Mechanism of bacteriophage DNA packaging

We propose to investigate the mechanism of action of a molecular motor that dsDNA bacteriophages use to package their DNA. We will use a multi pronged approach  with phi 29 as a model system. The study will involve

A. Single molecule Fluorescence Polarization Anisotropy studies of rotary dynamics of motor components.

B. Single pair Fluorescence Resonance Energy Transfer studies to map out  conformational changes in the course of  motor action.

C. Optical tweezer studies of the packaging reaction to

a. measure force – velocity behavior of the motor

b. measure step size of the motor

c. measure torque-velocity behavior of the motor.

D. Real time measurements of rotation of DNA during the course of packaging reaction.

E. Study of the packaging reaction using modified DNA substrates to map out the nature of motor – DNA interaction. This will involve

a. Electrostatically modified DNA 

b. Left handed helical DNA 

c. DNA modified with nicks, and single stranded streches

d. DNA covalently modified with bulky substituents

e. DNA lacking bases (apurinated) 

F. Study of the roles of counterions and condensing agents on the energetics of packaging

STATEMENT OF THE PROBLEM:


All viruses must package their genomes into a protective coat as part of their life cycles. The coat, which may have protein and lipid components serves as a compact delivery vehicle for the next round of viral infection. The mechanism by which viruses condense their long genomes into these compact coats has been studied in many bacteriophages and some eukaryotic viruses. The studies reveal that some viruses assemble the coat around the genome whereas others first assemble a coat into which they reel in their genomes. Double stranded DNA bacteriophages and one family of dsRNA bacteriophages studied so far fall into the latter category. The process of compaction of DNA and its structure inside the bacteriophage head has evoked considerable interest as the packed DNA can reach near crystalline densities (ref). Such process involves severe energetic penalties due to electrostatic repulsion energy, DNA bending and the entropic energy of compaction (ref). Packing however has been shown in some phages to be independent of any DNA condensing agents such as polyamines (ref). Experiments in many bacteriophages have shown that the only agent necessary to achieve the compaction are some special packaging enzymes. These enzymes have been shown to interact with the viral capsid at the portal-connector complex and to reel in the DNA in a nucleotide dependent process. In the case of phages which synthesize their genomes as multimers these enzymes also have specific DNA recognition and cutting functions (ref). Some biochemical data has accumulated over the last few decades identifying the components of the motor and the physical interactions between the different subunits and also many details of the enzymatic activities. The structures of the viral port- connector complex is known for many phages (ref) and the structure of the packaging complex of phi-29 has been recently pieced together using X-Ray crystallography and cryo-EM techniques (ref). All these structural and biochemical studies have fueled widely different speculations on the mechanism of action of the packaging enzyme, though it is believed that all DNA bacteriophages use a common mechanism (ref). However no direct evidence exists on the actual mode of action of the packaging motor. It is the objective of our study to determine the mechanism of the motor action directly using single molecule techniques.

IMPORTANCE OF STUDY:


The study will prove to be important in many respects. Viruses are ubiquitous – they infect all living organisms from the lowest archaebacteria to the highest animals and plants. Viral genome packaging is a very crucial step in the life cycle of these elementary life forms. While elementary biochemical understanding of the process has recently emerged, no comprehensive physical picture exists of this important process. We believe that our study will fill these important gaps in our knowledge of the viral life cycle. Though the proposed study will focus on bacteriophage DNA packaging, it is our belief (ref) that the mechanism can be extended to many eukaryotic DNA viruses and may be even RNA viruses (ref). Many Eukaryotic DNA viruses belonging to the Adenovirus, Herpes Simplex Virus and Pox viridae families are the causative agents of many important diseases. A knowledge of the viral DNA packaging mechanism that may be common to all these viruses can serve as a paradigm in the design of wide action drugs and will prove to be invaluable in combating viral diseases.


The viral packaging motor also appears to be a novel molecular motor. It has now been well established that molecular motors are the principal drivers of the directional processes of life. Many different molecular motors have been characterized to different extents so far. Some of them use thermal energy, others electrochemical gradient energy and many others energy from chemical reactions such as nucleotide hydrolysis to produce motion. Most of the motors characterized so far fall into two main categories – linear motors such as kinesins, RNAPolymerase etc and rotary motors such as the F0F1ATPase and the bacterial flagellar motor. There is some speculation that the viral packaging motor may well constitute a novel class of molecular motors that use rotary motion of the motor to achieve linear translation of the track. Characterization of the packaging motor will hence prove very important in expanding our knowledge of molecular motors and the different ways in which they transduce energy to achieve a variety of mechanical motion. Further there is also some belief in the field that the viral packaging motor may share some mechanisms with other hitherto uncharacterized motors such as the hexameric helicases.(ref and rephrase)


Knowledge of the mechanism of action of the viral packaging motor will also have many applications in biotechnology and nanotechnology. Knowledge of the motor structure and action can enable us to redesign the motor to package altered DNA or completely different substrates. This will have immense applications in targeted drug delivery among other things. Further, in the field of nanotechnology it is well recognized that nature has probably come up with probably the best designs for molecular machines. Recent efforts in the field have hence focused on the incorporation of biomolecular motors in nano-fabricated devices (ref). The viral packaging motor can prove to be a valuable addition to the building blocks available in these efforts.

MODEL SYSTEM:


The Bacillus subtilis bacteriophage phi-29 is an ideal model system for the study that we propose. The general features of the packaging enzyme appears to be conserved amongst all DNA bacteriophages studied so far and hence phi-29 can be studied without any loss of generality. The packaging enzyme of phi-29 is also simpler than that of other phages in that it does not have additional enzymatic activities necessary to cut and process DNA which other bacteriophages that synthesize their genomes as multimers have. The virus contains a 19.3 Kilobase linear genome with terminal covalently bound proteins (gp3) that is packaged into a small prolate head  (45nm wide, 54 nm long).The phi-29 motor lies at a unique portal vertex of the motor and consists of three components: (i) a cone shaped head-tail connector whose broad end fits into the port . The connector is assembled as a dodecamer of gp10.(ii) an oligomeric ring of a 174 base RNA called prohead RNA (pRNA) which surrounds the narrow protruding end of the connector (iii) an oligomer of gp16, an ATPase that first binds to DNA gp3 and then assembles onto the connector- pRNA complex prior to packaging. The structure of the viral packaging motor has been recently solved making it the only known structure of any packaging motor. The structure of the connector was solved using X-Ray crystallography and was pieced together with cryo-EM reconstructions of the virus obtain the structure of the motor (ref). The structure has revealed many features of the packaging motor and has spawned fresh speculation on the mechanism of the motor. The structure also suggests that the pRNA and gp16 rings are pentameric as against results from previous biochemical data that suggest a hexaneric structure (ref).


An efficient, defined in vitro packaging assay system has also been developed for phi29(ref). The entire genome is packaged in this assay in 2-3 minutes (ref) at rates and efficiencies comparable to those in vivo. The knowledge of the structure and the simple in vitro packaging assay serve as valuable assets in designing elegant experiments to directly study motor action.

DESCRIPTION OF PROPOSED AIMS:

A. SMFPA STUDIES OF ROTARY MOTION.

A notable feature of the portal packaging motor complex of the dsDNA bacteriophages is the symmetry mismatch between the various components. Such a symmetry mismatch has also been recently reported for phi-6, a RNA bacteriophage. In phi-29, the published structure shows that the DNA, connector, and prohead-pRNA-gp16ATPase complex form a set of concentric structures with 101-,12- and 5- fold symmetry respectively. This would mean that there are many rotationally equivalent conformations of the motor. Such an arrangement would facilitate rotary motion (ref) thus spawning much speculation that the DNA packaging motor may be a rotary motor. Some of the models of motor action based on rotary motion include

a. Bolt and Nut Model (ref): In this model, the DNA is thought to be threaded through the connector like a bolt fits a nut and the rotation of the connector translates the DNA due to its helical nature.


b. Flashing field model (ref): In this model, the binding/hydrolysis of ATP cause the transient formation of dipoles in the motor. These dipoles are so oriented that they apply a net inward force and torque on the negatively charged DNA.

c. Rotary Inchworm (ref): This model suggests that the connector undergoes conformational changes in addition to the rotary motion that helps it to inchworm along the DNA with a defined step size.

Some models such as the “Ratchet” model of Fujisawa and Moritawa however do not require rotary motion for motor action. This model suggests powerstrokes of the packaging enzyme that bind to the backbone and push the DNA into the head

Given the wide range of speculations involving and not involving rotary motion of the motor, the final test lies in being able to directly visualize rotary motion if any of the components of the motor. **** et al used fluorescently labeled actin filament bound to F0F1ATPase to observe rotary motion using a fluorescence miscroscope. Such a technique cannot be used easily for the present study as it is clear from the structure that the connector, a putative rotary component, is not accessible to labeling by any large protein molecules. We propose to use Single molecule Fluorescence Polarisation Anisotropy techniques using single fluorophore molecules on the motor components to measure rotary motion if any.  In this technique we will use a confocal fluorescence microscope with single molecule detection capability constructed in our lab to follow the orientation of the excitation dipole of the fluorescent label, by measuring the polarization of the emitted light. By systematically labeling the connector, pRNA and the gp16 we should be able to identify the rotary components of the motor, and the details of the rotation dynamics including the step size of rotation.

B. SINGLE PAIR FLUORESCENCE RESONANCE ENERGY TRANSFER (spFRET) STUDIES OF CONFORMATIONAL CHANGES IN MOTOR.

It is well conceivable that the motor action involves large conformational changes within individual motor components and also between the different rings as a whole. Infact many of the speculations on motor action such as the rotary inchworm and the Fujisawa-Morita ‘ratchet’ model involve large conformational changes in the connector and in the gp16 rings respectively. It is thus very important to map out the nature of such conformational changes to gain a complete picture of the dynamics of motor action. SpFRET is perhaps the only tool available to observe changes in distances between two points in a molecule in real time. The efficiency of  energy transfer is a measure of the distance between a donor-acceptor fluorophore pair and the dynamics of distance changes can be followed with a confocal fluorescence microscope set up with single fluorophore detection capability. We propose to use such a set up that we have constructed in our lab along with suitable labeling schemes to comprehensively map out conformational dynamics of the motor.

C. OPTICAL TWEEZER MEASUREMENTS OF THE PACKAGING REACTION

a. Force- Velocity Behavior:

We propose to measure the force velocity behavior of the viral packaging motor using a force measuring dual beam optical tweezer set up that we have constructed in our lab. The force – velocity behavior measurement is perhaps the most common experiment in the study of molecular motors. There are many things to be learnt from this experiment. A Plot of the inverse of velocity (1/V) against the inverse of ATP (1/T) concentration at different forces can help identify the force generating step in the mechanochemical cycle of the motor. From the theory of Bustamante and Keller (ref) we know that motors can be classified depending upon the position of the force generating step with relation to the nucleotide binding, hydrolysis and release cycle. The curves obtained for the different classes have distinct distinguishable features that would enable us to identify the nature of force generating step. Further the force dependence of the reaction rates enable us to obtain an idea about the potential energy surface of the force generating step of the motor which would be very important in constructing a physical model of the motor.

b. Measurement of step size of the motor

An important detail that would be necessary to understand the working of the motor is the step size of the motor i.e. the distance moved by the DNA per ATP hydrolysis. It is known from bulk biochemical measurements that about 1 ATP is hydrolysed for every 2 base pairs packed (ref). This calcultion however assumes 100% efficiency of the motor which neednt be the case. Further for every ATP hydrolysed there may be two force generating steps and consequently two translatory steps. Using short stretches of DNA whose spring constant will be much higher than that of the optical trap we can measure the distance changes with single base pair (3.4A) resolution.

c. Measurement of Torque-Velocity behavior:

It is quite is conceivable that the motor simply generates torque on the DNA, which is converted to translational motion of the DNA due to its helical nature (ref). The torque-velocity behavior provides us with the same information as the force-velocity behavior for the torque generating steps of the motor. While it is not easy to apply torque directly on the motor components, we can apply torque on torsionally contrained DNA in a modified arrangement of the optical tweezer measurements to be used for the above measurements. The toque on the DNA will be equivalent to torque applied on the components of the motor interacting with the motor.

D. Real time measurements of rotation of UNPACKAGED DNA TO STUDY STRUCTURE OF dna INSIDE PHAGE HEAD:

The structure of DNA inside the bacteriophage has been a question of great interest for biologists and physicists alike. Given the high densities of DNA inside the head, it was thought that virus may pack the DNA in a fashion that would minimize energetic penalties. The experimental studies however were never really in consensus. The models ranged from complete random arrangement, to ordered liquid crystal structures (ref). Recent studies on T7 bacteriophage using cryoelectron microscopy (ref) has however given strong evidence for a structure in which the DNA is packed as a spool of thread around the central axis of the virus. Such coiling of DNA inside the head in the course of packaging requires the rotation of DNA outside the head to relieve torsional strain in the DNA. Monitoring of the rotation of DNA outside the phage, in real time would then provide us information on the dynamics of DNA packaging inside the head. We propose to measure this in real time using a modified optical tweezer viral packaging measurement in which we will follow the rotation of a bead attached to the side of the DNA outside the phage using video microscopy. 

E. Study of the packaging reaction using modified DNA     substrates to map out the nature of motor – DNA interaction: 

a. Electrostatically modified DNA 

Some models such the flashing field model suggest that the force generation is due to the electrostatic interaction between the negatively charged DNA backbone and transient dipoles generated in the motor. We propose to test any electrostatic contributions to motor action by using neutral DNA. Neutral DNA that is structurally very similar to B form DNA can be synthesized using a methoxy derivatives of the phosphate backbone (ref).

b. Left handed helical DNA 

Models such as the bolt and nut model would predict that the direction of the packaging reaction should reverse if we change the handedness of DNA. Further any direct dependence of the motor mechanism on the handedness of the DNA can also be determined by reversing the handedness of the DNA. It has been shown that DNA which contains stretched of alternating purines and pyramidines in the presence of hexamine cobalt switch from the B form to the Z form (left handed) DNA. We propose to utilize this knowledge to study the effect of handedness of DNA on packaging in our optical tweezer packaging assay.

c. DNA modified with nicks, and single stranded streches

It would be considerable interest to see how the motor deals with nicks in the DNA and with single stranded breaks of different lengths in  the DNA. It is already known that the *** bacteriophage packages nicked DNA through bulk packaging measurements. However the dynamics of the reaction upon encountering nicks is not known. This along with the experiment with single stranded breaks in the DNA would shed knowledge on the nature of interaction between the DNA and motor. It is also of considerable interest considering that phi-6 a dsRNA phage which has related packaging complexes packages ssRNA (+ strand) (ref). 

d. DNA covalently modified with bulky substituents

The nature of the contacts between the DNA and the motor in the central passage is very unclear even in the recently published structure. Is the central passage flexible enough to permit DNA with bulky subsituents to pass through? This question is also of interest since it is not known how the bulky gp3 attached to the end of the DNA passes through the connector. We propose to covalently modify DNA with bulky subsituents and follow the dynamics of the packaging reaction using our laser tweezer packaging assay.

e. DNA lacking bases (apurinated) 

It would be of interest to know if the bases interact with motor or if the interaction is solely with the sugar phosphate backbone of DNA. Using DNA that lacks some bases (ref), and studying the dynamics of the packaging reaction we hope to answer the question on the importance of interaction if any of the motor with bases in the DNA. 

F. STUDY OF THE EFFECT OF COUNTERIONS AND CONDENSING AGENTS ON   THE PACKAGING REACTION.

