at various osmotic pressures under 
different receptor conditions: P22+LPS (  ); P22+LPS+OmpA (  ). Ejection is triggered by addition 
of receptor (LPS or LPS and OmpA) in the presence of DNase I, the sample is centrifuged to 
isolate the capsids, and the DNA remaining in the capsids is extracted, run in an agarose gel, and 
the length is calculated based on a DNA ladder run in the gel at the same time. % DNA ejection 
is relative to the full length DNA. 

 

E protein ejection does not occur when P22 is treated with LPS alone 

Using the equilibrium, partially ejected DNA experiments as described above and shown 

in Figure 4-1, we centrifuged 35S-labeled samples (see Materials and Methods) to 

separate capsids from ejected protein and DNA. We then analyzed by SDS-PAGE, 

autoradiography and densitometry the protein content in the pellet, i.e., those proteins still 

associated with the capsid/receptor macromolecular complex. Figure 4-2 shows the 
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results for representative resuspended pellets, for different concentrations of PEG, in 

which LPS was used to trigger DNA ejection. In all cases, as in Figure 4-1, we assayed 

a portion of each reaction and counted PFUs before and after treatment with LPS to 

confirm that the majority of virions were triggered for ejection. 

 

Figure 4-2. SDS-PAGE visualized by autoradiography showing the protein content in the pellet 
after triggered ejection by LPS under different PEG concentrations. The left-most lane is the 
control which does not contain any receptor. Red boxes highlight the three E proteins that we are 
interested in. 
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If any (or all) of the E proteins had been ejected, they would be present in the supernatant 

and consequently the bands representing those proteins would become less intense or 

even disappear, depending on the fraction ejected.  As is evident, each lane has the same 

viral protein pattern with similar band intensities, independent of the presence of LPS and 

the amount of PEG. The same result was found in 10 trials. Similar results were also 

found when we performed a trypsin digestion in parallel samples, to digest any protein 

that was ejected and no longer protected by the capsid (data not shown).  Therefore, we 

can exclude the possibility that protein was ejected but remained bound to the outside of 

the capsid. We can thus conclude that LPS alone did not trigger E protein ejection in vitro.  

 

P22 ejection efficiency increases in vitro in the presence of outer 

membrane protein A (OmpA) 

Studies by the Seckler group have shown that while LPS from Salmonella can trigger P22 

ejection in vitro, the kinetics are very slow (~ 5 hours) compared to the phage life cycle 

(~1 hour) (Andres et al., 2010; 2012). Because of the close relationship between Sf6 and 

P22 (Casjens et al., 2011), and the fact that both the outer membrane protein OmpA and 

LPS are required for Sf6 ejection in vitro (Parent et al., 2014), we examined if OmpA was 

able to enhance the rate of ejection in P22.  As can be seen in Figure 4-3.A, as early as 

10 min after incubation around 75% of the virus in the sample containing both OmpA and 

LPS has lost infectivity versus only 30% of the sample with LPS alone. Samples with 

OmpA but not LPS remained essentially unchanged after incubation, showing that OmpA 

alone does not trigger ejection.  
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We also performed the same experiment with two P22 hybrids (Leavitt et al., 2013) where 

the majority of the phage is comprised of P22 proteins, but the tail needle is from another 

phage type. One such hybrid containing an Sf6 tail showed results similar to P22 (Figure 

4-3.B).  But for a mutant with a T4 “foldon” tail needle (Figure 4-3.C), neither LPS with 

OmpA nor LPS alone was able to trigger loss of infectivity. It appears then that for LPS 

and OmpA to function as receptors, the tail needle structure must be closely similar to 

that of P22, consistent with the earlier suggestion that the P22 tail needle is part of the 

trigger that determines DNA ejection (Leavitt, et al., 2013). 
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Figure 4-3. In vitro genome ejection of (A) wildtype P22 and (B) two P22 hybrids. “Fraction capsids 
remaining” was calculated at each time point as the number of pfu remaining after incubation with 
LPS, OmpA or LPS and OmpA, divided by the number of pfu when incubated with buffer at t = 0.  

 

P22 E proteins are ejected in vitro in the presence of both LPS and an 

outer membrane protein 
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Since OmpA enhanced P22 ejection kinetics and overall efficiency (Figure 4-3.A), we 

asked if P22 capsids would release the E proteins when both receptors were present. 

The pressure driving DNA ejection was determined again, but this time in the presence 

of both LPS and OmpA (Figure 4-1—filled squares). Within the precision of the 

measurements the data obtained for fast ejection, i.e., with the two receptors, are identical 

to those for slow ejection, i.e., for LPS alone.   

 

However, when both LPS and OmpA were present, the E protein behavior was different. 

Figure 4-4 is an autoradiograph showing samples with both receptors at PEG 

concentrations ranging from 0 to 15%. Comparing lanes with receptors (lane 2-5) and the 

lane without receptors (lane 1), we can clearly see that bands representing gp16 and 

gp20 disappear in the presence of the two receptors, independent of [PEG]. A test with 

trypsin digestion, but without separation by centrifugation, gave consistent results—that 

the E proteins were rapidly digested when the capsids were triggered “open” with both 

LPS and OmpA, indicating their release into the solution (gel not shown).  

 

The percentage of ejection of all three E proteins in osmotic pressures ranging from 0 to 

38 atm were calculated as follows. For each autoradiograph, there is one lane 

representing a sample of virus concentration identical to that of the other samples in the 

gel but lacking receptors. The relative intensity of each E-protein band in each sample is 

calculated based on the coat protein band in the same sample. The ejection percentage 

is calculated from the relative intensity (I) in samples with receptors after calibration with 
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Figure 4-4. SDS-PAGE visualized by autoradiography showing the protein content in the pellet 
after triggered ejection by LPS and OmpA under different PEG concentrations. The right-most 
lane is the control which does not contain any receptor. Red boxes highlight the E proteins that 
we are interested in. 

 

virus ejection efficiency (a; 0≤a≤1) found from the plaque assay, divided by that of pure 

virus sample (I0):  

f = 𝐼0− 𝐼𝑎𝐼0  × 100% 
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These results are presented in Figure 4-5: 60 – 70% of all three E proteins are ejected 

from the capsid for osmotic pressures ranging from 0 to 16.8 atm. No E protein ejection 

can be detected at higher pressures.  

 

Figure 4-5. In vitro E protein ejection fractions under different osmotic pressures. It was calculated 
by using the relative intensity of E protein band in each sample divided by the relative intensity of 
that band in an intact capsid. 

 

In contrast to the incomplete ejection of E proteins that we have observed, studies of P22 

E protein ejection performed in the early 1970s showed that more than 90% of gp16 and 

gp20, as well as 70-90% of gp7 were ejected from the capsid during infection. In our 

system every component such as LPS and OmpA is present as a free molecule in solution 

while in the cell the LPS and OmpA are confined to the surface of the bacterium and their 
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relative positions are stationary. It is possible that not all the viruses can interact with an 

active OmpA protein at the moment they are in contact with LPS. This would cause some 

viruses to eject only in the presence of LPS and thus leave E proteins inside the capsid. 

An alternative explanation is that perhaps OmpA is not as functional when purified in 

detergent micelles as it is in vivo. However, our data show very clearly that virtually no E 

protein release occurs with LPS alone, and we observe near-physiological amounts of 

protein ejection when OmpA is also present. 

 

If we overlap the DNA partial ejection data (Figure 4-1) with the E protein ejection data 

(Figure 4-5), we see that at 17 atm DNA ejection is completely suppressed while most of 

the E proteins are still ejected (Figure 4-6). From this we conclude that in the presence of 

LPS and OmpA all three E-proteins are ejected prior to DNA ejection. It is only at an 

osmotic pressure 2 atm higher that the ejection of the E proteins is inhibited.  However, 

we were unable to determine the order of E protein ejection. It is possible that all the 

proteins bind together and come out together, or that they come out in a random 

sequence, which is not detectable in our bulk population measurements. It is also likely – 

even if an order exists – that, because all the proteins are ejected before the highly-

stressed DNA it is not possible to resolve their order using the osmotic suppression 

method because the contribution of each protein to the overall pressure is too small.  
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The force driving ejection of the protein from P22 arises from the confined DNA; it would 

be expected to be similar to that associated with the ejection of DNA from λ phage, which 

like P22 has a T = 7 capsid and is of closely similar dimensions. Grayson et al. (2006) 

 

Figure 4-6. Superposition of in vitro DNA ejection fraction curve and E protein ejection fraction 
graph in different osmotic pressures. 

 

carried out osmotic suppression measurements on λ for the 48.5 kb wild-type genome 

and a 37.7 kb mutant and found that the ejection was completely inhibited at pressures 

of 20-25 and 10-15 atm, respectively. The pressure required to inhibit the E proteins that 

we have observed for P22 originates from a 43.5 kb DNA (larger than the 41.7 kb genome 

because of head-full packaging) confined to a volume slightly smaller than the capsid 

interior because of the presence of the proteins. The fraction of the internal volume 
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occupied by the E proteins can be estimated from their number and molecular masses. 

One can estimate their volume by assuming they have a typical protein density of 

1.4g/cm3. Taking the internal volume to be 1.1 x 105 nm3 (Patterson et al., 2012) one 

estimates that the E proteins occupy about 2% of the volume. This decrease in volume 

available to the DNA is quite small. Nevertheless because of the exponential dependence 

of osmotic pressure of highly condensed DNA (Rau et al., 1984) it would be expected to 

increase the ejection pressure by about 10%, comparable to the difference we observe 

between the pressures that inhibits the ejection of the proteins and the DNA. Finally we 

note that the turgor pressure in both the periplasm and cytoplasm of Salmonella is 3.5 

atm (Stock et al., 1977), so that pressure-driven ejection from P22 can be expected to 

transfer only 60% of the DNA from the phage to the host (see Figure 4-1); another 

mechanism is necessary to account for the remaining 40%. 

 

4.3 Conclusions 

Productive virus infection requires accurate recognition of the host cell to avoid 

unnecessary genome release. This process is largely controlled by specific interactions 

between the virus and the receptors from the host. It has been shown that LPS from the 

host Salmonella can trigger slow DNA ejection of P22 in vitro. In this work, we have 

demonstrated for the first time that together with LPS, purified OmpA can dramatically 

increase the rate and the efficiency of DNA ejection of P22 in vitro. OmpA is one of the 

major outer membrane proteins in bacteria with ~100,000 copies in each cell. Our results 

suggest that it can serve as a potential secondary receptor during P22 infection. This 



65 

 

finding is similar to the case of Sf6 (another Podovirus closely related to P22) for which 

LPS alone from the host Shigella as a primary receptor cannot trigger DNA release by 

itself; only when a secondary receptor like OmpA or OmpC is present as well can the 

virus trigger DNA release (Parent et al., 2014).  

 

How exactly both receptors interact with P22, induce a possibly different conformational 

change of the portal complex compared to LPS alone, and promote a more effective DNA 

ejection and E protein ejection, remains to be determined. After specific binding to the 

host outer membrane, how viral DNA translocates across both membranes of the host to 

initiate the infection remains elusive, especially for short-tailed Podoviridae.  

 

Compared to Siphoviridae and Myoviridae which in principle can span the space between 

the host surface and the cytoplasm with their long tail, Podoviridae may require a more 

complex mechanism to deliver their genome into the cytoplasm. One of the best studied 

Podoviridae, T7, utilizes its internal proteins to further extend its tail across the 

membranes to facilitate genome delivery (Molineux et al., 2013). So far there is no such 

evidence for P22, and from the EM studies the tail appears unchanged after infection, 

implying that protein ejection does not extend its tail. Our finding that all E proteins are 

ejected before the DNA, and that all of them need to be present for infectivity, suggests 

that they play a key role in transferring P22 DNA through the periplasm and inner 

membrane by either protecting the DNA from periplasmic nuclease digestion or providing 

an enzymatic activity that can digest the peptidoglycan layer and inner membrane.  
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Studies of the internal proteins of other viruses have suggested other possible functions 

for them during infection. For example, studies on N4, another of the Podoviridae, showed 

that the pre-packaged viral RNA polymerase (RNAP) is released before the DNA and that 

the transcription of the DNA by this RNA polymerase helps pull the rest of the DNA out of 

the capsid (Casjens, et al., 2012). This function seems unlikely for E proteins in P22, 

because its genome undergoes headful packaging, which makes the end of the genome 

in each capsid not necessarily the same (Lander et al., 2006). 

 

In this study, no order of E protein ejection has been found. We know that each E protein 

has 10-20 copies in each capsid, so that in total there are 30-60 copies of proteins ejected 

before the DNA can exit.  The energy for protein ejection must come from the energy that 

has been stored in DNA during packaging. And, because of the lack of information about 

the location of the proteins within the capsid their conformations and their specific 

functions after ejection, it is unclear if they coordinate with each other to come out in a 

specific order. One possibility for understanding more about these mechanisms is to 

determine a high-resolution structure during ejection by cryo-EM.   

 

 

4.4 Materials and Methods  

Plaque assay for determining the virus ejection rate 
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For all experiments, the P22 strain used was a clear plaque mutant that is an obligate 

lytic strain (Casjens et al., 1987). Hybrid P22 with either a Sf6 tail needle knob or a T4 

foldon tail were purified from Salmonella enterica serovar Typhimurium DB7136 

(leuA414am, hisC525am, su0) LT2 cell lysates. LPS was purified using a kit 

(BULLDOGBIO), and OmpA was purified as described (Porcek and Parent, 2015). Each 

type of virus with final concentration of 109 pfu/ml was incubated with either LPS (2.5 

mg/ml), OmpA (0.2 mg/ml) or both LPS and OmpA, all in the presence of detergent Triton 

x-100 [1.06% (w/v)]. At each time point (0, 10, 20, 30, 60, 90 min), an aliquot was removed 

for titering. The percentage of infectious virus remaining was determined using the pfu 

from each sample divided by that for a sample containing no receptor.  

Genome ejection assay  

P22 labeled with radioactive 35S was purified as described in (Parent et al., 2004). The 

virus sample (1010 pfu/ml) was first treated with DNase I to remove any free DNA.  

Samples of P22 and the LPS receptors were mixed with PEG 8000 (at concentrations of 

PEG corresponding to osmotic pressures of either 0, 1.78, 6.2, 10.8 or 16.8 atm) and 

were incubated overnight at 37°C to ensure complete genome ejection. The ratios 

between virus and the receptors were the same as those employed in the plaque assays. 

For samples containing both LPS and OmpA as receptors, the same amounts of P22 and 

LPS, OmpA, Triton X-100 and the same PEG concentration used in the plaque assays 

were mixed and incubated at 37°C for 1 hr. In both cases, DNase I (5 units, New England 

Biolabs) was added to the sample after ejection was triggered, and the mixture was kept 

at 37°C for 4 hr to digest the DNA ejected from the capsid. Before recovering the 
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unejected DNA from the capsid, 1mM EDTA was added and the sample heated for 10 

min at 75°C to denature the DNase I. After addition of an equal volume of lysis buffer 

(25mM EDTA, 200mM Tris, 250mM NaCl, 1%SDS, pH 7.5) and 1 unit of Protease K, the 

samples were incubated at 65°C for 1 hr to disrupt the capsids, allowing the DNA inside 

to be released. Phenol / chloroform extraction was carried out twice to separate protein 

from DNA, followed by ethanol precipitation to concentrate the DNA. The remaining DNA, 

now in the pellet, was redissolved in TE buffer and analyzed by gel electrophoresis. In 

order to resolve the relatively long DNA, a low-percentage agarose gel (0.3%) was used 

and the running condition was 6 hr at 3V/cm; SYBR gold was used to stain the gel in the 

last step.  

SDS-PAGE for determining E protein ejection 

We used samples prepared as described above for the plaque assays. DNase I was then 

added followed by another 2hr incubation at 37⁰C to completely digest the ejected DNA. 

An aliquot of each sample was used to determine the efficiency of genome ejection. The 

remainder of the sample was centrifuged at 27,000g for 1.5 hr to separate the virus 

capsids from possible ejected proteins and free nucleotides. Resuspended pellets 

containing capsids were TCA-precipitated and loaded into a 10% SDS-PAGE gel.  
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