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ABSTRACT OF THE DISSERTATION

Studies of viral DNA packaging motor mechanisms on a single molecule level via
optical tweezers

by

Mariam Ordyan

Doctor of Philosophy in Physics (Biophysics)

University of California, San Diego, 2017

Professor Douglas E. Smith, Chair

The viral DNA packaging motors are among the most powerful biological ma-

chines known, and their mechanisms have been of interest for decades. The work

presented in this dissertation has been dedicated to studying these mechanisms on the

example of the T4 and Lambda bacteriophages, which are well known model organisms.

Custom-built optical tweezers were utilized for real time observations of sin-

gle DNA molecule packaging. A force-feedback loop allowed us to study the DNA

translocation fueled by ATP hydrolysis under different conditions.

The regulation of the motors grip on the DNA by the nucleotide state was in-
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vestigated through a novel technique, and the interaction of the motor subunits with

the DNA was shown to depend on the state of the ATP-binding pockets. This finding

brings us closer to understanding the level of coordination between the subunits during

translocation. The fact that the motors grip on the DNA depends on the nucleotide state

also allows to judge about the state of the ATP-binding pocket based on the packaging

dynamics. A novel mechanism of the clamping of the DNA by the packaging complex to

prevent dissociation was identified in the course of these experiments.

The role of the putative conserved Walker A and Walker B ATP binding motifs

were examined through mutagenesis studies. An extensive study of 23 different mutants

in single-molecule experiments was conducted, and it was concluded that these regions

are indeed involved in ATP-binding, but we also identified residues from this region

that are important for ATP-alignment, catalysis of hydrolysis, and mechanochemical

coupling. In addition measurements on the mutation of the glutamate residue E179

directly downstream of Walker B were performed, and it confirmed that this residue

catalyzes the hydrolysis.

A conserved Loop-Helix-Loop region previously studied in this lab, and proposed

to play a regulatory role in translocation velocity was also studied. 8 different mutants

were probed in the single-molecule assay, and, where packaging was detected, the effect

on the translocation speed was studied.

This is, to date, the most extensive mutagenesis study preformed to investigate

the roles of particular amino acids in the detailed function of a viral packaging motor.
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Chapter 1

Introduction

1.1 Double-stranded DNA Bacteriophages

As the name suggests dsDNA bacteriphages (or simply phages) are viruses that

have double stranded genomic DNA, and infect bacteria (Figure 1.1). Like other viruses,

phages hack the machinery of the host cell in order to reproduce. In general there exist

two distinct infection pathways: lysogenic (Figure 1.1b) and lytic (Figure 1.1c) [Ber53].

In Lysogenic pathway, after the phage genome has been injected into the host cell, it is

integrated into the bacterial chromosome. This integrated phage DNA is called a prophage

and, every time the host cell divides, it gets replicated along with the chromosomal DNA.

While this first pathway is only accessible to some bacteriophages, the lytic

lifecycle is the main pathway by which the bacteriophages reproduce. In this pathway

the phage again injects its DNA into the host cell, but instead of integrating the genome

into the chromosomal DNA, the host machinery is utilized to copy this genome, as well

as express the phage genes to produce the proteins necessary for the phage assembly.

After the necessary proteins have been produced to compose capsid shells, the

phage genome needs to be confined into this shell in order to produce fully functional

1



(a) (b)

(c)

Figure 1.1: Schematic illustrations of (a) Bacteriphage and (b) Lysogenic and (c) Lytic
lifecycles.
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virions. However this process is energetically unfavorable for several reasons. First, the

DNA being packed is strongly self-repelling because of its negative charge. Second, due

to reduced entropy, as a result of tightly confining DNA, the change in free energy is

negative. Finally, since the size of the capsid is comparable to the persistence length

of the dsDNA, energy is required to bend the DNA, so it can be packed into the capsid

[TKGBS03].

The packaging is performed by a molecular motor that is attached to the portal of

the capsid, and utilizes ATP hydrolysis to power DNA translocation [Bla89].

After the full genome has been packaged, the packaging is terminated, the DNA

packed capsid is released from the packaging motor, and attached to a tail, thus forming

a fully functional virion [Bla89]. During the virus assembly stage of this cycle, lysosome

is being produced, which is used to break the cell walls of the host, setting the assembled

virions free to infect other cells [You92].

The work presented in this dissertation has been dedicated to studying the process

of DNA packaging, as well as the mechanism and working properties of the molecular

machines driving this process.

1.1.1 Viral packaging and the phages studied

ATP driven DNA packaging motors are an example of the most powerful molecu-

lar machines the evolution has produced[Smi11, JCJ+06, STS+01]. Studying the genome

packaging of bacteriophages Lambda and T4 can lead to understanding of more general

principles of similar motors constituted in other double stranded DNA viruses, including

various kinds of bacteriophages [Mor12, RF08], as well as the human herpesviruses

[RKW07].

3



1.1.1.1 Introduction to Lambda

In its functional form the 48502 bp long genome of the Lambda DNA is tightly

packed in an icosaheadral protein shell (capsid). The packaging is performed by an

oligomeric ring, which represents the motor (Lambda terminase enzyme). In its linear

form the genome has 12 bp complementary single stranded segments on both 5′ ends

(sticky ends). These tails are annealed after the DNA has been injected into the host

cell, and the host ligase proteins are used to seal any nicks. The DNA in this circular

form is then replicated through the cells machinery via the rolling cycle mechanism,

thus producing a concatemer of Lambda genomes [Cat05, RF08]. At the end and the

beginning of each genome is the cohesive end site (cos), which serves as a packaging

initiation and termination site. This insures the packaging of the exact genome length,

without any terminal duplications, as opposed to pac sequences of viruses that use the

head-full packaging mechanism [FC05].

The cos site is a 200 bp long segment and is divided into 3 subsites: cosQ, cosN,

and cosB [CF01]. CosB is a segment of about 100 bp containing 3 DNA recognition

sites R1, R2 and R3, which get specifically bound by the small subunit of the terminase

(gpNu1). This step is necessary for the appropriate binding of cosN site directly upstream

from cosB by the large subunit of the terminase (gpA). CosN site is formed when the

12bp overhangs are annealed. This is where the nicks are introduced by gpA to produce

a mature DNA for packaging initiation. 17 bp upstream from cosN is the 7 bp long

cosQ site. After encountering the cosQ site packaging is terminated by cleavage of the

terminal cosN site. The absence of cosQ site results in lack of appropriate cleavage and

perpetuation of packaging through the cos site to full capacity of the capsid[CF98].

After the terminase has nicked the cosN, and separated the strands (DNA matura-

tion), it docks to an empty capsid and begins DNA translocation.

4



The icosahedral capsid is formed by many copies of the major capsid protein.

One of the shells 12 fivefold vertices is a special portal vertex formed by the dodecameric

portal protein to which the terminase gets docked. The DNA is translocated through this

portal channel [Cat05].

After the entire genome has been packaged the terminase nicks the DNA at the

cos site again, and once the strands are separated the genome packed capsid is detached

from the motor and attached to a tail. It is a fully functional virion now. The motor still

attached to the rest of the concatemeric DNA reattaches to the portal of an empty capsid,

and the process repeats.

The terminase enzyme of bacteriophage Lambda is an oligmeric ring that is

comprised of gpNu12 : gpA heterotrimers. gpNu1 is the small subunit (TerS, 181 amino

acids). It is responsible for the assembly of the packaging motor at the cos (initiation) site

of DNA. It is connected to the large subunit gpA (TerL, 641 amino acids) at its C-terminal

[FSF85]. gpA interacts with gpNu1 with its N-terminal domain, while the C-terminal

domain is responsible for binding a procapsid to initiate the packaging [YF95]. gpA is

also responsible for nuclease and helicase activities, ATP hydrolysis, as well as DNA

translocation[FC05, Mur91, RPG95].

The large (TerL) subunit is of the main interest in the work presented in this

dissertation.

1.1.1.2 Introduction to T4

Like Lambda, T4 constitutes a good model to study the process and machinery of

viral DNA packaging. The terminase is composed of two gene products gp16 (18kDa)

and gp17 (70kDa) [KKRR04, RF08]. The head is an elongated icosahedron composed

mainly of gp23, and gp24, which form the hexamers and the pentamers respectively.

An important component of the capsid is the protein gp20 situated at its unique vertex,
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and forming the dodecamric channel through which the DNA enters the head during

packaging, and is ejected during infection. The protein gp17 of the terminase interacts

with the portal protein gp20, so that the DNA can be packaged into the capsid.

As in the case of Lambda terminase the motor introduces an endonucleolytic cut

to the concatemer of the genomes [BR12], however, unlike Lambda the T4 genome does

not possess any special initiation/termination site [MMIR02]. The concatermeric DNA

can be cut at any position for initiation, and the packaging is terminated when the capsid

is full, which happens when about 1.02 of the genome length has been packaged.

Another important distinction between Lambda and T4 is that the latter only

undergoes the lytic lifecycle, thus keeping the host cell alive for a long time to reproduce

is not a concern for this phage, but might be for Lambda, to which the lysogenic lifecycle

is also available.

Studying the differences and similarities between the T4 and Lambda packaging

machineries can shed light on distinguishing between the characteristics that each of them

evolved individually, and the ones that might be generalizable for terminase enzymes.

1.2 Basics of optical trapping and an introduction to our

system

Ever since the first demonstration of a particle confinement using a single-beam

gradient trap (optical tweezers) by Ashkin et al. in 1986 [ADBC86], optical manipula-

tions have found a wide range of applications across a variety of different fields including

of course single molecule biophysics.

Optical tweezers trap dielectric particles through a small but significant force

caused by a highly inhomogeneous spatial field distribution of the beam. This force

attracts the particle toward the beam focus, which is the highest intensity part of the field
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(gradient force), thus trapping the particle [SGMD10, JZ08].

Mathematically, there are two different approaches to explain the light-particle

interactions in the optical traps. When the particle is much smaller than the wavelength

of the laser beam, the Rayleigh limit is the appropriate mathematical formulation to use

[ADBC86, CNV00, Sha06]. Here the particle can be treated as an oscillating dipole, so

the Lorenz force on it is given by the following equation:

~F =
(
~p ·~∇

)
~E +

d~p
dt
×~B (1.1)

where ~p is the induced dipole moment of the particle, and ~E and ~B are the electric and

magnetic fields of the radiation. The induced dipole moment of a dielectric particle

caused by the electric field of a Gaussian laser beam is ~p = α ·~E, where α is the particles

polarizability. When a continuous wave laser is used ∂

∂t

(
~E×~B

)
= 0, so that ~F = α~∇E2,

and the bead is pulled toward the highest intensity.

When the particle dimensions exceed the wavelength of the laser beam the

trapping forces can be understood by looking at the situation in the geometric or ray

optics regime [Ash92, Sha06]. If the bead has been displaced from the laser focus to the

right as shown in Figure 1.2a, rays 1 and 2 are refracted so that they meet to the right of

the focus. The change of momentum results in equal and opposite change of momentum

for the particle, thus resulting in a force that brings the particle back to the equilibrium

position. A similar explanation can be constructed for the case when the bead has been

shifted from the equilibrium position axially (Figure 1.2b).

In order to avoid damaging the biological samples, it is common to use infrared

wavelength lasers for trapping (1064 nm in our lab). The microspheres we use for trapping

are about 2−2.5 µm in diameter. It has been shown that a combination of the scattering

and gradient forces can describe the trapping of particles with diameters comparable
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to the trapping beam wavelength [RS02]. The forces acting on the trapped particle are

similar to three dimensional spring restoring forces [Sha06, RS02, ADBC86].

(a) (b)

Figure 1.2: Simple diagram of optical trapping in the ray-optics regime (a) In the
absence of a bead the rays 1 and 2 travel undisturbed from the objective lens, and meet
at the focal point. When there is a bead that is laterally displaced from the equilibrium
position, the rays are refracted, and the momentum of the beam is shifted to the right,
which conveys an equal and opposite change of momentum to the bead. ~F1 and ~F2 are
the forces imparted by the rays 1 and 2 on the bead respectively. ~Fsum is the sum of
these and it points to the left. The other rays between 1 and 2 contribute in an overall
similar manner to a restoring force in the same direction. (b) When the bead is displaced
axially the rays 1 and 2 are more converging (in the case when the bead is displaced
laterally away from the objective lens, shown) or diverging (in the case when the bead
is displaced laterally towards the objective lens, not shown) upon exiting the beam and
result in a restoring force towards the equilibrium position

In our lab, we use a dual optical trapping instrument, which is briefly described

below (Figure 1.3). As mentioned above, our system utilizes 1064 nm laser light. The

beam is split by a beam splitter into two polarizations. One of the resulting beams

passes through an acusto-optic deflector (AOD), which, through an intervening relay

lens and the microscope objective, controls the horizontal position of the movable trap

(thus, the distance between the traps). The path of the other beam is fixed. The beams

are then recombined, and two traps are formed in the experimental flowcell after the
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beams pass through a microscope and are focused. The beams then are recollimated

again through another microscope objective placed in the opposite orientation. The

beams are then again separated through a third beam splitter, and the beam forming

the stationary trap hits a position sensing detector (PSD), so that the back focal plane

of the second objective is imaged on the PSD. When the bead in the stationary trap

is displaced from the equilibrium position, the beam is deflected and the change in

momentum, and hence trap restoring force, can be calculated from the PSD reading

with the appropriate calibration [SALB03, RFS06, dS14]. Calibration also provides the

constant necessary to obtain the displacement of the bead in the trap from the measured

force [RFS06, dS14]. Via a feedback loop mechanism the applied force can be held fixed

throughout an experiment, alternatively, the position of the trpas can be held fixed, while

the applied force is monitored (force-clamp and position-clamp modes respectively).

1.2.1 Experimental setup

The fluidic micro chamber (flowcell), where the experiment is being conducted

contains three different channels, two of which are connected to the third through capillary

tubes (Figure 1.4). Two distinct methods were used to initiate packaging: prestalled, and

in situ. The prestalled method was used for the Lambda experiments. In this case the

first channel contains microspheres that are coated with maturated DNA (DNA that is

appropriately cut at the cos site) through a streptavidin-Biotin bond, that is attached to a

motor-prohead complex (pre-packaged DNA). This is achieved by incubating the biotin-

labeled DNA-motor-prohead complex with streptavidin coated microspheres. The second

channel contains anti-prohead coated microspheres. The third channel (in between the

first two) is fed by a main buffer for in vitro packaging which typically (depending on

the experiment being performed) contains ATP.

With T4, the in situ method was used to initiate packaging in the flowcell. The
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Figure 1.3: A simplified diagram of our dual optical trapping system.

streptavidin coated beads are further coated with DNA only, in this case, before injecting

them into the top channel, and the beads coming out from the bottom channel are coated

with capsid-portal-motor packaging complexes, and the packaging is initiated by bringing

the two beads to close proximity in the main (middle) channel, after trapping them.

The flowcell can be moved around in the vertical plane, but usually it is restricted

so that the traps are contained by this third main channel, and two different kinds of

beads can be captured, one by each trap.

After the two beads are captured, the trap that is controlled by the AOD is moved

back and forth, so that a tether can be formed between the beads. The tether is detected

due to a rising force as the beads are being moved away from each other, and the data

acquisition begins. Towards the end of the data acquisition the tether can be purposefully
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broken between the molecules if necessary, to ensure that only one tether had been

formed.

Figure 1.4: Digram of a flow chamber.

1.2.2 The advantages of using optical tweezers

Single molecule biophysics is relatively new compared to classical approaches

in molecular biology and biochemistry, but has become a widely recognized field of

research. Optical traps have been utilized to study various biological phenomena in-

cluding protein folding [CSBM05, JRMZ17], DNA transcription [YWS+95, AGS+05],

and translation [WLH+08]. The technique has also been used for trapping in cell biol-

ogy and microfluidic environments [EEN+07, BHS+09, ZL08], as well as imaging and

spectroscopy [HMzHP+00, GEH04, ODP+08].

When it comes to molecular motors, optical tweezers have employed to inves-

tigate a range of linear motors such as kinesin [BSG90, KS93], and myosin [FSS+94,

NMY+95, VMSKJ03], rotary motors, such as bacterial flagella [BB97, PBB+07], as

well as, of course, DNA packaging motors, namely those of bacteriophages phi29

[RFG+08, STS+01], T4 [FRK+07, Smi11], and Lambda [FRR+07].

This ubiquity of optical tweezers is explained by the fact that studying processes
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at a single molecule level lets us learn properties unattainable through bulk experiments.

In bulk experiments one can only learn about average behavior of an ensemble of

molecules, whereas at a single molecule level real time measurements of individual

molecules can be performed. Being able to apply forces or small displacements is

another major advantage of using optical tweezers. Finally, optical tweezers have been

proven useful in determining step size and mechano-chemical cycle of molecular motors

[MCA+09, CAM+05].
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Chapter 2

Regulation of a Viral Packaging

Motors Grip on DNA

2.1 Introduction

Many double-stranded DNA viruses follow a remarkable assembly pathway in

which empty viral prohead shells assemble first and the viral genome is then packaged

into them by a molecular motor via a portal nanochannel [FR12, CS12, Smi11, Cas11].

The process of confining the DNA to a high density, approaching that of a crystalline

solid, is energetically unfavorable due to electrostatic self-repulsion of negatively charged

DNA segments, DNA bending rigidity, and entropy loss [RB78, KTBSG01, TKGBS03,

FM06, AMY06, PH08]. A strong molecular motor, powered by ATP hydrolysis, is

needed to accomplish this process. Viruses that employ this assembly mechanism include

many bacteriophages, as well as many viruses that infect humans, such as adenoviruses,

poxviruses, and herpesviruses.

In prior work, we developed techniques using optical tweezers to measure the

packaging of single DNA molecules and applied them to study phages phi29, T4, and
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lambda. We found that these motors generate high forces (> 60 pN), and translocate DNA

at speeds ranging between ∼100 bp/s [STS+01, RFG+08] to ∼2000 bp/s [FRK+07],

depending on ATP concentration, ionic conditions, and temperature. These are ring-

shaped motors, having multiple subunits each having the capacity to hydrolyze ATP.

Structural data on the phage T4, phi29, and P74-26 motors suggest that the ring is

a pentamer. Current models assume that subunits grip DNA one-at-a-time and other

subunits exert no influence on the DNA motion, but this hypothesis has not been tested.

Several types of studies have provided evidence suggesting that ATP tight binding

causes the motor protein to undergo a conformational change that enables it to grip DNA

tightly [KRC12, CAM+05]. One piece of evidence is that when the ATP concentration

is lowered, backwards slipping of the DNA occurs more frequently. Another piece of

evidence is that when a small concentration of a non-hydrolyzable ATP analog, such as

γ-S-ATP, is mixed in with the ATP this induces pauses in translocation, interpreted as

tight-gripping of the DNA by the analog-bound subunit.

The phi29 motor has been extensively studied [CAM+05, CLH+12, MCA+09]

and measurements suggest that one “special subunit” of the motor aligns with the phos-

phate backbone and grips it tightly. After all five subunits bind ATP, the special subunit

hydrolyzes ATP and releases its grip. Then, the other four subunits sequentially hy-

drolyze ATP, release Pi, and translocate DNA by 2.5 bp. Finally, the subunits sequentially

release ADP and bind ATP. One issue that is unclear is how DNA gripping and releas-

ing interactions are regulated, especially if ATP binding couples to DNA gripping and

multiple subunits can have ATP bound simultaneously. Another issue that is unclear is

whether the kinetic scheme described above for phi29 applies universally to other viral

motors. Recent studies found preliminary evidence that in the T4 motor subunits are less

strictly coordinated than they are in the phi29 motor [DSV+16]. Moreover, phylogenetic

analyses suggest that viral motors classified in the terminase superfamily, such as the T4
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motor, may have even evolved independently from the phi29 motor, which is classified in

the HerA/FtsK superfamily [BIA07].

We found that the T4 and lambda motors translocate much faster than the phi29

motor and exhibit differences in pausing and slipping. During T4 packaging we observed

that the DNA usually slips much more slowly than was observed during phi29 packaging.

Subsequent studies of the slipping with varying ATP concentration and mixtures of ATP

and non-hydrolyzable ATP, led to a proposal that the motor may pause when a subunit in

the apo state grips the DNA weakly and enter an off pathway pause-unpackaging state.

Pausing was proposed to allow ATP binding and unpackaging was proposed to allow the

motor to scan the DNA and re-establish correct alignment needed for tight gripping.

Here, we introduce a new technique that provides additional insights on the

regulation of the motor grip and friction that limits the rate of DNA movement. We

apply it to study the phage T4 motor, but similar approaches could be applicable to other

motors. Previous studies conducted measurements with varying ATP concentrations and

mixtures of ATP and other nucleotides, in which motor subunits cycle through different

nucleotide states. Our technique combines the single-molecule optical tweezers assay

with rapid solution exchange. An advantage of this approach is that all motor subunits

can be put in the same nucleotide state, which simplifies the interpretation of the data.

Our measurements directly and unambiguously show that the T4 motor has very

strong grip on DNA in the ATP-bound state, intermittent grip in the ADP-bound state,

and virtually no grip in the apo state. The apo state measurements quantify a minimum

friction level that limits the rate of DNA movement. In the ADP state, the motor fluctuates

between gripping and intermediate friction states, probably representing conformational

states when bound to the ATP substrate or ADP product, respectively. Our measurements

further reveal that the motor grip involves more than one motor subunit interacting

with the DNA and exert higher friction. Finally, we discovered a unique end clamping
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mechanism whereby the DNA is prevented from exiting the motor channel regardless of

nucleotide state.

2.2 Results and Discussion

2.2.1 Motor Gripping Assay

To investigate how the motor’s grip on DNA is regulated we developed a new

method based on the measurement of single DNA molecule translocation with optical

tweezers combined with rapid solution exchange. An actively packaging complex in

ATP is suddenly moved out of ATP and into solutions containing no nucleotides or high-

concentrations of a non-hydrolyzable (or only very slowly hydrolyzable) ATP analog

(γ-S-ATP) or ADP. This approach has the advantage that all of the motor subunits should

generally be changed to a single state: apo (no nucleotide), ATP-bound state, or ADP-

bound, respectively. Consequently, packaging stops and the motor’s grip on DNA is

quantified by monitoring slipping of the DNA out of the capsid.

This measurement is conducted as shown schematically in Figure 2.1. Micro-

spheres coated with prohead-motor complexes are dispensed by a micro-capillary tube

into a fluid chamber. One of these microspheres is trapped by an optical tweezers beam

and brought near a second micro-capillary tube dispensing ATP and DNA-coated micro-

spheres. One of these DNA microspheres is trapped with a second tweezers beam and

brought near the prohead-motor complexes to initiate packaging.

If translocation is detected it is allowed to continue until ∼4−7 kbp of DNA is

packaged and then the complex is quickly moved, within ∼1 s, into a different region

of the chamber containing a solution with no nucleotides, with γ-S-ATP, or with ADP.

A gentle flow ensures that ATP does not enter this region. Saturating concentrations

(0.5 mM) of γ-S-ATP or ADP are used such that the motor would be rapidly occupied

21



(a)

(b)

Figure 2.1: Schematic illustration of the experimental method. Microspheres coated
with prohead-motor complexes (orange) are dispensed by a micro-capillary tube (bot-
tom) into a fluid chamber (a) One of these microspheres is trapped by an optical tweezer
beam and is brought near a second micro-capillary tube (top) that is dispensing ATP
and microspheres coated with DNA (green). One of these DNA microspheres is trapped
with a second tweezer beam and brought near the prohead-motor complexes to initiate
packaging (b) It is incubated until ∼4−7 kbp of DNA is packaged and then rapidly
moved out of ATP and into a region of the chamber (grip measurement zone) containing
either no nucleotides, γ-S-ATP, or ADP. A gentle flow ensures that ATP does not enter
this region. The DNA is pulled with a small force while slipping is monitored
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with these nucleotides. Note that since the motor translocates DNA at 600 bp/s, and

structural data suggests it is translocated ∼2 bp per ATP hydrolyzed, each cycle of

nucleotide binding, hydrolysis, and product release takes only about 0.003 s (2 bp/(600

bp/s)). Therefore, hydrolysis of any residual ATP and binding of added nucleotides is

expected to occur before the gripping measurement starts.

2.2.2 Motor Gripping Varies Greatly Depending on the Nucleotide

State of Motor Subunits

We find that in the different nucleotide states the motor spends drastically different

fractions of time gripping the DNA. We use the term “gripping” to mean periods of time

when there is no detected slipping. We measured how much slipping occurs in the three

different conditions when a small pulling force of ∼3−5 pN was applied. Since only a

small fraction of the 171 kbp genome is packaged the estimated force resisting packaging

is very low (< 1 pN).

Figure 2.2: Representative measurements of length of DNA slipped vs. time with no
nucleotides (red), γ-S-ATP (black), or ADP (blue). Each line is a separate measurement
on a different complex.
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With no nucleotides there is almost no gripping and the DNA almost always slips

very fast (∼2000 bp/s, N=40 events) (Figure 2.2). In contrast, with 0.5 mM γ-S-ATP

the DNA slips only a small fraction of the time and motor grips tightly most of the

time. The net rate of DNA movement, averaged over all time during both gripping and

slipping, is v̄=2.3 bp/s (N=9), which is ∼1000× slower than that with no nucleotide.

These findings directly and unambiguously show that the motor has virtually no grip

on the DNA when the ATP binding pocket is empty and usually has strong grip when

γ-S-ATP is bound. In contrast, with ADP the motor frequently alternates between slipping

and gripping. Slipping is much more frequent than with γ-S-ATP but less frequent than

with no nucleotide. The net rate of DNA movement with ADP is v̄=1150 bp/s (N=22),

which falls in between that measured with no nucleotide and with γ-S-ATP.

To further quantify the gripping dynamics we calculated the distribution of

transient slipping velocities, in 1 s time intervals, by analyzing all events recorded in

each of the three conditions (Figure 2.3a). With no nucleotide the transient velocity

is almost always > 1500 bp/s, and ranges as high as ∼2500 bp/s. With 0.5 mM ADP

the transient velocity ranges from 0 to ∼2500 bp/s, indicating that there is a mixture of

gripping and variable speed slipping. With 0.5 mM γ-S-ATP the transient velocity is

usually zero, indicating that the motor is usually gripping tightly, although occasional

slips are detected. Below we discuss the behavior in each of these conditions in more

detail.

2.2.2.1 Motor Grip in the ATP-bound State

Since with the motor usually has tight grip with γ-S-ATP, we characterized the

small amount of slipping that occurs using a force-clamp technique, where a constant

pulling force of ∼5 pN is applied while the DNA tether length is monitored. Slips result

in only a small amount of net DNA movement over time (v̄=2.3 bp/s). Short, abrupt slips
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(∼20−50 bp in < 1 s) are occasionally observed (Figure 2.3b), but occur only rarely;

only 13 were detected during a total measurement time of 855 s and they added up to

only 6.6 s (∼0.8% of the total time). Longer, slower slips are seen more often, and we

analyzed these using the transient velocity distribution (Figure 2.3c).

Because Brownian fluctuations and instrument noise influence the measurements

we first conducted control experiments with a DNA molecule alone tethered between

two microspheres, with no prohead-motor complex, to quantify the minimum detectable

movement rate. The average velocity in 1 s intervals measured in these control experi-

ments is close to zero (0.002 bp/s), as expected, but a standard deviation of σcontrol = 8.3

bp/s characterizes the effect of Brownian fluctuations and instrument noise.

For the motor complexes with γ-S-ATP, we find that 16% of 1 s intervals exhibit

transient velocities 2σcontrol , which indicates that significant slipping is occurring ∼16%

of the time (p-value< 10−6). The transient slipping rate during these slips is v̄s=33.8 bp/s

(standard deviation=18.9), on average. Notably, this rate is ∼60-fold lower than the rate

of slipping in the apo state (∼2000 bp/s). This finding indicates that these slips are not

attributable to transient dissociation of -S-ATP from all the motor subunits, which would

have resulted in slipping at ∼2000 bp/s. The slips must therefore occur due to stochastic

dissociation of the motor’s grip under the 5 pN pulling force and Brownian forces, or due

to transient dissociation of γ-S-ATP from some of the motor subunits. In either case, the

slower slipping rate indicates that with ATP-bound subunits, the effective coefficient of

kinetic friction between the motor and DNA is much higher than it is when all subunits

are in the apo state.

To further investigate the causes of slipping we conducted measurements with

varied γ-S-ATP concentration and pulling force (Figure 2.3b). We first kept the γ-S-ATP

concentration constant (0.5 mM) and increased the pulling force to 30 pN, the estimated

maximum resistance force the motor experiences near the end of packaging the full viral
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(a) (b)

(c) (d)

Figure 2.3: Transient slipping velocities (a) Distributions of slipping rates measured
in 1 s time intervals for the conditions indicated. The DNA tether held at 5 pN is a
control experiment with a fixed-length tethered DNA molecule to characterize transient
non-zero measured velocities that occur due to Brownian motion and instrumental noise.
(b) Distributions of slipping rates measured in 1 s time intervals with varied γ-S-ATP
concentration and varied pulling force. (c) Examples of two different kinds of slipping
(abrupt, and slow) in 0.5 mM γ-S-ATP. (d) Examples of small catches, while slipping in
absence of nucleotides.
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genome length. Increasing the force from 5 to 30 pN causes a large increase in v̄ from 2.3

bp/s to 166 bp/s (standard deviation=252 bp/s), and increases the fraction of 1 s intervals

that exhibit detected slipping (transient velocity 2σcontrol) from 16% to 60.1%. Thus,

most of the slipping that occurs with a 30 pN load is attributable to force-induced rupture

of the motor’s grip.

During the slips with the 30 pN pulling force the transient slipping rate is v̄s=275

bp/s (standard deviation=275 bp/s), which is ∼10-fold higher than that with the 5 pN

force. Thus, higher pulling force causes faster slipping, as expected for motion with

viscous friction forces. However, 6-fold higher force causes ∼10-fold faster slipping,

which indicates that the effective friction coefficient decreases with increasing velocity

of slipping. In terms of its effect on packaging, it is important to emphasize that, while

this slipping caused by a 30 pN force is significant, it does not prevent the motor from

functioning. In the presence of saturating concentration of ATP (1 mM), packaging occurs

at a net rate of∼200 bp/s, on average, and the average motor velocity is∼300−400 bp/s,

which is higher than the net rate of backwards DNA movement due to slipping (v̄=166

bp/s). At the lower 5 pN force, the 2.2 bp/s of net slipping is completely negligible

compared with the ∼600 bp/s packaging rate achieved with saturating ATP.

We next tested a lower γ-S-ATP concentration with the 5 pN load. Decreasing γ-S-

ATP from 0.5 to 0.17 mM increases v̄ from 2.3 bp/s to 14.5 bp/s (standard deviation=10.5

bp/s; N=20) and increases the fraction of 1 s intervals that exhibit significant slipping

(velocity 2σcontrol) from 16% to 31.6%. Since the only effect lowering the γ-S-ATP

concentration is expected to have is to increase the time it takes nucleotides to re-bind

following dissociation, this result shows that with 0.17 mM γ-S-ATP a majority of the

slipping is attributable to γ-S-ATP dissociation. In other words, at least one motor subunit

that was gripping DNA must go into the apo state and this causes the DNA to slip until a

γ-S-ATP-bound subunit is able to re-grip it.
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The transient slipping rate in this condition is v̄s=39.2 bp/s (standard devia-

tion=35.6 bp/s), which is similar to that observed with the higher γ-S-ATP concentration

and, again, much slower than the slipping measured when all subunits are in the apo state

(∼2000 bp/s). This observation again indicates that the ATP must not have dissociated

from all subunits and further implies that multiple γ-S-ATP bound subunits are interacting

with and exerting kinetic friction on the DNA that slows the rate of slipping. We note

that the slow transient velocity of these slips is not attributable to the normal gripping

mechanism of γ-S-ATP bound subunits, because this would be expected to cause gripping

events lasting ∼1 s rather than apparently continuous slipping.

2.2.2.2 Motor Grip in the Apo State

In the absence of nucleotide, the DNA slips very rapidly (Figure 2.2) and to track

this slipping we found that the optical trap had to be moved at the maximum speed our

instrument allows (∼730 nm/s). The average rate of slipping was v̄s=2000 bp/s (standard

deviation 350 bp/s, N = 25 events) and the measured force averaged 3.0 pN (standard

deviation = 1.6). This indicates that a kinetic friction force of ∼3 pN acts on the DNA. In

fact, the transient slipping rate varies considerably from ∼1000−2500 bp/s, suggesting

that the friction coefficient fluctuates.

Since apo state of the motor exhibits the least gripping, this measurement quan-

tifies a “speed limit” for DNA movement out of the prohead and through the channel,

when driven by ∼3 pN of force. This limit reflects viscous friction that must arise from

the movement of the DNA through water and friction arising from interactions between

the DNA and the motor, the portal channel, and inner prohead walls, as well as any

self-friction between DNA segments inside the prohead.

The velocity distribution for 1 s intervals does not show any intervals having

zero slipping rate, but brief pauses in the slipping (“transient catches”) occasionally are
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observed on shorter time scales. Examples of such events are shown in Figure 2.3d. We

find that their average duration is 0.08 s (standard deviation=0.07; N=25) and they occur

only ∼2% of the time during slipping). These events may indicate that motor subunits

occasionally transition, due to thermal fluctuations, into a state where they tightly grip

DNA despite not binding ATP. Another possibility, however, is they occur due to transient

jamming of a tangled or knotted section of the DNA exiting the prohead. However, these

events are so infrequent that they have a negligible overall effect on the slipping rate.

2.2.2.3 Motor Grip in the ADP-bound State

During normal motor operation, each subunit cycles through a third state where,

after binding ATP and hydrolyzing it, the binding pocket is occupied by an ADP molecule.

We therefore also conducted measurements with a high concentration (0.5 mM) of added

ADP. In this condition, the motor alternates between gripping and slipping, but gripping

occurs far less frequently than it does with γ-S-ATP (Figure 2.2). We conducted these

measurements with a constant 5 pN pulling force, as in the γ-S-ATP measurements, but

the average rate of DNA movement was v̄=844 bp/s, which is much higher than that

measured with 0.5 mM γ-S-ATP (∼2.2 bp/s). However, this rate is much lower than

that measured in the apo state (∼2000 bp/s), despite the slightly higher pulling force.

Therefore, the effective coefficient of friction resisting slipping in the ADP state is, on

average, much higher than that in the apo state.

To further investigate the cause of this slipping we conducted measurements

with a lower ADP concentration of 0.17 mM and found that the average rate did not

significantly change, being 854 bp/s (standard deviation = 606 bp/s, N = 30). This

suggests that most of the slipping is not attributable to dissociation of ADP, but that the

motor grip in the ADP-bound state is less stable than that it in the ATP-bound state. We

note that it is clear that 0.17 mM is a sub-saturating nucleotide concentration because our
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measurements with γ-S-ATP showed that lowering the concentration from 0.5 to 0.17

mM did increase slipping in that case.

Closer examination of the data reveals that with ADP bound, the motor exhibits

three distinct behaviors (Figure 2.3a). First, in 4.6% of time intervals the slipping

velocities were consistent with zero (2σcontrol), indicating a tight DNA grip as occurs in

the ATP-bound state. Second, in 11.2% of intervals the velocity ranges from 1500-2500

bp/s, essentially indistinguishable from the high-speed slipping occurring in the apo state.

Third, in 84.2% of the time intervals the DNA slips at lower speed, with the average

being 743 bp/s (standard deviation = 377 bp/s), indicating that there is a higher effective

coefficient of friction resisting the slipping than in the apo state.

2.2.3 An End Clamp Mechanism Prevents DNA Exit

Although the DNA slips rapidly when the motor is in the apo or ADP state, we

observe a striking exception to this behavior. After about 4-7 kbp of the DNA slips

out (i.e., approximately the length of DNA that was packaged before we induced the

slipping) we observe that slipping suddenly arrests, such that the DNA is prevented from

completely exiting from the procapsid-motor complex. Plots of the DNA tether length vs.

time (Figure 2.4) show that, regardless of the length of DNA initially packaged in each

complex, the ending length is around 10 kb, which is the full length of the DNA template.

A few complexes (4 out of 27) stop at ∼8−9 kbp, but the majority stop around 10 kbp

(23 out of 27). Thus, there must be a clamping or anchoring mechanism which prevents

the DNA from completely slipping out of the packaging machine.

Although there is some variation in the final DNA tether length where slipping

arrests, the data are consistent with a mechanism which clamps or anchors DNA at

or near its end. The measured variations in final tether length seen in Figure 2.4 are

attributable to variations in the sizes of the microspheres and substrate DNA molecules.
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The microspheres are nominally 2.2 µM in diameter, but they vary by ∼300 nm. The

DNA template is nominally 10,051 bp, but there is variation because the molecules were

generated by PCR and there was some non-specific priming and amplification of other

lengths. To characterize the variability we conducted control experiments in which DNA

molecules alone were tethered between two trapped microspheres and we found that

the standard deviation in the measured lengths was 270 bp. These sources of variability

explain the variation in final tether lengths in Figure 2.4.

Figure 2.4: Representative examples of measured DNA tether length vs. time with
no nucleotide (28 events are plotted). Note that the slipping is initially very fast but it
suddenly arrests (plateaus). The final tether lengths at these stopping points mostly fall
within the range of expected full DNA lengths that would be measured (∼10 kb, but
subject to measured variability). Thus, when the end of the DNA is about to slip out,
the complex appears to tightly clamp the DNA, preventing dissociation.

We reasoned that this “end clamp” mechanism might serve a biologically relevant

function by preventing complete dissociation of the DNA in the beginning stages of

packaging and/or in a situation where limited ATP is available and the motor frequently

slips. Supporting this idea, we found that if the complex (after end clamping the DNA

in the absence of ATP) is moved back into ATP, the motor immediately re-initiates

packaging. In fact, as shown in Figure 2.5, we found that the process of packaging,
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slipping, end clamping, and re-packaging can be repeated multiple times. Thus, our

findings show that this mechanism can increase the efficiency of packaging by preventing

dissociation of DNA and allowing packaging to resume from the end-clamped state. This

would prevent time from being wasted while the released end diffuses back into the motor

channel. Moreover, it would decrease the chance that the unpackaged DNA could be

digested by nucleases present in the infected cell.

Figure 2.5: Examples of repackaging the slipped out DNA. Measurements on single
complexes with a low (5 pN) load where slipping (blue sections) arrests at lengths
consistent with the full DNA length (∼10 kbp) and the complex is then moved back
into ATP and packaging resumes (green sections). The upward arrows indicate times
when the complex was moved out of ATP and the downward arrows indicate when it
was moved back into ATP. This process, where the DNA slips, arrests, and then resumes
packaging, can be repeated many times and occurs with either no nucleotide, with ADP,
or with diluted γ-S-ATP as indicated.

We also found that slipping arrests in the same manner in conditions where ADP

(0.5 mM or 0.17 mM) or diluted γ-S-ATP (0.17 mM) was present (Figure 2.5) and in
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each case, the motor restarts when the complex is moved back into ATP. Thus, the clamp

function does not depend on the nucleotide state of the motor proteins. Altogether, we

attempted slipping measurements 204 times and every single time arresting of slipping

was observed. In addition, the clamped state is very stable. After arrest was observed we

waited ∼1 minute and the DNA usually did not detach despite the 5 pN applied force

(significantly higher than the estimated force resisting DNA confinement in the early

stages of packaging). Control experiments showed that occasional detachment that did

occur (< 10% of the time) is likely due to rupture of the antibody-procapsid connection.

Resumption of packaging after end clamping was found to be quite efficient. Out

of 100 attempts, packaging restarted 78 times. Multiple re-initiation experiments are

technically difficult, but we observed cases where individual complexes could be restarted

up to 7 times (Figure 2.5). A striking feature is that the DNA repeatedly slips out to

almost exactly the same position. The measured difference in repeated clamp positions

was only 4 bp, on average, indicating that the DNA is clamped at virtually the exact same

position after each slip (presumably at its end). The standard deviation in the measured

differences was 28 bp (Figure 2.6, top), which is attributable to small instrument drifts

which occur when the traps are moved a large distance inside the flow chamber (into and

out of the ATP containing regions). Control experiments with complexes that failed to

resume packaging yield a similar standard deviation of 30 bp (Figure 2.6, bottom).Thus,

the larger variation in clamp positions measured for different complexes (Figure 2.4) is,

as we suggested above, attributable to variations in the microsphere and DNA sizes for

different complexes.
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Figure 2.6: Histogram of measured DNA length differences δL between all arrest points
(plateaus in the plots on figure 2.5) for each complex (top). This histogram shows that
each time the DNA slips out after being packaged it is measured to arrest at the same
point to within ∼50 bp. And a histogram of δL measured for controls in which arrested
complexes are moved back and forth in the chamber but do not restart, showing that the
accuracy of the measurement after moving a fixed-length complex is ∼50 bp. Thus, this
result is consistent with the DNA arresting at exactly the same point every time, and
consistent with arrest at exactly the end of the DNA.

2.3 Conclusions

Our measurements show that the motor has essentially no grip in the apo state,

intermittent grip in the ADP-bound state, and strong grip in the ATP-bound state. With

no nucleotides and a small load force (3 pN) the DNA slips at an average speed of∼2000

bp/s. When all subunits are in the γ-S-ATP bound state, and with a 5 pN load force,

the motor usually maintains tight grip. Slipping only occurs when γ-S-ATP transiently

dissociates and it is∼60× slower than that observed in the apo state, which indicates that

multiple subunits exert friction on the DNA. When all subunits are in the ADP-bound

state, the motor exhibits three distinct behaviors: ∼5% of the time it grips the DNA
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tightly, ∼11% of the time the DNA slips as fast as in the apo state, and ∼84% of the time

it slips at intermediate speed, averaging ∼740 bp/s.

A parsimonious model that can account for all of these findings is presented

in Figure 2.7. In the apo state no motor subunits grip on the DNA, hence the DNA

slips rapidly, with only a small friction force resisting. When ATP is bound to multiple

subunits, we propose that one subunit is properly aligned to grip the DNA tightly while

the other four subunits exert friction on the DNA. This grip can be ruptured by application

of high force, but at the maximum force the motor experiences during packaging the

slipping is sufficiently little that it does not inhibit packaging. If ATP dissociates, the

aligned subunit goes into the apo state and releases its grip causing the DNA to slip.

However, the other ATP-bound subunits exert high friction on the DNA that strongly

limits the rate of slipping (to ∼60-fold lower than with no ATP). During normal motor

operation, when ATP is hydrolyzed and ADP is released, this friction would also limit

DNA slipping. This finding indicates that current models for packaging motor function,

which assume that only one subunit interacts with DNA at a time, may need to be revised.

When ADP is bound to all subunits, we propose based on our results that each

subunit fluctuates between a gripping conformation, similar to that with ATP-bound,

and a non-gripping conformation like the apo state conformation. We propose that

subunits fluctuate rapidly between these two states on a timescale much shorter than

1 s (the interval over which slipping velocity is measured). This can explain the three

different behaviors observed with ADP and also consistent with the fact that ADP, being

both a product of the reaction and a structural analog of ATP, could trigger multiple

conformational states of the motor.

Furthermore, in the ADP state, a small fraction of the time no subunits are in

the gripping conformation (motor state III depicted in Figure 2.7) and the DNA slips

as rapidly as in the apo state. Most of the time, however, at least one of the subunits

35



fluctuates into the gripping conformation though is not well-aligned to grip the DNA

tightly (motor state II). This results in an intermediate level of friction and intermediate

rate of slipping. This slipping is ∼20× faster, on average, than when four subunits are in

the ATP-bound state, which suggests that on average ∼20% (=4/20) of the time one of

the four ADP-bound subunits is in the ATP-like conformation. Finally, ∼5% of the time,

an ADP-bound subunit that fluctuates into the ATP-like conformation is well-aligned

to grip the DNA tightly (motor state I). Consistent with the notion that ATP binding

is structurally coupled to DNA gripping we propose that this interaction stabilizes the

subunit in the ATP-like state, which explains why pauses in slipping lasting 1 s are

occasionally seen in the ADP state.

We note that this model can also explain our finding that the amount of slipping

is insensitive to modest dilution of ADP. In motor state III, dissociation of ADP does not

affect slipping because no subunits are in the ATP-like conformation. In state II, only

one of four ADP-bound subunits is typically in the ATP-like conformation, and only

for only for a fraction of the time, so most of the time ADP dissociation would have no

effect. Finally, in state III, only one subunit is gripping the DNA tightly. This interaction

stabilizes the ADP-bound state and dissociation of ADP from the four other subunits

would not cause slipping.

The inferred friction exerted by non-gripping subunits that limits the rate of

slipping when nucleotide is bound, and their ability to re-grip DNA and arrest slipping

is likely important for motor function. Preliminary studies suggest that the multiple T4

motor subunits are not as strictly coordinated in their functions as those of the phi29

motor. Specifically, preliminary studies find that T4 motors containing one or more

inactive mutant subunits can still package DNA [DSV+16]. If the subunits are not

coordinated, slipping may occur when a subunit that is gripping the DNA releases its grip

before another subunit forms a strong grip. In this case, the friction presented by the other
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Figure 2.7: Proposed model for the DNA-gripping states of phage T4 DNA packaging
motor. In the apo state the motor has virtually no grip on the DNA (green), and the
packaged DNA slips out rapidly. In ATP-bound state the subunits (blue circles) are in
a conformational state to grip the DNA, but only one subunit is optimally oriented to
tightly grip it (indicated by and with orange gripper gripping a red bump on DNA). If
this subunit goes into the apo state and releases its grip, the other ATP-bound subunits
still exert high friction (indicated by grippers touching the DNA but not aligned to grip
tightly), resulting in slow slipping ( 40 bp/s). In ADP bound state we propose that the
subunits fluctuate between the two conformations, resulting in either a tight grip (if well
aligned with the DNA, which could stabilize this state), moderate friction (if misaligned),
or virtually no grip (apo-like conformation). The concentration independence of the
behavior can be explained if the fluctuations between the two conformations happen at
a much shorter timescale than ADP binding-unbinding.
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subunits and ability of motor subunits in this state to re-grip the DNA to arrest slipping,

may be essential to limit the overall amount of slipping that occurs during packaging,

especially if [ATP] is sub-saturating.

With saturating [ATP] the motor translocates DNA at an average speed of ∼600

bp/s and the size of the translocation step per ATP hydrolyzed is thought to be on the

order of 2 bp. This implies that the time it takes a subunit to grip, hydrolyze ATP,

translocate ∼2 bp, and release DNA is at least ∼3 ms (longer if the ATP concentration

is sub-saturating). If one subunit releases its grip before another one is ready to grip, it

could take 3 ms or longer for the next subunit to transition to the gripping state. If the

DNA were to slip at the 2000 bp/s rate measured for the apo state, it could slip by ∼7 bp,

which is greater than the translocation step size. However, if the non-gripping subunits

were in the ATP-bound state slipping would be limited to ∼40 bp/s and the DNA would

only slip ∼0.1 bp, which would have a negligible effect on translocation.

As mentioned in the introduction, slips observed during T4 packaging were

observed to be much slower than those measured during phi29 packaging. In fact, for

the occasional slips measured during packaging with saturating ATP the average rate of

slipping was measured to be ∼40 bp/s, which is strikingly similar to the rate of slipping

we observe with all the non-gripping subunits in the ATP-bound state. This slow slipping

was previously attributed to a single subunit in the apo state entering a off-translocation

pathway ”unpackaging state. However, our finding that friction exerted by multiple other

ATP-bound subunits can limit the rate of slipping could also play an important role in

determining this behavior.

As we have shown, the packaging machine also exhibits an “end clamping”

mechanism that prevents the whole DNA molecule from exiting the capsid. Our finding

that this clamp is engages regardless of nucleotide state suggests that it may be another

component, besides the motor, which has this function. The portal channel, a ring of gp20
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proteins through which the DNA is translocated into the procapsid, may be responsible.

One possibility is that the clamping mechanism is similar to that which must occur at the

end of packaging, when the motor undocks from the portal and the DNA is somehow

retained while the tail of the virus is assembled. Another possibility is that the end of the

DNA is anchored inside the procapsid. One study has found evidence that the end of the

DNA is localized near the portion of the portal that extends into the procapsid interior. To

resolve this structural question we propose that it might be possible to image complexes

trapped (in the absence of ATP) in the end-clamped state by cryo-electron microscopy.

In any case, the clamping mechanism may serve three important functions. First,

at any stage of packaging, it would help prevent exit of the DNA if the ATP concentration

transiently dropped. Second, during the early stages of packaging when only a small

amount of DNA is inside, it would prevent exit of the DNA due to small slips that

we show do occur even with saturating ATP. Third, this prevention of slipping would

make initiation more efficient by making the process essentially irreversible. This would

mitigate delays that might otherwise occur if, after slipping out, the end of the DNA had

to diffuse back into the motor channel. This mechanism would also reduce the time that

DNA is outside the prohead and thereby decrease the chance that the unpackaged DNA

could be digested by nucleases present in the infected cell.

2.4 Materials and Methods

The 10,051bp dsDNA was obtained through PCR as described in [FGR+06].

T4 phage heads and gp17 proteins where purified as described in [MKA+14].

T4 head-motor complexes were prepared by mixing 1.5×109 heads with 75 pico-

mols of gp17 in a solution containing 50 mM Tris−HCl pH 7.5, 5 mM MgCl2, 80 mM

NaCl, 1.5 mM γ-S-ATP (non-hydrolyzable ATP analog), and 555 ng of 120 bp initiating
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DNA (to stabilize the complexes). This solution was incubated at room temperature for

45 min.1 µL of T4 antibody coated 2.2 µm diameter protein-G microspheres (Spherotech)

were mixed with 13.5 µL of these T4 complexes and incubated at room temperature for

another 30 min. The biotinylated dsDNA was attached to 2.2 µm diameter streptavidin

coated microspheres (Spherotech). Measurements were carried out in solution containing

50 mM Tris−HCl pH 7.5, 5 mM MgCl2, 80 mM NaCl, and 0.05 g/L BSA. To initiate

packaging 1mM ATP was provided.

Chapter 2, in part is currently being prepared for submission for publication of

the material: Ordyan, Mariam;Alam, Istiaq; Mahalingam Marthandan; Rao, Venigalla;

Smith, Douglas. The dissertation author was the primary investigator and author of this

material.
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Appendix

Results on Lambda Experiments

Similar experiments were performed for the Lambda terminase with the only

difference being the way packaging was initiated. Instead of having DNA coated, and

packaging complex-coated beads and initiating packaging in the flowcell, like in the

case of T4, the complexes were incubated with DNA to initiated packaging, which was

promptly stalled by adding a high concentration of γ-S-ATP. These prohead-motor-DNA

complexes were then put on lambda antibody-coated microspheres, and streptavidin-

coated microspheres were used to fish for the biotinilated end of the DNA in the tweezers

(Figure 2.8, see Biophysics Methods in next chapter). Along with the streptavidin-coated

microspheres, ATP is present in the main channel, as before (Figure 2.1a), allowing for

the prestalled packaging to reinitiate.

One difference we observed in the case of Lambda terminase versus the behaviour

observed for T4, was that even in the apo state the packaging complex exerts friction, and

intermittently grips the DNA, the overall slipping-gripping trend in different nucleotide

states is similar to that of T4 (Figure 2.9): in the ATP-bound state the grip is strong and

persistent, and in the ADP bound state it slips much less than in the apo state (there is

intermittent gripping and slipping).

These preliminary results show that the complexes grip on the DNA in case of
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Figure 2.8: Sechamtic illustration of the prestalled method

Figure 2.9: Representative measurements of length of DNA slipped vs. time with
no nucleotides (red), γ-S-ATP (black), or ADP (blue) for λ terminase. Each line is a
separate measurement on a different complex.
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Lambda, like in case of T4, is regulated by the nucleotide state of the ATP-binding

pocket of the motor subunits as follows. The motor consistently grips the DNA in the

ATP-bound state, the grip is much less persitent in the apo state, and in the ADP bound

state the persistnece of the grip is significantly higher than in the apo state, but lower

than in the ATP-bound state.

Based on these results the slipping and pausing dynamics during packaging

can help determine the state of the ATP-binding pocket of the terminase, as done in

subsequent chapters.
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Chapter 3

Walker-A Motif Coordinates ATP

Hydrolysis with Motor Output in DNA

Packaging

3.1 Introduction

Many double-stranded DNA viruses utilize a molecular motor during assembly to

package their genomes into preformed procapsid shells. The genome is recognized, cut

from a polymeric precursor, and translocated into the shell to a density approximating

that of crystalline DNA [EC80]. Measurements of single DNA molecule packaging

with optical tweezers show that these motors generate very high forces (>50 pN) and

translocate DNA rapidly with high processivity (typically < 1 slip per kbp packaged)

[FRR+07, STS+01, Smi11]. Average translocation rates range from ∼150 bp/s for

phage phi29 up to ∼700 bp/s for phage T4 (measured at low procapsid filling, low force,

saturating ATP, and room temper- ature) [FRK+07, STS+01]. The phi29 motor was

shown to translocate in coordinated bursts of four 2.5 bp steps coincident with phosphate
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release [MCA+09]. These motors also exhibit occasional pauses, which are typically a

few seconds in duration and occur roughly once per kbp of DNA packaged.

While much is understood about the function of these motors, their structural

and biochemical mechanisms are not completely understood, and a number of different

models have been proposed [SKD+08, ZCKT13, HHS+15]. The DNA translocase

activity resides in the viral terminase enzyme. Terminases generally are heterooligomers

of a small subunit (TerS) involved in genome recognition and of a large subunit (TerL)

with an N-terminal ATPase domain and C-terminal endonuclease domain [Cas11, FC05,

BR12]. In the present work, we study phage lambda. Its terminase proteins assemble

into protomers containing two TerS (gpNu1) and one TerL (gpA) subunits (Figure 3.1)

[MYC05]. In solution, the protomer is in slow equilibrium with a tetramer of protomers

that assemble into a ring-like complex, albeit at elevated concentration (KD = 4 µM)

[YOL+15, MGB+06]. However, at physiological concentrations and in the presence of

either ATP or integration host factor (IHF), four protomers will assemble at the lambda

DNA cos site (KD = 20 nM) to afford a maturation complex that matures the genome end

(i.e., cleaves and separates the nicked DNA) in preparation for packaging. Binding of

this complex to the portal vertex of a procapsid is followed by DNA translocation (Figure

3.1). The tetrameric stoichiometry is retained in the post-cleavage complex (complex I)

and is likely maintained in the translocating packaging motor complex [AC13].

Atomic structures of the large terminase subunits of phages T4 and Sf6 and

of the ATPase domains of those of phages P74-26 and phi29 [SKD+08, ZCKT13,

HHS+15, MSRA+16] show that their ATPase center’s fold belongs to a large group

of oligomeric translocases, the ASCE (Additional Strand Catalytic Glutamate) superfam-

ily [LSB11, BIA07]. This superfamily includes many cellular ATPases having diverse

functions including protein unfolding and degradation; protein transport and transloca-

tion; ATP synthesis; and DNA recombination, unzipping, transport, and translocation.
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Figure 3.1: The lambda genome packaging pathway. The terminase protomer is com-
posed of two gpNu1 subunits tightly associated with one gpA subunit (gpA : gpNu12).
The N-terminal domain in gpA contains the packaging ATPase catalytic site (ATP),
while the C-terminal domain contains the cos-cleavage nuclease activity responsible
for genome maturation; the two domains are connected by a linker domain (L). The
protomer is devoid of catalytic activity. Four protomers assemble into a ring-like struc-
ture at the cos site of a lambda genome concatemer to afford the activated maturation
complex [(gpA1 : gpNu12)4]; this assembly step requires ATP and/or IHF. Duplex
nicking by gpA and ejection of the upstream DR end yield the post-cleavage complex,
which binds to the portal of an empty procapsid to yield the packaging motor complex.
This activates the packaging ATPase site, which powers the translocation of DNA into
the procapsid shell; the TerS dimer seen in the motorprocapsid complex on the right is
depicted as a single sphere for simplicity. We note that the conformation of the tetramer
stoichiometry and the conformation of the protomer subunits bound to the procapsid
remains speculative at this time.

Studies of viral terminases may therefore provide information that is broadly relevant to

understanding many ATP-powered machines.

The core of the ATPase center is a five-stranded parallel β-sheet with α-helical

segments connecting the β-strands. Two ATP-interacting amino acid segments, the

Walker-A (P-loop) and -B motifs, have characteristic sequences. The classical Walker-A

signature sequence is (G/A)XXXXGK(T/S), where X can be any amino acid [WSRG82].

Extensive studies show that the serine/threonine hydroxyl coordinates the Mg2+ of

Mg2+−AT P, and the lysine’s -amino group coordinates the β- and γ-phosphates of ATP,

positioning them for hydrolytic attack [PKK+89, SSW90, See94, RLM+95]. Recent

structural studies of phi29 found that the C-terminal glycine is also involved in coordinat-

ing the phosphates of a bound nucleotide (AMP-PNP) [MSRA+16]. The downstream

Walker-B segment, whose signature sequence is ΦΦΦΦD, has four hydrophobic residues
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(indicated by Φ) followed by an aspartate with a carboxyl group that also coordinates the

Mg2+ of the Mg2+−AT P complex. Together, the Walker-A and -B segments position

the β-and γ-phosphates for nucleophilic attack by an activated water molecule provided

by a catalytic glutamate carboxylate group. In the ASCE ATPases, including terminases,

this glutamate immediately follows the aspartate [BIA07, RF08, MMIR02].

Upstream of Walker-A are residues forming the adenosine-binding pocket [KDR12].

For phage λ’s terminase, crosslinking studies identified an ATP-binding center in the

N terminus of the large subunit, gpA, by showing that residues Y46 and K84 were

crosslinked by 8-azido-ATP [HTF00]. Non-conservative changes in residue Y46 yielded

no detectable DNA packaging or ATPase activity in bulk in vitro experiments. Subsequent

work further showed that a mutant terminase with the conservative Y46F change had only

mild impairments of DNA packaging and packaging ATPase activities, indicating a strong

coupling of the high-affinity ATPase activity to DNA translocation [DF05, TSFS09].

Further evidence for an N-terminal ATP-binding domain in lambda gpA was provided by

a genetic screen for missense mutations producing endonuclease-competent and DNA-

packaging-defective mutants. This screen identified a set of 10 mutations affecting this

domain [DF02], one of which (K76R) is a predicted Walker-A residue.

Genetic and bioinformatics work by Rao and co-workers identified key compo-

nents of the ATPase center of T4’s terminase subunit, gp17, including the adenine binding,

Walker-A, and Walker-B segments [MMIR02, MR04]. Sequence alignments enabled

prediction of the locations of these centers in the terminases of other DNA bacteriophages

and identified an atypical Walker-A sequence for λ and some other viral terminases,

being 76-KSARVGYS-83 in the case of lambda (Table 3.1). Notably, this segment lacks

the C-terminal lysine in the classical Walker-A GK(T/S) sequence normally implicated

in phosphate binding but has a lysine at the N terminus of the P-loop that appears to

be conserved among a subset of viral terminases (termed Deviant I or N-lys Walker-A
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motifs). Structural modeling led to the proposal that this lysine, instead of the one in

the classical position, coordinates the β- and γ-phosphates and that S83 (in the classical

motif position) coordinates the Mg2+ ion [DR07].

Table 3.1: Examples of known and putative Walker-A motif sequences for the transloca-
tion ATPase in viral packaging motor proteins. Classically conserved Walker-A residues
are indicated in bold, and additional residues proposed to be conserved in many viral
terminases are underlined. The first four viruses are examples assigned to a Deviant
I Walker-A-like motif subfamily [MR04]. The others are representative examples in
viruses that have been extensively studied.

Virus Sequence Reference
Classical motif (G/A)XXXXGK(T/S) [WSRG82]
Lambda 76-KSARVGYS-83 [MR04]
21 76-KSARVGYT-83 [MR04]
P2 166-KSRQIGAT-173 [MR04]
Mu 64-KSRRTGLT-71 [MR04]
T4 160-LSRQLGKT-167 [MR04]
T5 62-VSRRVGKS-69 [RF08]
p74-66 37-LGRQSGKS-44 [HHS+15]
Sf6 22-GGRGSGKS-29 [ZCKT13]
Phi29 24-GARGIGKS-31 [RF08]
T3/T4 58-AFRGIGKS-65 [MR06]
P22 60-AGNQLGKS-67 [MR06]
HK97 54-IARKNGKT-61 [MR06]
SPP1 33-GGRGSAKS-40 [MR06]
HSV-1 258-VPRRHGKT-265 [MR06]

Sequence alignments show that most terminase Walker-A motifs also contain an

arginine not present in the classical motif, corresponding to R79 in lambda gpA [MR04].

All tested residue changes of this arginine in phage T4 terminase were found to be lethal

[MR06]. Various critical roles have been proposed for this arginine based on recent

structural studies.

Studies of T4 terminase suggest it is an arginine finger that triggers ATP hy-

drolysis by interacting with the β- and γ-phosphates to stabilize the transition state
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[SKD+08]. Data on Sf6 terminase support this but also suggest that it has a distinct

role in mechanochemical coupling [ZCKT13]. The arginine’s side chain is proposed to

interact with a linker domain between N- and C-terminal domains to couple hydrolysis

to DNA translocation. Studies of phage P74-26 terminase suggest that the Walker-A

arginine is involved in both mechanochemical coupling and hydrolysis but not specifically

acting as an arginine finger [HHS+15]. In this case, the P-loop arginine and an adjacent

residue are proposed to interact with a C-terminal lid domain and cause the N-terminal

domain to rotate and translocate DNA. Thus, there is significant controversy as to the

roles of specific Walker-A motif residues in ATP hydrolysis and its coupling to DNA

translocation, a central function of all terminases.

Here, along with our collaborators, we use a combination of genetic, biochemical,

and biophysical approaches to investigate the role of Walker-A residues in the lambda

motor function. Initially, we sought to identify mutants exhibiting altered DNA translo-

cation phenotypes to serve as tools for studying the motor mechanism. To this end, our

collaborators first used a genetic assay to survey effects on phage yield of 88 single

residue changes spanning the motif. A subset of these mutants that exhibited varying

levels of impairment was chosen for more detailed biophysical and biochemical investiga-

tion. These studies identified four mutant enzymes that exhibited no DNA translocation

and eight with varying partially impaired translocation phenotypes. Our findings show

that Walker-A residues play important roles in determining motor velocity, processivity,

and pausing. The data support the prediction that conserved residues K76, G81, and

S83 play critical roles in phosphate/Mg2+ binding. Our findings also provide support

for recent models, which predict that the conserved Walker-A arginine (R79) is involved

in mediating coupling of the ATP hydrolysis cycle to DNA gripping and translocation

[ZCKT13, HHS+15].
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3.2 Results and Discussion

3.2.1 Genetic analysis by our collaborators

To investigate the roles of gpA’s identified Walker-A residues, our collaborators

mutagenized individual codons of the 76-KSARVGYSK-84 segment to create a collection

of missense mutants. In total, 88 different mutants were produced with residue changes

spanning the Walker-A motif. Although K84 is not considered part of the motif, it was

included in this study because the crosslinking results indicate that it is ATP interacting.

To ascertain the level of terminase function, our collaborators developed a highly sensitive

genetic complementation assay to quantify the effect of point mutations altering gpA on

viral assembly. Briefly, a plasmid supplies altered or wildtype (WT) gpA protein to a

prophage whose production of WT gpA is blocked by amber mutations. If the supplied

gpA is sufficiently functional, fully assembled phages are produced, with yields reflecting

the degree of impairment, and these phages are detected via a sensitive plaque-counting

assay. To enable plaque growth during this detection stage, the production of WT gpA

from the phage genome was turned on by the use of an amber suppressor bacterial strain.

With this assay, phage yields for mutants as low as 107-fold lower than that produced

when WT gpA is supplied in the complementation assay can be detected(Fig. 3.2).

This complementation assay is advantageous over directly introducing gpA muta-

tions into the viral genome, because for a strain to produce a plaque, its yield must be

greater than ∼10% that of WT in our experience. Accordingly, mutations that produce a

lower yield in this complementation assay may be regarded as lethal from a genetic point

of view (those labeled non-green in Figure 3.2). Notably, all but 3 Walker-A mutants out

of the 88 tested were lethal. Importantly, however, this assay can provide evidence for

viral assembly and hence translocation activity, even for lethal changes. This approach
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(a)

(b)

Figure 3.2: Impairments in virus yield caused by residue changes in the Walker-A
motif in the DNA translocation ATPase of the phage lambda large terminase subunit. (a)
Range of detected degrees of impairment expressed in terms of phage yield in plaque
forming units per cell relative to WT (where the WT activity is defined to be 1). Note
that the gray color is used to designate cases where no phage yield was detected (i.e.,
below the level of sensitivity of the assay). (b) Chart listing measured activity levels
in response to each single residue change tested. The first row lists the residues that
were changed, the cells in other rows list the substituted residue, and the color of each
cell indicates the activity level corresponding to that residue change. The underlined
residues are those observed to be highly conserved in a Deviant I Walker-A-like motif
subfamily [MR04]. Note that K84 lies just outside the motif; to indicate this, we have
shaded its box white.

is more sensitive than previous methods used to screen phage T4 terminase Walker-A

mutants, which only distinguished lethal versus non-lethal changes [RM01]. Our assays

revealed significant impairments in response to all changes across every identified Walker-
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A residue (Figure 3.2). Moreover, changes in conserved residues K76, R79, G81, and

S83 caused the strongest impairments, with most resulting in no detectable phage yield.

Even chemically conservative changes G81A and S83T caused significant impairments.

These findings are consistent with the predicted crucial roles of these residues in ATP

binding, hydrolysis, and/or mechanochemical coupling, as reviewed in the introduc-

tion. In contrast, non-conserved residues S77, A78, V80, and Y82 were more tolerant

to changes in that they caused less impairment and tolerated more substitutions, both

conservative and non-conservative. K84, just outside the identified motif, was the most

tolerant to substitutions. Altogether, these results strongly support the Walker-A motif

assignments. Altogether, 55 mutants were identified as exhibiting no detectable phage

yield (those labeled gray in Figure 3.2) and 33 mutants with reduced yield (non-gray

labels). We considered the latter mutants good candidates for further characterization as

they may have impairments in DNA translocation that could shed light on motor function.

To our knowledge, this is the most extensive collection of such mutants identified for any

Walker-A motif.

3.2.2 Biophysical analysis

We complement the wide genetic survey described above with targeted biophysi-

cal studies on selected mutants. The genetic assays allow us to survey effects of many

different residue changes on impairment on viral assembly. However, there can poten-

tially be many different causes of these impairments. For example, a mutation could

affect not only translocation but also folding of the TerL protein, multimeric assembly

with TerS, DNA binding and cleavage, interaction with the procapsids, etc. (Figure

3.1). Even if translocation is primarily affected, it can be affected in many different

possible ways and for many possible reasons. For example, there may be no translocation

at all, or partly impaired translocation, such as slow translocation, or more frequent
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slips and/or pauses. Such defects may potentially be caused by factors such as impaired

ATP binding, hydrolysis, and product release, and/or problems with mechanochemical

coupling. Importantly, a mutant may be very strongly or even completely impaired in

viral assembly yet still exhibit DNA translocation activity with phenotypic impairments

that can shed light on the roles of residues in motor function.

Figure 3.3: Measurements of length of DNA packaged versus time for WT and mutant
terminases under a 5 pN applied load at low procapsid filling (<10% of genome length
packaged). Each plot shows ∼10 typical examples of packaging events (or fewer
for mutants that initiated very inefficiently and for which fewer than 10 events were
recorded). The upper left plot shows WT with saturating ATP (0.5 mM) and on its right
is the plot showing WT with low ATP (2.5 µM). All of the mutants were measured with
0.5 mM ATP. All plots have the same x− and y−axis scale sizes.

To measure the effect of residue changes on DNA translocation, we measured

single DNA molecule packaging with optical tweezers [FRR+07]. In this technique, pro-

capsids the packaging motors, and DNA molecules are put together to initiate packaging,

which is promptly stalled by mixing in a high concentration of γ-S-ATP, and these pre-

stalled packaging complexes are attached to a microsphere trapped with optical tweezers.
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A second trapped microsphere is coated with anti-procapsids which can be attached to

the procapsid of a packaging complex. Once inside the flowcell, packaging is reintiated

by providing saturating [ATP], causing the two microspheres to be pulled together. A

feedback system controls the separation between the two traps so as to apply a small

force of 5 pN to keep the DNA stretched, allowing the length of DNA packaged versus

time to be tracked. Further details are given in the Materials and Methods section and the

introduction chapter of this dissertation. We sought to identify altered translocation phe-

notypes that would give insights on the roles of P-loop residues in the motor mechanism.

Since the single-molecule measurements are time consuming, we selected 12 mutants

from among the 88 investigated in the genetic studies. The chosen residue changes span

all eight P-loop residues and an adjacent residue (K84). We first chose mutants for which

the genetic assays revealed an intermediate impairment in phage yield (those labeled

orange in Figure 3.2, i.e., S77V, A78V, V80A, Y82A, and K84A). For residues where

the genetic assays showed only greater impairments, those with some detectable phage

yield were studied (G81A and S83T). For the predicted conserved residues where almost

all changes were severely lethal (no detectable phage yield, labeled gray), we studied

mutants with a change to the relatively inert alanine (K76A, R79A, and S83A). We also

examined chemically conservative changes K76R and R79K.

To give the mutant motors the best chance to show activity, most of the measure-

ments were made under the least taxing conditions, with saturating ATP, low load force,

and low capsid filling [FRR+07, TSFS09, TSA+10]. In the end, we identified eight

mutants with partially impaired translocation and four with no detectable translocation.

The partly impaired mutants exhibited a wide range of phenotypes with differences in

efficiency of initiation of packaging, packaging rates, pausing, and slipping, thus impli-

cating these residues as playing important and variable functional roles in translocation

(Figures 3.3 - 3.5). Initiation efficiencies (relative rates at which single packaging events
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were detected; see Materials and Methods) ranged from 5% to 90% of that for WT, and

average packaging rates ranged from 4% to 86% of that for WT (Figure 3.4).

Figure 3.4: Metrics of DNA translocation activity determined by analysis of the optical
tweezers measurements. For each mutant at least several hundred trials were performed
to acquire these results. The results are reported as mean values, except for the last
column that reports viral assembly activity (phage yield per cell) as a fraction of WT
(the color codes in this column are the same as used in Fig. 3.2). All measurements
were done with saturating ATP 0.5 mM), except for those labeled WT 5 µM ATP and
WT 2.5 µM ATP, which report WT measurements with lowered [ATP]. Uncertainties
are expressed as standard error in the mean

3.2.2.1 Comparison with the genetic studies

Consistent with the genetic studies, DNA translocation impairments were gen-

erally greater in response to changes in the predicted conserved residues, suggesting

that the impairments in phage yield are attributable, at least in part, to translocation

defects. Changes to residues K76, R79, G81, and S83, except for the conservative change

S83T, showed either no packaging events or very few with very slow packaging rates

57



(Figure 3.4). These findings are consistent with biochemical studies, performed by our

collaborators, showing strongly impaired packaging and ATPase activities for mutants

R79A and S83A, and their previous finding that K76R does not package DNA [AC13].

Smaller impairments were observed in response to changes in residues A78, V80, and

Y82 identified as non-conserved and in residue K84 just outside the motif. That changing

K76 causes much stronger impairment than changing K84, the only other lysine in the

region, clearly shows that K76 is the critical lysine despite having an atypical position in

the motif, in accord with the predictions [MR04].

However, there were a few notable differences between the genetic and single-

molecule findings. No translocation was detected for S77V, but a small phage yield

was observed (Figure 3.4), indicating that packaging and viral assembly can proceed to

completion, albeit inefficiently. Our interpretation is that change S77V reduces initiation

efficiency to below that which can be detected by the single-molecule assay and that

S77 can be implicated as playing an important role in initiation efficiency. We note that

it is possible to detect phage yield but not translocation in the single-molecule assay

because the phage yield assay has higher sensitivity. It can detect virus assembly activity

at levels down to 10−7 -fold lower than WT. In the single-molecule assay, we probe for

complexes one at a time and it is only feasible to conduct ∼1000 trials, so if the initiation

efficiency is less than ∼1 per 1000, we may not detect any events (It is also possible that

initiation is more efficient in vivo than in vitro. It is possible that the 5 pN force could

stall translocation of a mutant, but this would not explain why S77V produces a small

phage yield, because to produce a phage, the whole genome has to be packaged, and the

estimated force needed to package more than 90% of the genome length is ∼20− 30

pN [FRR+07, CAM+05]). Although S77 was not previously highlighted as a conserved

residue, a serine appears at this position in several other phage terminases (e.g., Table

3.1), so it may be conserved in a subset of terminases.
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Conversely, mutants R79K and S83A showed some DNA translocation activity

but no detectable phage yield, and conservative change S83T caused only a small re-

duction in translocation activity but a large reduction in phage yield. Our interpretation

is that residues R79 and S83 are less critical for initiation and packaging at low filling

densities but may have a defect in the completion of packaging. Specifically, packaging

may initiate but fail to complete if the residue change affects the motor’s force-generating

capability. To test this idea, we measured mutant S83T with a 5× higher load force

(25 pN) and found that its packaging rate indeed decreases more sharply with increasing

load compared with WT. Specifically, at 25 pN, WT packages with an average motor

velocity of 41±5 bp/s, while S83T yields 27±4 bp/s.

3.2.2.2 Implications of motor slipping

Studies show that the phi29 motor translocates in 2.5 bp steps per ATP hydrolyzed

[MCA+09]. This parameter has not been measured for lambda, but our prior studies

set an upper bound of 8 bp based on energetic considerations [FRR+07]. Translocation

is occasionally interrupted by pauses and slips for both WT and mutant motors, but

these events do not occur every translocation step; for example, even for the mutant that

slipped most frequently, A78V, ∼100 bp were packaged on average per slip (Figure 3.4).

Therefore, these events must be off-pathway states from the main mechanochemical

cycle. To characterize the on-pathway, hydrolysis-coupled translocation rate, we define

motor velocity to be the packaging rate not including pauses and slips. Mean motor

velocities range from 42 to 340 bp/s for the mutants versus 400 bp/s for WT. The observed

packaging rate for WT (350 bp/s) is only slightly lower than the motor velocity, indicating

only modest effects of pauses and slips. In contrast, for some of the mutants, packaging

rate is significantly lower than motor velocity due to increased pausing and slipping

(Figure 3.4).
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Since one of the expected roles of the P-loop is to mediate ATP phosphate binding,

we considered whether the slowed motor velocities caused by residue changes could be

attributed to slowed progression to hydrolysis. Before hydrolysis, ATP must first diffuse

to the binding site, which we will refer to as loosely docked ATP, as in recent publications

on the phi29 motor [MCA+09, CLH+12]. The rate of loose docking depends on [ATP]

and accessibility of the binding site. The ATPase must then react by undergoing a

conformational change that positions the ATP for hydrolysis, which has been referred

to as tight binding [CAM+05, MCA+09]. Studies of phi29, the results provided in

Chapter 2 of this dissertation for T4 and lambda, as well as the measurements we present

below for lambda indicate that this transition causes the motor to grip DNA tightly. In

principle, both transitions may be affected by mutations in the Walker-A residues. Thus,

the residence time in the apo or loosely docked ATP states, where DNA grip is weak, can

be varied by changing [ATP] and may be affected by residue changes.

To investigate the effect of increasing this residence time, we measured WT

with [ATP] lowered from 0.5 mM (saturating) to 5 and 2.5 µM; note that the Km for

ATP hydrolysis is ∼5µM [TC93, HCF96]). We observe decreased motor velocity and

increased slipping, consistent with increased residence time in an apo state with weak

DNA grip. If a residue change were to slow progression to hydrolysis, we would expect it

to follow the same trend of increasing slipping with decreasing motor velocity. As shown

in Figures 3.4 and ??, we find that mutants V80A, G81A, and S83A are consistent with

this trend. These findings support the prediction that residues G81 and S83 play crucial

roles in ATP docking and/or binding. On the other hand, mutants S83T, K84A, A78V,

Y82A, and R79K do not follow this trend (Figure 3.5a). For example, mutant A78V has

higher velocity than WT with 5 µM ATP, yet it slips much more frequently, while mutant

Y82A has much lower velocity than WT with saturating ATP, yet it slips much less

frequently. Increased residence time in the apo or loosely docked ATP states would not
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(a)

(b)

Figure 3.5: Frequencies of slipping and pausing vs. motor velocity. The height of the
points indicates the average amount of slipping or pausing per kbp of DNA packaged
as a percentage of that exhibited by WT. Error bars indicate standard errors in the
means. The labels at the top and light gray vertical lines indicate to which mutant
each point corresponds. All measurements were in saturating ATP (0.5 mM), except the
two listed as 2.5 and 5 µM ATP, which indicate measurements with WT at these lower
ATP concentrations. The three WT measurements are indicated by the open circles.
Note that for WT, slipping and pausing frequencies increase with decreasing motor
velocity. Mutants that obey this same trend fall between the two dashed lines on the
right (indicating slipping frequencies measured with WT in 5 µM and in 0.5 mM ATP)
or above the dashed line on the left (indicating slipping frequency measured with WT in
2.5 µM ATP).
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account for the impairments exhibited by these mutants. The slowed motor velocities of

these mutants suggest impairments in different processes, either ATP hydrolysis, ADP/Pi

release, and/or the conformational change that drives translocation.

3.2.2.3 Residues involved in mechanochemical coupling

Of the five mutants whose defects could not be accounted for by slowed progres-

sion to hydrolysis, R79K and A78V are particularly notable in that, with saturating ATP,

they exhibit significantly more frequent slipping than WT. This finding provides support

for recent structural models that implicate the P-loop arginine and an adjacent residue

in mechanochemical coupling [ZCKT13, HHS+15], because a defect in coupling would

be expected to cause slipping. Conformational changes in the P-loop are proposed to

mediate interactions with other subdomains of TerL that result in a lever-like motion to

translocate the DNA. Tight ATP binding causes the lever to cock and grip DNA. After

hydrolysis and Pi and ADP release, TerL is proposed to return to its initial conformation,

resulting in DNA translocation. In Sf6 terminase, the P-loop arginine appears to interact

with a residue in a linker region between the globular N- and C-terminal subdomains,

and this linker and the C-terminal domain are proposed to interact with DNA [ZCKT13].

In P74-26 terminase, P-loop arginine R39 and the adjacent residue Q40 appear to interact

with residues in a C-terminal lid subdomain above the ATPase active site [HHS+15].

A rotation of the lid with respect to an N-terminal DNA-binding region is proposed to

drive translocation. Our finding that a change to arginine (R79) causes increased slipping

supports both of these models. That a mutation to an adjacent residue (A78V) also

increases slipping suggests that R79 and A78 could play an analogous role to R39 and

Q40 in P74-26. The slow motor velocity exhibited by mutant R79K is also consistent

with models that implicate this arginine as playing a critical role in the ATP hydrolysis

step of the cycle.
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3.2.2.4 Mutants with increased processivity

While A78V, R79K, and V80A exhibited more frequent slipping than WT, mu-

tants Y82A and S83T actually exhibit significantly less frequent slipping than WT

(Figures 3.4 and 3.5a). This increase in motor processivity could be regarded as a gain in

function caused by the residue change. However, the motor velocities are reduced, and

WT, Y82A, and S83T all have such high processivities that slipping does not significantly

affect their packaging rates. A possible explanation for the reduced slipping is that

changes Y82A and S83T may decrease the residence time in the apo and/or loosely

docked ATP states where DNA grip is weak, while the reduction in motor velocity is

caused by impairments in ATP hydrolysis, ADP/Pi release, and/or the conformational

change, which drives translocation.

3.2.2.5 Causes for motor pausing

Akin to the trend observed with slipping, WT measurements with varying [ATP]

show that pausing frequency increases with decreasing motor velocity (Figure 3.5b).

These pauses could be due to transitions from the apo state, in which the motor often

resides at low [ATP], to an off-pathway pause state, in which the motor grips the DNA

tightly despite not binding ATP tightly. Mutants V80A, G81A, S83A exhibit pausing

consistent with this trend (Figure 3.5b), suggesting increased residence time in the apo

or loosely docked ATP states, which agrees with the conclusion we reached based on

their slipping. Mutants A78V, Y82A, and S83T are not consistent with this trend (Figure

3.5b), again in agreement with the conclusion we reached based on their slipping. This

implies that slowed progression to hydrolysis cannot account for the pausing exhibited

by these mutants; it also would not account for the pausing exhibited by mutant R79K

(since, as we explained above, it would not account for its slipping).
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As with their slipping, mutants Y82A and S83T exhibit less frequent pausing

than WT, again consistent with decreased residence time in the apo and/or loosely docked

ATP states (from which pauses and slips are prone to occur). In contrast, mutants A78V

and R79K exhibit significantly more frequent pauses than WT, implying that their pauses

must be attributed to a different off-pathway pause state. It is also notable that their

mean pause durations are approximately twofold longer than that measured for WT. A

plausible structural mechanism for such pausing would be the tight binding of ATP in

a misaligned orientation such that it cannot be rapidly hydrolyzed and must realign or

dissociate before packaging can proceed. This would implicate residues A78 and R79 as

playing important roles in proper ATP alignment.

3.2.2.6 Efficiency of initiation of packaging correlates with motor velocity

Overall, our measurements with WT and mutant terminases reveal a strong

correlation (Pearson correlation coefficient R = 0.73, P = 0.03) between motor velocity

and efficiency of initiation of packaging (a measure of the rate at which packaging events

were detected; see Materials and Methods). The implication is that high motor velocity

is important for efficient initiation, potentially to minimize DNA release that could occur

when only a small length of DNA is packaged. This model bears some analogy to

promoter clearance events where RNA polymerase must synthesize primers of sufficient

length to allow the enzyme to clear the promoter for efficient mRNA synthesis [McC85].

Studies of phi29 and SPP1 show that the portal channel has a highly electronegative

inner surface [STL+00, LGG+09]. During initiation, this charge may present an energy

barrier that inhibits the negatively charged DNA from entering the channel. A similar

effect was observed in recent studies of phage T4, in which fluorescence imaging was

used to measure packaging of multiple short (45 bp) DNAs [VKE+14]. The average

time between re-initiation events increased with decreasing [ATP] and with a residue
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change that reduced the ATP hydrolysis rate. It was proposed that this effect may serve

to regulate packaging to limit initiation under suboptimal nutritional conditions. Our

findings provide broader support for these hypotheses. However, the correlation between

initiation efficiency and motor velocity is not strict. Mutant Y82A is a notable exception,

as it exhibits low motor velocity but high initiation efficiency. Our finding that Y82A also

exhibits approximately fivefold lower slipping than WT suggests that high processivity

can compensate for the low motor velocity in initiation.

3.3 Conclusions

Sequence alignments suggest that residues K76, R79, G81, and S83 in lambda

gpA are conserved and play critical roles in many viral terminases [MR04]. Supporting

this prediction and consistent with the proposed roles of these residues, we find that

changes at these positions caused strong impairments in virus yield, DNA translocation,

and ATPase activities.

Of the 12 mutants surveyed by the single-molecule assays spanning the motif, 8

were identified as exhibiting diverse, partly active translocation phenotypes that shed light

on the roles of conserved and non-conserved residues and illustrate connections between

tight ATP-binding/hydrolysis states and DNA-binding/translocation states. A simple

model for the hydrolysis-translocation cycle that can account for all of our findings,

summarizing the considerations discussed in the results section, is shown in Figure

3.6a. The various roles ascribed to P-loop residues are summarized in Figure 3.6b. The

functional motor is composed of four protomers bound to the DNA. We assume that as

with phi29, each protomer translocates 2.5 bp of DNA with each ATP hydrolytic cycle

one at a time, in a highly coordinated fashion; this assumption is supported by the finding

that incorporation of a single, inactive protomer abrogates translocation activity [AC13].
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Initially, TerL begins in the apo-ATP state with DNA weakly gripped (state 1). ATP then

loosely docks into the binding pocket in a diffusion-controlled rate (state 2), which is

followed by a conformational change in TerL that (i) positions the ATP for hydrolysis

and (ii) causes tight DNA grip (state 3). After hydrolysis, TerL temporarily retains both

ADP and Pi (state 4) and we assume that the physical translocation of DNA is associated

with phosphate release, based on studies of the phage phi29 motor [CAM+05] (state 5).

ADP release returns the cycle to the starting point with TerL in the apo-ATP state and

DNA weakly gripped.

Three off-pathway states are considered to explain motor pausing and slipping.

In pause state P1, occurring for WT and mutants V80A, G81A, and S83A, TerL grips

DNA tightly but does not have ATP bound (apo-ATP state). Decreasing [ATP] increases

the residence time of the WT motor in state 1, which decreases motor velocity, increases

slipping because state 1 has weak DNA grip, and increases pausing due to an increased

chance to transition to state P1. At saturating [ATP], structural perturbations caused by

residue changes V80A, G81A, and S83A increase residence time in state 1 and/or 2, which

decreases motor velocity, increases slipping frequency because TerL has weak DNA grip

in these states, and increases pausing frequency due to an increased chance to transition

to state P1. Residues V80, G81, and S83 are implicated in ATP docking/binding.

In pause state P2, occurring frequently for mutants A78V and R79K, TerL binds

ATP tightly and undergoes a conformational change, but ATP is bound in a misaligned

orientation, and hydrolysis is very slow. Translocation pauses until the ATP aligns

or dissociates and rebinds in a proper orientation. The frequent slipping exhibited by

mutants A78V and R79K is attributed to an off-pathway state Defective Coupling (DC),

in which ATP binds tightly, but the coupling to DNA gripping fails. Residues A78 and

R79 are implicated as playing important roles in ATP alignment and mechanochemical

coupling, consistent with recent structure-based models [ZCKT13, HHS+15]. We note
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(a)

(b)

Figure 3.6: Model for the mechanochemical cycle of the TerL subunit, and various roles
of the Walker A residues. (a) Model for the mechanochemical kinetic cycle of a TerL
subunit. As discussed in the text, starting in the Apo (empty) state (state 1), the main
on-pathway cycle proceeds with loose ATP docking (state 2), a conformational change
of TerL induced by tight ATP binding (state 3), ATP hydrolysis (state 4), phosphate
release and translocation (state 5), and then ADP release (back to state 1). Three
off-pathway states result in pausing and slipping. In pause state P1, occurring for WT
and mutants V80A, G81A, and S83A, TerL grips DNA tightly but does not bind ATP
tightly. In pause state P2, occurring frequently for mutants A78V and R79K, TerL binds
ATP tightly and undergoes a conformational change, but ATP is bound in a misaligned
orientation and the motor pauses until the ATP aligns or dissociates and rebinds in a
proper orientation. In state DC, occurring frequently for mutants A78V and R79K, ATP
binds correctly, but the coupling between ATP binding and DNA gripping fails, resulting
in slipping. (b)Diagram summarizing the various roles ascribed to the lambda terminase
P-loop residues in the model. We note that this diagram only lists roles supported by
results presented in this article.
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that some slips occur immediately after pauses. The occurrence of such events was

similar for WT and most mutants, but approximately twofold more frequent for A78V.

This suggests that it is also possible to transition directly from pause state P2 to state DC.

Residue changes Y82A and S83T decrease the residence time in states 1 and/or

2, which decreases slipping and pausing relative to WT; thus, Y82 is also implicated

in ATP docking/binding. The reductions in motor velocity caused by residue changes

A78V, R79K, Y82A, S83T, and K84A are attributed to slowed hydrolysis and/or ADP

release. Notably, residues A78 and R79 are implicated in multiple roles: ATP alignment,

ATP hydrolysis, and mechanochemical coupling. This is consistent with recent structural

models for the terminases of phages P74-26 and phi29, which propose that the P-loop

lies at the interface between motor subunits in the ring [HHS+15, MSRA+16], as has

been found to occur in many other types of ring ATPases [LSB11].

Previous measurements preformed in this lab showed that the DNA packaging

motors of three different phages exhibit substantially different average motor velocities:

∼150 bp/s for phi29 (which packages a ∼19 kbp genome), ∼400 bp/s for lambda (∼49

kbp genome), and ∼700 bp/s for T4 (∼171 kbp genome) measured in saturating ATP

at room temperature at the beginning of packaging. Our present finding that changes in

non-conserved Walker-A-region residues V80, A78, and Y82, and K84 cause relatively

modest effects in motor velocity (35% to 68% of WT) suggests that changes in such

residues during evolution could serve to tune motor velocity to the needs of different

viruses. We also find that higher initiation efficiency generally correlates with higher

motor velocity. However, our finding with mutant Y82A indicates that high motor

processivity can compensate for low motor velocity to enable high initiation efficiency.

Homology modeling predicts a lambda TerL Walker-A motif with critical residues

appropriately oriented for ATP phosphate binding and hydrolysis (Figure 3.7). In general,

residues 76 – 83 exhibit a loop structure common of P-loop motifs where the orientation
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Figure 3.7: Structural homology model of lambda TerL from our collaborators. The
N-terminal (packaging) ATPase site is shown here with an ATP molecule predocked
by I-TASSER [Zha08], according to the docking position of structural homologs. The
atypical Walker-A P-loop and adjacent K84 are highlighted in cyan. The S83 hydroxyl
group is adjacent to the β,γ phosphates, while the R79 side chain simultaneously
interacts with the γ phosphate and the linker domain, consistent with results presented
here.

of the residues produce an empty pocket that is available for the ATP phosphates to reside.

Also, the serine from the Walker-A sequence and the aspartate and glutamate residues

from the Walker-B motif appropriately point toward the Mg2+ for tight ATP binding and

hydrolysis. Residue R79, on the other hand, points away from the ATP phosphates, but it

can be envisioned to rotate toward these phosphates, which could cause a conformational

change to TerL similar to that proposed in the structural model of the phage P74-26

terminase.

More comprehensive future studies of the partly active mutants we identified,

as well as studies of many other mutants our collaboratoes identified in the genetic

assays that exhibit impairments in virus yield, will certainly shed additional light on the

mechanisms of the viral packaging motor. Such studies would be useful in affirming

the proposed roles of residues and/or revealing additional roles of residues within the

phosphate-binding motif and to directly test specific aspects of our proposed kinetic
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model. In addition more detailed biochemical analyses can also be performed on any

given mutant to provide greater insight on the roles of individual residues in the Walker-A

motif and other functionally important regions of the motor protein.

3.4 Materials and Methods

3.4.1 Microbiological methods

3.4.1.1 Media

LB, LB agar, tryptone broth (TB) and TB soft agar (TBSA) were prepared

as described in [CSH]. When required, antibiotics were added at 50µg/ml ug/ml for

kanamycin and 100µg/ml for ampicillin. Bacteria and phages dilutions were done in

0.01 M MgSO4.

3.4.1.2 Microbiological methods and strains used

Standard protocols were used for growing bacteria and phages [CSH].

3.4.1.3 Mutagenesis

Our collaborators used overlap extension to generate DNA segments containing

mutated codons [HHH+89]. The polymerase chain reaction steps were carried out using

Taq DNA polymerase (Invitrogen, Inc.) and λ DNA as template. The two destinations for

inserts with Walker-A mutations were a complementation vector, pJM5, and an expression

vector, pQH101alt. pJM5 is a derivative of pJM1 [DBFO+02] with an introduced SalI

site, created using same-sense mutations changing the gene A sequence 1224-GTGGAT-

1229 to GTCGAC. pQH101alt is a derivative of pQH101, a holoterminase expression

vector that produces enzyme tagged at the C terminus of gpA with six histidines [HTF00].
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The following same-sense mutations were introduced into the pQH101 A gene to create

pQH101alt: 781-AGGCCG-786 to AGGCCT (StuI), 899-CGATGG-894 to CCATGG

(NcoI), 957-TTCCAA-962 to TTCGAA (BstBI), 1224- GTGGAT-1229-GTCGAC (SalI),

1246-GAACTT-1251 to GAGCTC (SacI), 1318-GGCTCG-1323 to GGATCC (BamHI),

and 1366-GGCACC-1371 to GGTACC (KpnI). Control experiments showed pJM5 was

as effective as pJM1 at complementing a λ Aam mutant and that pQH101alt expressed

similar levels of fully active gpA as pQH101. Walker-A mutations in PCR-generated

segments extending from the SalI site at λ bp 1220 to the native SphI site at λ bp 2212

were introduced into pJM5 and pQH101alt. For all constructs, the presence of desired

Walker-A mutations and the absence of extraneous mutations were verified by DNA

sequencing. For pJM5 and pQH101 derivatives, DH5α and OR1265, respectively, were

used as transformation recipients.

3.4.1.4 Complementation

The effects of gpA changes on terminase function were tested by a complementa-

tion assay. Our collaborators used a heat-inducible prophage with two conditional lethal

amber mutations in the A gene (λ Aam11 Aam32 red3 cI857 referred to as λ Aam). λ

Aam was used to lysogenize a host (bacterium MF3537, which is a RecA- derivative

of the Escherichia coli C strain C1a [SK73]) that lacks a nonsense suppressor, so the

prophage is unable to produce gpA. A complementing plasmid was used to supply gpA

(WT or Walker-A mutant). Specifically, derivatives of pJM5 carrying Walker-A muta-

tions were used to transform MF3537. pJM5 contains a segment of the λ chromosome

extending from the HindIII site at 44141 across cos to the BamHI site at 5505. This λ

segment contains the late gene promotor, the lysis genes, and the terminase genes Nu1

and A. When present in a cell with induced λ prophage, the plasmid’s late genes are

activated at the normal time by the phage’s gpQ late gene activator. If the lysate from the
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prophage induction contains a detectable number of fully assembled λ Aam phages, this

indicates that the plasmid supplied functional gpA. Previous work shows that the level

of terminase gene expression is sufficient to support phage assembly utilizing mutant

terminases [FSF84, FSF85]. After induction and growth of the prophage, the phage yield

is determined by titering the complementation lysate on a permissive host. Specifically,

our collaborators used bacterium MF3679, which carries supF, a tyrosine-inserting sup-

pressor, which enables plaque formation by the assembled phages (because WT gpA

protein is now produced from amber-suppressed λ Aam phage genomes). In our system,

when the complementing plasmid produces WT gpA, induction produced a yield of λ

Aam of 3 to 10 phages per induced lysogen.

3.4.1.5 Initial in vitro screening of Walker-A mutants

Prior to testing mutant terminase proteins in the optical tweezers assays, the

proteins were overexpressed and gpA expression was confirmed by SDS-PAGE elec-

trophoresis, and in vitro cos cleavage activity was checked as previously described

[DF05, HCF01]. Protein expression similar to WT and cleavage activity within approxi-

mately fivefold of that exhibited by WT was observed.

3.4.2 Biophysical methods

3.4.2.1 DNA

For the optical tweezers measurements we used a 13,747 bp DNA construct

prepared by PCR from a 13,881 bp Lambda cos containing cosmid, pJM1, using

the primers 5-TCGATAATCGTGAAGAGTCGGCGAGCC TGGTTAG-3 and Biotin-

5-TACGTCGAAGTGACCAAC- TAGGCGGAATCGGTAG-3 using the 5 Prime PCR

Extender System. After initial DNA cleavage at the cosN site, the resulting packable
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DNA length was 10,052 bp with packaging proceeding from the cos site toward the

DNA’s biotinylated end.

3.4.2.2 Pre-stalled complex/method and experimental buffers

Complexes were prepared at room temperature with a total final sample volume

5-12 µM (depending on the stock concentration and activity of the terminase extract). The

final concentrations of the reagents were 25 mM TrisHCl (pH 7.5), 5 mM MgCl2, ∼10-

25 ng/µl of DNA, ∼3-15 mg/ml of terminase extract, ∼0.08-0.5 nM ATP, ∼0.08-0.5 nM

γ-S-ATP, and∼6-19 nM of procapsids, prepared as described previously [FRR+07]. First,

water, TrisHCl, DNA, terminase, and ATP were combined and incubated for 5 min. Then,

γ-S-ATP was added and the mixture was incubated for 1 min. Last, procapsids were

added, the mixture was incubated for another 5 min, then complexes were added to

∼2µM streptavidin (SA) microspheres that were washed twice in TM Buffer [25 mM

TrisHCl (pH 7.5), 5 mM Mg2+]. The bead-complex mixture was incubated for at least 20

min on a rotator. The quantity of complexes to SA beads was titrated until ∼1 tether was

acquired per trial. Anti-procapsid beads were prepared by first washing ∼2 µm protein

G coated polystyrene beads twice with 1x PBS. Lambda antisera was mixed with these

beads and incubated for 30 min while rotating. Lastly, the mixture was washed twice in

1× PBS and twice in TM buffer. Prior to injection into the flow cell, the SA-complex

beads are diluted in a 1× TM buffer solution while the anti-Lambda procapsid beads are

diluted in a 5 mM γ-S-ATP and 1× TM solution. The experiments were performed in 1×

TM supplemented with 0.5 mM ATP and 0.05 mg/ml bovine serum albumin.

3.4.2.3 Optical tweezers measurements

We used dual-trap optical tweezers, similar to that previously described [FRR+07,

TSA+10] and calibrated as described previously [dS14]. The data was collected at 1 kHz
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after filtering with an eight-pole Bessel and 333 Hz corner-frequency low pass filter. Ex-

periments were done similarly as described previously [FRR+07, TSA+10] with the fol-

lowing modifications. The SA beads were coated with pre-stalled DNA/terminase/procapsid

complexes. A force feedback program adjusted the position of the movable trap to main-

tain a 5 pN force clamp throughout the duration of packaging. After ∼5 kb of DNA was

packaged or packaging stopped for longer than ∼1 min, the measurement was ended.

3.4.2.4 Pausing and slipping analysis

For complexes that did not package beyond 5 kbp, the events were cropped at

the onset of a terminal packaging stage/pause event. These cropped traces were then

processed by a program that automatically and systematically scores all pauses and slips.

The program initially determines the displacement difference from adjacent points of

a smoothed trace. Potential pauses and slips are identified by displacement differences

transitioning from non-zero values toward zero values, where adjacent differences of zero

represent a pause while adjacent differences that pass through zero represent transitions

between packaging and slipping. These potential events are subsequently passed through

filters that assess whether they are consistent with pauses and slips given our instrument

noise and drift, which was evaluated by the standard deviation (σ) in displacement over

a given time window measured in control experiments with no packaging. Average

displacements over a given time window (typically 0.5 s) were assigned as (1) slipping

if this displacement was greater than 3σ below zero, (2) pausing if this displacement is

within±3σ about zero, or (3) packaging if this displacement is greater than 3σ above zero.

Because Brownian fluctuations of the microspheres cause large noise in the measurement

on short timescales, pauses or slips with durations <0.3 s were not scored. Pause and

slip frequency per length of DNA packaged for a particular trace were determined by

dividing the total number of pauses or slips observed in a given trace by the total length
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of DNA translocated. These frequencies were then averaged over all events. Mean pause

durations are determined by averaging all pause durations per event and then averaging

these means over all events.

3.4.2.5 Packaging rate and motor velocity

Mean velocity was calculated by dividing the total length of DNA translocated

by total time spent translocating for each event and then averaging over all events. Mean

packaging rate was determined by dividing tether length change by the total event time

for each event and then averaging over all events.

3.4.2.6 Initiation efficiency

The initiation efficiency was determined for each mutant terminase by dividing the

total number of successful packaging events acquired by the total time spent performing

experiments and expressed as a % of the WT value. If experiments were done on multiple

days, this was averaged over all days.

Chapter 3, in part, is a reprint of the material as it appears in Journal of Molecular

Biology, delToro, Damian; Ortiz, David; Ordyan, Mariam; Sippy, Jean; Oh, Choon-Seok;

Keller, Nicholas; Feiss, Micheal; Catalano, Carlos; Smith, Douglas; “Walker-A Motif

Acts to Coordinate ATP Hydrolysis with Motor Output in Viral DNA Packaging”. The

dissertation author was a secondary investigator and author of this material.

75



References

[AC13] Benjamin T Andrews and Carlos Enrique Catalano. Strong subunit coor-
dination drives a powerful viral dna packaging motor. Proceedings of the
National Academy of Sciences, 110(15):5909–5914, 2013.

[BIA07] A Maxwell Burroughs, Lakshminarayan M Iyer, and L Aravind. Com-
parative genomics and evolutionary trajectories of viral atp dependent
dna-packaging systems. In Gene and protein evolution, volume 3, pages
48–65. Karger Publishers, 2007.

[BR12] Lindsay W Black and Venigalla B Rao. Structure, assembly, and dna
packaging of the bacteriophage t4 head. Advances in virus research,
82:119, 2012.

[CAM+05] Yann R Chemla, K Aathavan, Jens Michaelis, Shelley Grimes, Paul J
Jardine, Dwight L Anderson, and Carlos Bustamante. Mechanism of force
generation of a viral dna packaging motor. Cell, 122(5):683–692, 2005.

[Cas11] Sherwood R Casjens. The dna-packaging nanomotor of tailed bacterio-
phages. Nature Reviews Microbiology, 9(9):647–657, 2011.

[CLH+12] Gheorghe Chistol, Shixin Liu, Craig L Hetherington, Jeffrey R Moffitt,
Shelley Grimes, Paul J Jardine, and Carlos Bustamante. High degree of
coordination and division of labor among subunits in a homomeric ring
atpase. Cell, 151(5):1017–1028, 2012.

[CSH]

[DBFO+02] Tonny De Beer, Jenny Fang, Marcos Ortega, Qin Yang, Levi Maes, Carol
Duffy, Nancy Berton, Jean Sippy, Michael Overduin, Michael Feiss, et al.
Insights into specific dna recognition during the assembly of a viral genome
packaging machine. Molecular cell, 9(5):981–991, 2002.

[DF02] Carol Duffy and Michael Feiss. The large subunit of bacteriophage λs
terminase plays a role in dna translocation and packaging termination.
Journal of molecular biology, 316(3):547–561, 2002.

[DF05] Alok Dhar and Michael Feiss. Bacteriophage λ terminase: alterations of
the high-affinity atpase affect viral dna packaging. Journal of molecular
biology, 347(1):71–80, 2005.

[DR07] Bonnie Draper and Venigalla B Rao. An atp hydrolysis sensor in the
dna packaging motor from bacteriophage t4 suggests an inchworm-type
translocation mechanism. Journal of molecular biology, 369(1):79–94,
2007.

76



[dS14] Damian delToro and Douglas E Smith. Accurate measurement of force
and displacement with optical tweezers using dna molecules as metrology
standards. Applied physics letters, 104(14):143701, 2014.

[EC80] William C Earnshaw and Sherwood R Casjens. Dna packaging by the
double-stranded dna bacteriophages. Cell, 21(2):319–331, 1980.

[FC05] Michael Feiss and Carlos Enrique Catalano. Bacteriophage lambda ter-
minase and the mechanism of viral dna packaging. In Viral Genome
Packaging Machines: Genetics, Structure, and Mechanism, pages 5–39.
Springer, 2005.

[FRK+07] Derek N Fuller, Dorian M Raymer, Vishal I Kottadiel, Venigalla B Rao,
and Douglas E Smith. Single phage t4 dna packaging motors exhibit large
force generation, high velocity, and dynamic variability. Proceedings of
the National Academy of Sciences, 104(43):16868–16873, 2007.

[FRR+07] Derek N Fuller, Dorian M Raymer, John Peter Rickgauer, Rae M Robertson,
Carlos E Catalano, Dwight L Anderson, Shelley Grimes, and Douglas E
Smith. Measurements of single dna molecule packaging dynamics in
bacteriophage λ reveal high forces, high motor processivity, and capsid
transformations. Journal of molecular biology, 373(5):1113–1122, 2007.

[FSF84] Susan Frackman, Deborah A Siegele, and Michael Feiss. A functional
domain of bacteriophage λ terminase for prohead binding. Journal of
molecular biology, 180(2):283–300, 1984.

[FSF85] Susan Frackman, Deborah A Siegele, and Michael Feiss. The terminase
of bacteriophage λ: functional domains for cosb binding and multimer
assembly. Journal of molecular biology, 183(2):225–238, 1985.

[HCF96] Young Hwang, Carlos E Catalano, and Michael Feiss. Kinetic and muta-
tional dissection of the two atpase activities of terminase, the dna packaging
enzyme of bacteriophage λ. Biochemistry, 35(8):2796–2803, 1996.

[HCF01] Julie Qi Hang, Carlos Enrique Catalano, and Michael Feiss. The functional
asymmetry of cosn, the nicking site for bacteriophage λ dna packaging, is
dependent on the terminase binding site, cosb. Biochemistry, 40(44):13370–
13377, 2001.

[HHH+89] Robert M Horton, Henry D Hunt, Steffan N Ho, Jeffrey K Pullen, and
Larry R Pease. Engineering hybrid genes without the use of restriction
enzymes: gene splicing by overlap extension. Gene, 77(1):61–68, 1989.

[HHS+15] Brendan J Hilbert, Janelle A Hayes, Nicholas P Stone, Caroline M Duffy,
Banumathi Sankaran, and Brian A Kelch. Structure and mechanism of the

77



atpase that powers viral genome packaging. Proceedings of the National
Academy of Sciences, 112(29):E3792–E3799, 2015.

[HTF00] Julie Qi Hang, Brian F Tack, and Michael Feiss. Atpase center of bacte-
riophage λ terminase involved in post-cleavage stages of dna packaging:
identification of atp-interactive amino acids. Journal of molecular biology,
302(4):777–795, 2000.

[KDR12] Kiran Kondabagil, Bonnie Draper, and Venigalla B Rao. Adenine recogni-
tion is a key checkpoint in the energy release mechanism of phage t4 dna
packaging motor. Journal of molecular biology, 415(2):329–342, 2012.

[LGG+09] Sophie Lhuillier, Matthieu Gallopin, Bernard Gilquin, Sandrine Brasilès,
Nathalie Lancelot, Guillaume Letellier, Mathilde Gilles, Guillaume Dethan,
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Chapter 4

DNA Translocation by a Viral

Packaging Motor: Comprehensive

Analysis of the Walker B Motif

4.1 Introduction

The assembly pathway of many large double-stranded DNA viruses, including

the herpesviruses and many phages, includes a DNA packaging step in which newly

replicated viral genomes are packaged into preformed empty protein shell [RF15, CS12,

Cat05]. A viral-encoded ATP powered molecular motor functions to translocate the DNA

into the procapsid shells. In most cases, this terminase enzyme recognizes viral DNA,

cleaves the polymeric precursor DNA at the beginning of one genome sequence (genome

maturation), translocates DNA into the procapsid, packing it to a density ultimately

approximating that of crystalline DNA (genome packaging), and finally terminates

packaging and cleaves the DNA at the end of the genome sequence to release a filled

procapsid [EC80]. Ensemble biochemical and single DNA molecule packaging studies
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show that the terminase motors generate very high forces (> 50 pN) and translocate

DNA rapidly, with high processivity (only ∼1 detected slip per 500 bp packaged) [CS12,

STS+01, FRR+07, FRJ+07, FRK+07, RFG+08, MCA+09]. The motors also exhibit

occasional pauses, which are typically a few seconds in duration and occur roughly once

per kbp of DNA packaged.

While much is understood about the function of these motors, their structural and

biochemical mechanisms are not completely understood and a number of different models

have been proposed [SKD+08, YMH+10, Bla15, ZCKT13, HHS+17, HHS+15, Har15,

Cas11]. The terminase enzymes are generally heterooligomers of a small subunit (TerS)

that specifically recognizes viral DNA and a large subunit (TerL) that possesses all of the

catalytic activities required to mature and package the viral genome. The TerL subunits

have a conserved C-terminal endonuclease (maturation) and an N-terminal packaging

domain that contains the packaging ATPase catalytic site [RF15, Cas11, BCC14]. Atomic

structures of the phage T4, Sf6, and P74-26 TerL subunits [SKD+08, ZCKT13, HHS+15]

show that the N-terminal ATPase fold belongs to a large group of oligomeric translocases,

the ASCE (Additional Strand Catalytic Glutamate) superfamily [BIA07, LSB11]. This

superfamily includes many cellular ATPases of diverse functions including protein

unfolding and degradation; protein transport and translocation; ATP synthesis; and DNA

recombination, unzipping, transport, and translocation [HW05, AMS12].

The ASCE ATPase center is composed of a five-stranded parallel β-sheet, with

the strand order 5-1-4-3-2 and α-helical segments connecting the β-strands. Two ATP-

interacting amino acid segments, the Walker A (P-loop) and Walker B motifs, have char-

acteristic sequences. The classical Walker A signature sequence is (G/A)XXXXGK(T/S)

[WSRG82]. Extensive studies in systems including the elongation factor EF-Tu [KN92],

adenylate kinase [MS92], myosin [CGY89], and the DNA translocating motors of bac-

teriophages T4 [SKD+08], phi29 [MSRA+16], Sf6 [ZCKT13], and 74-26 [HHS+15]
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suggest that the serine or threonine hydroxyl coordinates the Mg2+ and that the ly-

sine ε-amino group coordinates the β- and γ- phosphates of the bound Mg2+−AT P or

Mg2+−GT P, positioning the nucleotide for hydrolytic attack. In TerL of the λ termi-

nase, the Walker A motif, (76)KSARVGYS(83) is a variant of the classical motif, for

which several functional roles have been identified: K76, A78 and R79 are involved in

chemomechanical coupling, A78, R79 and Y82 act in ATP alignment and hydrolysis,

and V80, G81 and S83 in ATP binding [OOS+16].

Downstream from Walker A is the Walker B motif, whose signature sequence is

φφφφD, where the φs indicate hydrophobic residues, followed by a conserved aspartate.

The aspartic acid carboxyl group also coordinates the Mg2+ of the Mg2+−AT P com-

plex. Together the Walker A and Walker B residues have been demonstrated in other

homologous ATPases to be important for nucleotide binding and appropriately position-

ing the β- and γ-phosphates for nucleophilic attack by a water molecule; the water is

activated by a conserved catalytic glutamate, typically located downstream from Walker

B [SKD+08, HHS+15, CSZ+14, SKG+07]. In terminases, this conserved glutamate is

predicted to lie immediately after the Walker B motif (Table 4.1)

Bacteriophage lambda has served as an important model system for gene regu-

lation and molecular biology technologies [LGA16, CH15]. More recently, the lambda

system has emerged as a powerful system in which to study virus genome packaging

mechanisms [CCF95]. The protomeric lambda terminase enzyme is a heterotrimer

composed of one TerL and two TerS subunits [MYC05]. The protomer is in slow

equilibrium with an apparent tetramer of protomers that assemble into a catalytically

competent ring-like complex in solution, albeit at elevated concentration (KD = 4µM)

[YOL+15, MGB+06]. At physiological concentrations, four protomers and Escherichia

coli integration host factor (IHF) assemble at the packaging initiation sequence of lambda

DNA (the cos sequence, KD = 20nM) to afford a maturation complex. This activates
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the endonuclease activity of TerL which nicks both strands of the duplex to mature the

genome end in preparation for packaging. The maturation complex then binds to the

portal vertex of a procapsid, which down-regulates nuclease activity and activates the

packaging ATPase activity and DNA translocation into the shell (Figure 4.1). Biochemi-

cal studies indicate that the protomers are tightly coupled during duplex translocation

[AC13].

Figure 4.1: The lambda DNA packaging pathway. The terminase protomer is composed
of two gpNu1 subunits tightly associated with one gpA subunit (gpA1 ·gpNu12). The
N-terminal domain in gpA contains the packaging ATPase catalytic site (ATP), while the
C-terminal domain contains the cos-cleavage nuclease activity responsible for genome
maturation; the two domains are connected by a linker domain (L). The protomer is
devoid of catalytic activity. Four protomers assemble into a ring-like structure at the
cos site of a lambda DNA concatemer to assemble the activated maturation complex
[(gpA1 · gpNu12)4]; this assembly step requires ATP and/or IHF. Duplex nicking by
gpA and ejection of the upstream DR end yield the post-cleavage complex, which binds
to the portal of an empty procapsid to yield the packaging motor complex. Formation
of the DNA-terminase-portal complex activates the packaging ATPase, which powers
the translocation of DNA into the procapsid shell; the TerS dimer seen in the motor-
procapsid complex on the right is depicted as a single sphere for simplicity. We note that
the conformation of the tetramer stoichiometry and the conformation of the protomer
subunits bound to the procapsid is speculative.

Given the conservation of structural and functional features of the terminase

enzymes and in particular the ASCE domains, along with our collaborators we have

embarked on an integrated genetic, biochemical and biophysical dissection of the ATPase

domain of lambda terminase. In published work, we have examined the Walker A,

adenine binding (Q, a.k.a, N-linker) and coupling (C, a.k.a., motif III) motifs, and a
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loop-helix-loop motif implicated in motor velocity [OOS+16, TSA+10]. These studies

indicate that many motif changes affect not only ATP binding and hydrolysis, but also

have impacts on chemo-mechanical coupling, multi-subunit ring assembly, and DNA

translocation dynamics.

In the present study, we extend this approach to validate the assignment of the

predicted Walker B motif in the large catalytic subunit of lambda terminase (TerL) and

to interrogate the role of these residues in motor function. Our findings support the

assignment of TerL residues (174)VAGYD(178) as the Walker B motif and indicate

that the four hydrophobic residues are, with few exceptions, intolerant to substitution.

The data further suggest that D178 is important for ATP binding and that the Walker B

residues play an important role in positioning residue TerL E179, the predicted catalytic

carboxylate, to facilitate efficient ATP hydrolysis. Our measurements of single DNA

molecule translocation dynamics show that Walker B residues play important roles in

determining motor velocity, processivity, and pausing. Given the conservation of structure

and function of the ASCE ATPase domains, these insights into viral terminase function

provide information that is broadly relevant to understanding ATP-powered machines in

biology.

4.2 Results

4.2.1 Genetic Analysis by our collaborators: Functional Effects of

the Residue Changes

4.2.1.1 Hydrophobic quartet

λ phage TerL residues (174)VAGYD(178) are a good fit to the Walker B signature

sequence (Table 4.1). Pioneering work by Rao and co-workers revealed that multiple
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residues in the Walker B hydrophobic quartet of phage T4 TerL could be changed without

loss of function [HHH+89]. To examine their roles in λ our collaborators used a genetic

screen to survey effects on phage yield of a large number of single and double residue

changes spanning the putative Walker B hydrophobic quartet, gene A codons 174 to 178.

A total of 42 residue changes were examined using a sensitive complementation assay in

which a complementing plasmid was used to provide TerL (WT or mutant) at a level of

expression approximating that during a normal virus infection. This complementation

plasmid was used to supply TerL to an inducible mutant prophage carrying two A

amber mutations (λ Aam). When a wildtype or viable A mutant plasmid provides

functional TerL, induction of the λ Aam prophage produces a virus yield, typically 3 to

10 phages/induced lysogen, indicating that the plasmid supplied functional TerL. The

prophage produces heat-labile cI857 repressor, and enters the lytic cycle when a culture

growing at 30 ◦C is shifted to 42 ◦C to inactivate the repressor. After heat induction for 15

min, the culture is aerated at 37 ◦C until cell lysis. The yield of λ Aam was determined by

titering the lysate on a host containing the appropriate amber suppressor (which allows

wildtype terminase to be produced at this stage to facilitate plaque growth, so that any

viruses assembled with the mutant terminase can be detected and quantified). If a mutant

plasmid fails to supply any functional TerL, the yield of λ Aam phage will be profoundly

reduced, to a level of about 10−7 of that found for the wildtype A+ plasmid. Mutants

expressing partially active TerL show intermediate yields of λ Aam, reflecting the level

of functional TerL. This approach provides much higher sensitivity to terminase activity

than achieved by directly introducing gpA mutations into the viral genome, as done in

the T4 studies, because for a lambda strain to produce a plaque its yield must typically be

at least ∼10% that of WT. Here, even the mutant terminases, which may package DNA

only inefficiently, but can sponsor small amounts of viral assembly at levels down to 7

orders of magnitude below that of the wildtype can be detected.
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Table 4.1: Examples of known and putative Walker B motif sequences for the transloca-
tion ATPasein viral packaging motor proteins. As shown, the motif is usually followed
by a glutamine (E) residue that has been implicated in catalysis of ATP hydrolysis.
X-ray structures support the assignments for T4, Sf6, P74-26, and φ 29. Note: Phage
21 is a close relative of lambda. Bold letters indicate putative deviant cases where the
aspartate (D) at the end of the motif is replaced by a different residue.

Virus Sequence Reference
Classical motif φφφφDE [HW05]
Lambda 174-VAGYD-178 [MR06]
21 174-VVCYD-178 [MR06]
T4 251-MIYID-255 [SKD+08,

MR06]
Sf6 114-ICWVE-118 [ZCKT13]
P74-26 145-FVILD-149 [HHS+15]
Phi29 114-TIVFD-118 [MSRA+16]
P2 249-DLYVD-253 [MR06]
Mu 169-DVVID-173 [MR06]
T5 150-FIIFD-154 [MR06]
PBC5 151-WLHIS-155 [MR06]
T3/T7 156-IIIAD-160 [MR06]
P22 199-GVWFD-203 [MR06]
HK97 149-LAILD-153 [MR06]
SPP1 130-GMWIE-134 [MR06]
HSV-1 352-LLFVD-356 [MR06]

Mutations affecting Walker B codons were introduced using splicing-by-overlap-

extension and mutagenic PCR techniques to generate the desired codon changes [HHH+89].

As an initial test, the adjacent codon pairs (174)VA(175) and (176)GY(177) were mutag-

enized. Twenty mutants were characterized. Two of the mutants, V174V+A175L and

V174P+A175A were effectively single mutants because each contained a same-sense

codon change. The same-sense changes were not to rarely-used codons. For example,

the codon changes producing TerL-V174V+A175L were GUG+GCG→ GUA+CUG.

The codon usages in E. coli for the wildtype and same-sense valine codons are 2.4% and

1.2%, respectively. The GUA codon is occurs twice in the wildtype A gene, indicating

that the change to this codon is unlikely to affect gene expression. Accordingly, these
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two mutants are listed as single mutants V174P and A175L in Figure 4.2. Surprisingly,

in contrast to findings in the phage T4 system, our collaborators found that nearly all

changes in the (174)VA(175) codon pair, including the conservative VA→ LL, produced

severe defects (Figure 4.2). The only exceptions are the conservative VA→ AV, A175L,

and VA→ GV changes, which supported roughly wildtype yields of λ Aam. Conserva-

tive change VA→ GI resulted in a ∼3×105-fold reduction in phage yield. In additional

to the complementation studies, a phage carrying the A175L codon was constructed and

named λ Ams175, indicating the missense mutation at codon 175. λ Ams175 was found

to be a cold-sensitive, conditional-lethal mutant, as it formed large plaques at 42 ◦C and

37 ◦C, but failed to form plaques at 30 ◦C.

For the (176)GY(177) double mutants, of the nine tested, all were lethal (>10-fold

reduction in phage yield) and five caused a 105-fold reduction in phage yield. Change

GY→ CW resulted in a >10-fold reduction, and changes to EK, LC, or VF caused an

105-fold reduction. The remaining tested residue changes, including the conservative

GY→ VF change, were profoundly lethal, reducing the virus yield to a level below the

sensitivity of the assay (i.e., by >107-fold). Two single mutants were constructed, G176S

and Y177V. G176S was found to be viable, and Y177V was profoundly lethal (>107-fold

reduction). In sum, the results indicate that all four of the TerL (174)VAGY(177) residues

are important and, with the exceptions of a few conservative changes, they cannot be

changed without loss of function.

In sum, the complementation results support the proposal that residues TerL-

(174)VAGYD(178) are the hydrophobic quartet of λ TerL’s Walker B segment and show

that this specific sequence is generally critical for efficient viral assembly. These findings

further suggest that other properties of these residues besides just hydrophobicity are

important. These four residues are at the end of β strand 3 and we presume that they

are important for proper positioning of the following (178)DE(179) residues putatively
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involved in ATP binding and catalysis. This is discussed further below.

Figure 4.2: Impairments in virus yield caused by residue changes in the Walker-B motif.
The table on the right lists the range of detected degrees of impairment expressed in
terms of phage yield in plaque forming units per cell relative to WT (where the WT
activity is defined to be 1). Note that the gray color is used to designate cases where no
phage yield was detected (i.e., below the level of sensitivity of the assay). The table on
the left lists the measured phage yield sponsored by each mutant terminase. Pairs of
codons were mutagenized for codons 174-175, and for 176-177, though single codon
changes were made for the V174P, A175L, G176S, and Y177V mutants. Wildtype
terminase sponsored yields of 3-10 λ Aam/induced cell. (provided by collaborators)

4.2.1.2 The Conserved Walker B Aspartate

Our collaborators next examined the conserved D178 residue. If the function

of D178 is to chelate Mg2+, then the expectation is that the carboxylate is critical for

ATP binding and/or hydrolysis. The genetic results are in accord with these expectations:

no changes to non-acidic residues (of 10 tested) produced terminase with detectable
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function (Figure 4.2). They also crossed the mutation specifying the D178E change into

the virus, creating λ Ams178. They found that λ Ams178 formed large plaques at 42 ◦C,

tiny plaques at 37 ◦C, and was unable to form plaques at 30 ◦C, indicating that even the

conservative D178E change has significant functional effects. It is somewhat surprising

that terminase with the TerL-D178E change functions nearly as well as wildtype at 42 ◦C,

but we note that a sub-class of terminases have putative Walker B motifs with glutamate

at the analogous position, including HK620 and SPP1, suggesting that an aspartate can

function in an analogous manner [MMIR02].

A trivial explanation for a lethal phenotype is that the mutation affects efficient

expression and/or folding of the protein in the cell. To examine expression directly,

selected mutations were transferred to the terminase expression vector, pQH101alt.

Following terminase expression, whole cell extracts were electrophoresed on SDS-PAGE

gels. Examination of the Coomassie blue-stained gels showed that TerL is efficiently

expressed by the wildtype and all the missense mutants examined (data not shown).

Our collaborators next asked if selected defective mutant terminases are folded and

able to assemble properly, as follows. The introduced mutations lay in the N-terminal

packaging domain of TerL and the intent is to selectively affect ATPase (and thus DNA

packaging) activity. The cos-cleavage endonuclease center resides in the C-terminal

domain and should be unaffected if the mutant protein is folded and can assemble a

functional maturation complex (Figure 4.1). Thus, it was reasoned that if holoterminase

was properly folded and assembled, the mutant enzymes would show normal cos cleavage

activity in crude cell extracts [DYMG91, HHN+00, Duf01]. The results of these in vivo

cos cleavage assays showed that most of the mutant enzymes (for example, (174)VA(175)

→ GI, A175L, and D178A; Figure 4.3) lacked cos-cleavage activity, and suggested that

these mutants had folding defects. Only the D178N mutant retained in vivo cos cleavage

activity and was judged to be folding-competent (Figure 4.3). Despite the cold sensitive
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phenotype of the mutant virus, the D178E mutant exhibited wildtype nuclease activity

in the temperature range 22 ◦C to 42 ◦C. It must be noted that protein expression was

performed at a temperature at which the D178E phage mutant is viable (42 ◦C) and it

was expected that the preparation would contain functional terminase. We were puzzled

by the lack of cos cleavage activity by the A175L enzyme, as the virus expressing this

mutant terminase was viable at high temperatures. Our collaborators considered that the

protein might be protease sensitive or inherently unstable in cell extracts. To test the

λ TerL-A175L enzyme for instability, the enzyme was expressed, the extract made in

the presence of protease inhibitors, and cos cleavage activity examined on the same day.

Under these conditions, cos cleavage was, in fact,observed at both room temperature and

37 ◦C, indicating that λ TerL-A175L can function but is somewhat unstable.

In sum, it was concluded that most of the Walker B residues cannot be changed

without loss of function, most often due to folding and/or terminase assembly defects.

4.2.2 Ensemble Biochemical Analysis of the D178N Enzyme by our

collaborators

Based on the genetic studies described above,the TerL D178N mutant terminase

was chosen for biochemical interrogation to probe for the mechanistic defect. This

mutation is lethal to phage growth (Figure 4.2) but retains wildtype in vivo cos-cleavage

activity, suggesting that the enzyme is selectively defective in ATPase activity, as pre-

dicted. To test this hypothesis, TerL D178N terminase was expressed and purified as

previously described [OOS+16, YOL+15, AC13]; the yield of mutant enzyme was sim-

ilar to that of the wildtype, suggesting that no significant structural defects resulted

from the residue change. Consistently, the circular dichroism spectrum of the mutant

protein is essentially identical to wildtype, indicating that the mutation does not affect the

secondary structure of the protein (Figure 4.4a). Next the stability of the mutant enzyme

92



Figure 4.3: Cleavage assay results for selected mutants. Cleavage of the 5.1 kb substrate
DNA at cos produces 2.9 and 2.2 kb product DNAs. Standard reactions done at
30 ◦C (left), and reactions done at 22 ◦C and 42 ◦C with the cold-sensitive gpA D178E
terminase (right). Unlabeled lanes are 1 kb ladder (New England Biolabs). (Provided
by collaborators)

was examined, and Figure 4.4b shows that thermal denaturation of the D178N enzyme

(TM = 46.0±0.1C) mirrors that of the wildtype enzyme (TM = 46.4±0.1◦C), an indica-

tion that tertiary structures have not been significantly affected. The terminase protomer

is composed of one TerL subunit tightly associated with two TerS subunits and four

protomers assemble into a functional ring-like complex [MGB+06, YOL+15, YOY+17].

Analytical ultracentrifugation analysis demonstrates that the mutant protein similarly

associates into a stable protomeric complex and that the protomer-tetramer equilibrium

remains intact (Figure 4.4c). In sum, the data demonstrate that the TerL D178N mutant

enzyme is appropriately folded in solution and retains wildtype quaternary interactions
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required to assemble a functional motor.

(a)

(b)

(c)

Figure 4.4: Biophysical analysis of wildtype and D178N terminases (Provided by
collabrators)
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The catalytic activity of the enzyme was examined next. As anticipated, the in

vitro cos-cleavage endonuclease activity of TerL D178N remains intact (Figure 4.5a),

indicating that the C-terminal endonuclease domain has not been affected by the mu-

tation. In contrast, the steady state ATPase activity of the mutant enzyme is severely

compromised. Consistent with this result, DNA packaging activity, which is fueled

by ATP hydrolysis, is abrogated by the mutation (Figure 4.5a). To further probe the

mechanistic basis for the ATPase defect, our collaborators examined single turnover ATP

hydrolysis by λ TerL-D178N terminase. In this assay, enzyme is included in excess of

the ATP substrate and catalysis is limited to a single event that includes ATP binding and

hydrolysis steps; subsequent product release step(s) are not included in the kinetic time

course. The data presented in Figure 4.5b clearly demonstrate that while single turnover

ATP hydrolysis is observed, it is severely compromised in the mutant enzyme compared

to wildtype. The kinetic data were first analyzed according to a simple monophasic

kinetic model, which describes the wildtype enzyme well (Figure 4.5b) and affords

kobs = (0.139± 0.016)sec−1 (Table 4.2). In contrast, the kinetic time course for the

TerL-D178N enzyme is poorly described by this simple model due to a significant lag in

product formation.

Table 4.2: Single Turnover ATPase Kinetic Analysis. The data presented in Figure 4.4b
were fit to a monophasic reaction time course and a three-state kinetic model by our
collaborators. Data for the R79A enzyme is from [OOS+16]. The derived rate constants
are presented with standard deviations as indicated.

Monophasic Model Three-state model
kobs (s−1) k1 (M−1s−1) kobs (s−1)

WT (0.139±0.016) - -
D178N - (1.7±0.2)×104 (2.4±0.1)×10−3

R79K - (1.3±0.9)×104 (5.3±2.9)×10−3

It was previously demonstrated that the TerL-R79A mutation introduced into the

95



(a)

(b)

Figure 4.5: cos-cleavage, separation, packaging and ATPase activities. (Provided by
collaborators)

Walker A motif afforded an enzyme with a similar kinetic lag in both cos-cleavage and

single turnover kinetic time courses [OOS+16]. In the TerL-R79A case, a more complex

kinetic model was proposed that included a slow, reversible step prior to the chemical

step (e.g., ATP hydrolysis);
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4×P+DNA+AT P
k1−−⇀↽−−
k−1

P4 ·DNA ·AT P
k2−⇀↽− P4 ·DNA ·ADP ·Pi (4.1)

where P represents the terminase protomer in solution, P4 ·DNA ·AT P represents the

catalytically competent ATP-bound tetramer assembled on DNA, k1 and k−1 are the rate

constants for the slow step prior to the chemical step and k2 is the rate constant for ATP

hydrolysis. Importantly, this model simplifies to the monophasic one when k1 is fast. As

shown in Figure 4.5b, fitting of the ATP hydrolysis time course for TerL-D178N to the

three-state model significantly improves the quality of the fit. The rate of ATP hydrolysis

by TerL-D178N is decreased by ∼60-fold relative to wildtype and the slow step prior to

hydrolysis is significantly slower than would be anticipated from a diffusion-controlled

ATP binding encounter (Table 4.2) [OOS+16]. This is discussed further below.

4.2.3 Single Molecule Biophysical Analysis: Packaging Initiation

and Translocation Dynamics.

Selected mutants were chosen for further analysis with a single-molecule assay

that can directly measure DNA translocation dynamics in real time [CS12, FRJ+07,

Kel16]. In this technique, partly pre-packaged prohead-motor-DNA complexes are

attached to a microsphere trapped with optical tweezers and the other end of the DNA

molecule being packaged is attached to a second trapped microsphere. As the DNA

is packaged the two microspheres are pulled together and increasing DNA tension is

measured. The separation between the two traps is controlled by a feedback system

which maintains a small tension to keep the DNA stretched while it is translocated,

allowing the length of DNA packaged vs. time to be measured (Figure 4.6) [CS12]. To

give the mutant motors the best chance to show activity the measurements were made
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under the ”least taxing” conditions, with saturating ATP (0.5 mM), low applied stretching

force (5 pN), and low capsid filling (0− 20% of the genome length packaged). As in

our previous studies of Walker A mutants, all of these measurements were done at room

temperature (∼23◦C). The main parameters we derive from these measurements are the

overall packaging rate, the motor velocity (translocation rate not including pauses and

slips), the frequency of slipping, and the frequency of pausing and duration of pauses

(Figure 4.7). As discussed below, and in prior work [OOS+16], relative changes in motor

velocity versus slipping shed light on residues involved in ATP binding and catalysis of

hydrolysis, while changes in motor pausing shed light on residues involved in alignment

of ATP in the binding pocket.

4.2.3.1 Hydrophobic quartet

We first studied the effects of changes of the predicted hydrophobic Walker B

residues. We tested four of the single residue changes studied in the genetic assay

(V174P, A175L, G176S, and Y177V) and one double residue change (174VA175→ GI).

Three of these (A175L, G176S, and V174G+A175I) were chosen because they were rare

examples that exhibited detectable phage yields. The other two (V174P and Y177V),

although no phage yield was detected, were chosen as representative of conservative

changes that preserve hydrophobic character and are not predicted to alter β-sheet

secondary structure; change TerL-V174P reduces hydrophobicity, while change TerL-

Y177V increases hydrophobicity and reduces side chain bulk. Consistent with the genetic

studies, mutant terminases TerL-V174P and TerL-Y177V, which showed no detectable

phage yield (Figure 4.2) also exhibited no DNA translocation activity (Figure 4.7). These

results further support the assignment of the Walker B motif and are consistent with our

interpretation that changing these residues likely cause folding/assembly defects.

We next examined the effect of change TerL-A175L, which increases hydropho-
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bicity and side chain bulk. Consistent with the finding of near-wildtype phage yield

(Figure 4.2), the TerL-A175L change caused very little impairment in DNA translocation

activity (Figures 4.6 and 4.7). The average motor velocity was∼90% that of wildtype and

the average packaging rate was ∼80% that of wildtype. However, neither these metrics

nor the average pausing and slipping frequencies were significantly different from those

of wildtype to within the precision of the measurement. One significant change was

a ∼2-fold increase in the average duration of pauses (Figure 4.7). Another significant

change is that we found that the motor was slightly more sensitive to load force. We

conducted translocation measurements with 5× higher force (25 pN) and found that the

average motor velocity at 25 pN is 32%± 3% that at 5 pN, whereas for wildtype it is

41%±5% that measured 5 pN for wildtype.

We next examined double residue change mutant V174G+A175I because it was

one of the few tested changes in the genetic assay that resulted in detectable, though

very low, phage yield. We did not detect any DNA translocation in the single-molecule

assay (Figure 4.7). That some viruses clearly can assemble using this mutant terminase

indicates that it must have some DNA translocation activity in vivo. The lack of measured

translocation in the single-molecule assay despite hundreds of trials suggests that the

efficiency of initiation of packaging is too low to detect translocation events (< 1%).

This finding is thus consistent with the finding that phage yield is highly reduced.

Also, consistent with the finding of the genetic studies, we found that residue

change G176S, which did not significantly alter phage yield, did not impair translocation

activity. In fact, the average motor velocity and packaging rate were consistent with, if

not slightly higher than, the wildtype values (Figures 4.6 and 4.7). However, a significant

finding is that the mutant motor exhibited 5-fold less frequent slipping (i.e., 5-fold higher

processivity) than the wildtype motor.

Overall, our results show that changing the hydrophobic residues can have a wide
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Figure 4.6: Examples of single DNA molecule translocation measurements for wildtype
terminase (WT) and mutants G176S and A175L. All measurements are with saturating
ATP (500 µM) except for the WT measurements labeled 2.5 µM ATP.

range of effects ranging from severe impairment to partial enhancement of function.
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Figure 4.7: Metrics of DNA translocation activity with wildtype (WT) and mutant
terminases determined by analysis of the optical tweezers measurements. The results are
reported as mean values, except for the last column that reports viral assembly activity
(phage yield per cell) as a fraction of WT (the color codes in this column are the same as
used in Figure 4.2. All measurements were done with saturating ATP (500 µM), except
for those labeled WT 5 µM ATP and WT 2.5 µM ATP, which report WT measurements
with lowered [ATP]. Uncertainties are expressed as standard error in the mean.

4.2.3.2 The Conserved Walker B Aspartate

We next analyzed the effects of changes in residue TerL-D178, putatively the

critical aspartate that coordinates the Mg2+ of Mg2+−AT P. Changing the negatively

charged D to A or N (an uncharged side chain of similar size) resulted in no measured

translocation despite several hundred trials (Figure 4.7). These results are consistent

with both the genetic study, which detected no virus yield with either of these mutant

phages (Figure 4.2) and the biochemical studies, which demonstrated ATP hydrolysis

and DNA packaging by the TerL-D178N terminase was severely compromised (Figure

4.5a). The combined genetic, ensemble biochemical, and single molecule data support

the conclusion that residue D178 plays a critical role in ATPase and DNA translocation

functions.
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Figure 4.8: Effects of limiting ATP and Walker B residue changes on motor velocity
and slipping. Slipping frequency vs. motor velocity for wildtype terminase (WT)
and mutants (indicated by labels on top of plot). Results for mutant V80A from a
previous study are shown for comparison. Measurements were done with saturating
ATP (500 µM) and, for WT, also with sub-saturating ATP (5 µM and 2.5 µM, where
indicated). Dashed lines indicate slipping frequencies for WT with the different ATP
concentrations. Note that the V80A mutant (measured with 500 µM) clearly follows
the trend that exhibited by the WT of increasing slip frequency with decreasing motor
velocity, but mutant D178E does not follow this trend.

We also tested conservative change D178E that shows a cold sensitive phenotype

with near-normal viral replication at 42 ◦C but no plaque formation at 30 ◦C. Surprisingly,

we did detect DNA translocation activity in the optical tweezers assay with this mutant

motor (performed at 23 ◦C), although it exhibited clearly impaired function compared

with the wildtype motor (Figures 4.6 and 4.7). Most notably, the average motor velocity

was reduced ∼2.5-fold (Figures 4.6 and 4.7). That translocation activity is observed

at room temperature while no viral assembly is detected in the genetic assay at this

temperature indicates that packaging is able to initiate and proceed with a reduced rate,

but the impaired motor cannot efficiently package the full genome (∼48.5 kbp) as needed

for viral assembly.

102



4.3 Discussion and Conclusions

This study describes an integrated genetic, biochemical and biophysical dissection

of the putative Walker B motif in λ terminase. In sum, the data clearly demonstrate that

residues (174)VAGYD(178) in the TerL subunit are essential to motor function and phage

development, and strongly support the motif assignment. More importantly, the results

provide mechanistic insight into the roles each residue play in protein folding, motor

assembly and catalytic activities required to package the viral genome, as follows.

Most changes for TerL hydrophobic residues (174)VAGY(177) are profoundly

lethal. The Walker B hydrophobic quartet functions in the folding and stability of the

core β-sheet of the ATPase domain. Thus, it is perhaps not surprising that most mutations

strongly affect virus development, presumably due to protein folding defects and/or

perturbations in the position of the critical D178 and E179 residues; however, in the

genetic analysis of the hydrophobic residues, (174)VAGY(177), almost all changes were

profoundly defective in sponsoring phage assembly.

The observed degree of lethal phenotypes in TerL of the λ phage contrasts sharply

with results observed in the phage T4 system where many mutations show no evidence of

viral assembly defects and many conservative changes are tolerated [MR06]. For example,

only 3 of 13 changes for M251 were lethal and only 5 of 13 changes for Y253 were lethal.

Similar differences in sensitivity to residue changes were observed in studies of Walker

A motif [OOS+16]. Speculative possibilities are that (1) many substitutions in λ-TerL

affect protein folding and/or stability while T4-TerL is structurally robust. We note,

however, that the lethal change λ-TerL-D178N does not cause a major folding defect and

mis-folding may be localized to the packaging domain of the enzyme. (2) The expression

of λ-TerL is very poor [MDCG87] and may be significantly lower than that of T4-TerL.

This may reflect important lifestyle differences between the two phages, as follows. TerL
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endonuclease activity is toxic to E. coli [Mur88, DG92]. For a virulent phage such as

T4, every infection kills the host cell, so production of a higher level of T4-TerL is

inconsequential. In contrast, temperate phages such as λ must allow lysogenization,

which requires that a toxic level of λ-TerL expression be avoided [Mur88, CDM87]. A

third possibility is that the structure of the λ-TerL ATP binding pocket is structurally less

stable, and hence more easily perturbed, than that of T4-TerL.

In addition, the hydrophobic quartet residues serve to properly position, and

perhaps allow mobility to the bound ATP and to the Mg2+− coordinating D178 residue

and the adjacent catalytic E179 residue. Within this context, it is interesting that a variety

of motor translocation phenotypes were observed in enzymes with altered hydrophobic

residues in the tweezer studies, as described next.

4.3.1 Mutant TerL-A175L

Mutant TerL-A175L exhibited only minor impairments. One notable effect is a

∼2.4-fold increased pause duration. We have proposed previously that increased pausing

can be attributed to binding of ATP in a misaligned orientation, such that catalysis

cannot occur for an extended period until the ATP dissociates and rebinds in the correct

orientation. This would implicate residue A175 as playing a role, likely structural, in

proper positioning of the nearby D178 and E179 residues that are involved in ATP binding

and catalysis of hydrolysis. Altered pausing was also observed in our previous studies

with several Walker A motif mutants. A second attribute of the TerL-A175L mutant is a

small increase in sensitivity to high force, which suggests this residue may play a role

(perhaps indirectly) in motor force generation.
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4.3.2 Mutant TerL-G176S

Unlike all other TerL Walker A and Walker B mutants examined, the TerL-

G176S enzyme, sponsored translocation at a rate equal to that of wildtype terminase

but remarkably exhibited 5× higher processivity (Figure 4.7). This behavior may be

contrasted with those of previously studied Walker A mutants TerL-Y82A and TerL-S83T,

which similarly exhibited increased processivity, but also exhibited significant decreases

in motor velocity. The TerL-G176S change thus caused an overall enhancement in

function - increased processivity with no concomitant decrease in motor velocity. On the

surface, this suggests that the motor can be engineered to have improved function through

a single residue change. However, since slipping of the WT motor is quite infrequent,

the improved processivity exhibited by TerL-G176S does not result in a significant

increase in the overall packaging rate (Figure 4.7).This suggests there would probably

not be much natural selection pressure for the motor to evolve in this manner. Indeed,

the occasional slipping exhibited by the wildtype motor may be advantageous to slow

packaging to help mitigate the formation of unfavorable or jammed non-equilibrium states

of DNA packaged into the procapsid [FRK+07, Kel16, BKS15, BKG+14, KGJ+14].

Nevertheless, the ability to engineer the motor to have improved function could be useful

for applications in biotechnology, such as in the use of DNA translocating motors in

nanopore-based DNA sequencing [YCM09, MDL+12].

4.3.3 Mutations in Conserved TerL-D178E

The genetic studies found that all tested changes of D178 were lethal, with the

most conservatively changed mutant, D178E, being a conditional (cold sensitive) lethal

mutant. The nature of the impairments in the DNA translocation dynamics caused by

change D178E observed in the single molecule studies shed further light on the nature of
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the defect.

We have proposed a model in which ATP drives a conformational change in TerL

that results in tight ATP binding and a concomitant tight grip on DNA [OOS+16]. This is

based, in part, on the observation that reducing ATP concentration to sub-saturating levels

decreases the WT motor velocity and increases the average frequency of slipping events

where the motor transiently loses grip and a section of DNA slips back out of the prohead

(see Figures 4.5 and 4.6). We previously reported that some Walker A mutants, such

as TerL-V80A, also exhibit a reduced motor velocity and increased slipping phenotype,

even in the presence of a saturating concentration of ATP [OOS+16]. We attributed this

phenotype to slowed progression to the ATP/DNA tight binding state. In contrast, the

Walker B TerL-D178E mutant enzyme studied here exhibits a ∼2.5-fold decrease in

average motor velocity but does not exhibit a significant increase in slipping (Figures

4.7 and 4.8); this suggests that the ATP-mediated conformational change to a tight

binding conformation is not significantly affected. Thus, although the Walker B aspartate

is conventionally implicated in ATP tight binding, change D178E does not appear to

significantly perturb this function. Our interpretation is that glutamate (E) functions

as well as the WT aspartate (D) for binding Mg2+−AT P, as both are acidic residues

that have similar size and negative charge. Within this context, sequence alignments

predict that some terminases such as those of phages SPP1 and Sf6, classified as Deviant

I types, utilize an E at this position rather than a D [MR06]. Our finding that the TerL-

D178E mutant can sponsor translocation, albeit impaired in λ-TerL, is consistent with

this observation. Since our findings do not suggest the reduction in motor velocity caused

by this substitution is due to a slowed ATP binding transition, subsequent steps in the

mechanochemical kinetic cycle must be affected. We propose that the defect is caused by

perturbation of the alignment of the bound ATP with the adjacent catalytic carboxylate

(E179) and a concomitant decrease in ATP hydrolysis [GR03, RF08]. Within our kinetic
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model, slowing the chemical step (ATP hydrolysis) slows the motor without causing

increased slipping [OOS+16], as is observed.

Change TerL-D178E also causes a ∼3-fold increase in the average frequency of

motor pauses and∼2-fold increase in average duration of pauses (Figure 4.7). Intermittent

pausing of the WT motor increases with decreasing [ATP] and we have attributed this

to an off-pathway state in which terminase intermittently grips DNA tightly despite

not undergoing the ATP tight binding change [OOS+16]. However, since D178E’s

infrequent slipping is inconsistent with a slowed ATP tight binding conformational

change, its increased pausing must be attributed to a different effect. This finding further

suggests that catalysis of ATP hydrolysis is perturbed by the mutation, as suggested for

the hydrophobic quartet mutations above. A similar phenotype was observed previously

in response to change R79K in the Walker A motif, where TerL-R79 was implicated

in catalysis of hydrolysis. As proposed previously, a plausible structural mechanism

for such pausing is intermittent binding of ATP in a misaligned orientation that induces

tight DNA gripping but does not permit catalysis of hydrolysis [OOS+16]. This finding

implicates residue TerL-D178 as playing an important role in proper ATP alignment,

which has also been suggested previously for the analogous residue in T4-TerL [DR07].

The temperature sensitive behavior of the D178E enzyme in the genetic assay, where a

wildtype-level phage yield was only obtained at elevated temperature, may be related to

these effects. Increased plasticity of the active site with increasing temperature may allow

proper alignment of the bound Mg2+-ATP into a catalytically competent conformation

and a functional packaging motor to accommodate the TerL-D178E change.

The biochemical characterization of the TerL-D178N mutant enzyme is also

informative. This mutation does not affect folding or stability of the protein nor the

maturation activity of the enzyme. The change selectively affects ATP hydrolysis and

thus packaging. Interestingly, there is a kinetic lag in the single-turnover time course
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which can be attributed to a rate limiting step prior to the chemical step that is not

observed in the wildtype enzyme. Prior studies demonstrated a similar ATPase kinetic

lag in the Walker A TerL-R79A mutant enzyme. TerL-R79A also exhibited a kinetic lag

in cos-cleavage activity, which we attributed to a slow rate of motor assembly on viral

DNA [OOS+16]. Consistently, we demonstrated that pre-incubation of TerL-R79A with

DNA abrogated the kinetic lag, consistent with our hypothesis that motor assembly was

affected by the Walker A mutation.

In contrast, while there is a distinct kinetic lag in single turnover ATP hydrolysis

by the Walker B TerL-D178N mutant enzyme, there is no indication of a lag in the cos-

cleavage time course (not shown). Thus, the nature of the lag in ATP hydrolysis must be

distinct from that observed with the Walker A mutant enzyme characterized previously,

and we suggest that it is the result of slowed ATP-binding. Since the rate constant

obtained in the kinetic fit is significantly less than that expected for diffusion-controlled

ATP binding (Table 4.2), it is likely that this represents the ATP tight binding transition

discussed above, and the kinetic data provide a rate of (1.7±0.2)×104M−1sec−1 for

this conformational change.

The fact that TerL-D178N retains single-turnover ATPase activity but abrogated

steady-state ATP hydrolysis suggests that ADP release from the enzyme is severely

slowed and the enzyme is trapped in the ADP-bound conformation. Within this context,

mutations introduced into the Walker B motifs of ClpB [HW05], NSF, P97 and VSP

AAA+ ATPases have been used to create “substrate” traps that bind, but do not release

substrates. The TerL-D178N phenotype is consistent with this model and the mutant

enzyme may provide an effective tool in probing intermediate conformational states of

the lambda packaging motor.

We have dissected the Walker B motif of the phage lambda DNA packaging motor.

The lambda system has significant aspects that enable the comprehensive study of the
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ATPase catalytic center. One experimental asset is the highly developed genetics, which

enabled development of the highly sensitive complementation system that reports the

severity of a TerL defect. Secondly, lambda is temperate, which permits the experimenter

to maintain lethal mutants as inducible prophages. Third, terminase forms a heterotrimeric

protomer that forms tetramers, so that well-defined assembly stages can be studied.

Thirdly, single molecule analysis provides a powerful way to examine motor output in

detail.

Here we have validated the proposed TerL Walker B motif, and done an extensive

examination of a large collection of mutants. We find that only a few residue changes

in the hydrophobic residues are tolerated. Changing hydrophobic residues A175 to L

or G176 to S caused mild changes to motor output, suggesting that the hydrophobic

residues act to position the adjacent D178 and E179 residues that are involved in ATP

binding and catalysis of hydrolysis. D178 is proposed to coordinate the magnesium atom

of MgATP. Consistent with this proposal, change D178N did not affect protein folding,

assembly or endonuclease activity, but caused a ∼200-fold reduction in ATPase turnover

and abolished DNA packaging in both ensemble and single molecule assays. The D178E

mutant enzyme had a reduced translocation velocity, but did not show increased slipping

which is associated with longer residence in the apo state, consistent with the D178E

enzyme having a catalysis defect, not an ATP binding defect.

4.4 Materials and Methods

4.4.1 Microbiological techniques

Methods for construction and genetic analysis of terminase mutants were as

described previously [OOS+16]. The method for crossing terminase mutations into

phage λ were as described previously [SPV+15]. The phage used was λ-P1:5R KnR
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cI857 nin5, hereafter designated λ.

4.4.2 Single-Molecule Methods

The optical tweezers instrument was calibrated as described previously [dS14] and

samples were prepared and single-molecule measurements were conducted as described

previously [OOS+16].

Chapter 4, in part is currently being prepared for submission for publication of

the material: Ordyan, Mariam; Ortiz, David; delToro, Damian; Sippy, Jean; Oh, Choon-

Seok;Vu, Amber; Catala, Alexis; Catalano, Carlos; Feiss, Michael; Smith, Douglas. The

dissertation author was the primary investigator and author of this material.
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Chapter 5

Characterization of the ASCE ATPase

Site in the Phage Lambda Genome

Packaging Motor: Functional Role of

the Catalytic Glutamate

5.1 Introduction

Molecular motor proteins that convert the energy of nucleotide hydrolysis (typ-

ically ATP) into mechanical work are ubiquitous in biology. These include motors

involved in cell motility, cell division, electromotive force, protein degradation, and

cargo transport in a cell [AMS12, TB08, LSB11, GNY+16]. Viral terminase enzymes

are molecular motors that play a central role in the assembly of many double stranded

DNA viruses. These enzymes package viral genomes into a pre-assembled procapsid

shell, powered by the hydrolysis of ATP. The packaging substrate is typically a genome

concatemer composed of end-to-end multimers of viral chromosomes (immature DNA).
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A site-specific endonuclease activity of terminase initiates packaging by nicking the

DNA duplex at the packaging initiation sequence in the concatemer (pac or cos). Fol-

lowing DNA cleavage, the terminase-DNA complex assembles on the portal vertex of

the procapsid and duplex translocation into the shell ensues, powered by ATP hydrolysis.

Translocation is terminated by a second downstream DNA cleavage event and in this

manner a single (mature) genome is packaged to a density approaching that of crystalline

DNA [EC80]. Thus, terminase enzymes perform two essential functions in genome pack-

aging; (i) excision of an individual genome from the concatemer using an endonuclease

activity (genome maturation) and (ii) packaging of the duplex into the shell using an

ATP-fueled DNA translocation activity (genome packaging) [CS12, Smi11]. The latter

activity shares functional similarities to essential cellular motors and the fundamental

principles of energy transduction and mechanochemical coupling are likely retained in

all of them [IMKA04].

Terminase enzymes are generally heterooligomers of a small genome-recognition

subunit (TerS) that is responsible for motor assembly at the packaging initiation site and

a large catalytic subunit (TerL) that contains the maturation and packaging activities

of the enzyme (Figure 5.1). TerL subunits are composed of a C-terminal genome

maturation (endonuclease) domain and an N-terminal DNA packaging domain that

contains the DNA translocation and packaging ATPase activities. Coordinated ATP

hydrolysis and DNA translocation transduces chemical energy into mechanical work

[DF02, Cas11, Bla15, Cat05, RF15]. Importantly, the catalytic activities of these two

structural domains can be segregated genetically and biochemically, which allows detailed

mechanistic dissection of motor function.

The N-terminal ATPase domains have been classified as members of the ASCE

(Additional Strand, Catalytic Glutamate) superfamily of P-loop ATPases, which include

multi-subunit ring-translocases and helicases that move and/or unwind double stranded
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(a)

(b)

Figure 5.1: The lambda DNA packaging pathway, and sequence comparisons. (a) The
lambda DNA packaging pathway, as described in the previous two chapters. The residue
E179 is proposed to catalyze the ATP hydrolysis. (b) The amino acid sequence for the
putative Walker B motif, followed by the conserved glutamic acid (E179) residue is
indicated.

nucleic acids [BIA07, LSB11]. These domains contain conserved Walker A and Walker

B motifs, which are central to ATP binding and hydrolysis. An additional conserved

ASCE residue is the catalytic glutamate that is typically located immediately downstream

from the Walker B motif. A number of studies of homologous ATPases involved in

cellular functions suggest that this glutamate plays a key role in activation of water

for nucleophilic attack on the γ-phosphate of ATP [GR03]. Genetic and bioinformatic

studies by Rao and co-workers have identified putative components of the conserved

ASCE ATPase catalytic site in terminase enzymes, including the Walker A and Walker B

motifs, and the catalytic glutamate residue [RF08, MR04, MMIR02]. Structural studies
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in the Sf6, Phi29, T4 and P74-26 phage systems are consistent with the predicted motif

assignments [ZCKT13, SKG+07, CSZ+14, SKD+08, HHS+15], as are structural-based

modeling studies of phage lambda TerL [TSA+10, TSFS09, OOS+16].

Lambda residues (76)KSARVGYS(83) and (174)VAGYD(178) comprise putative

Walker-A and -B motifs respectively, identified, in the bioinformatic studies [OOS+16].

Residues Y46 (in the proposed Q-motif putatively involved in adenine binding) and K84

(adjacent to the Walker A motif, Figure 5.1b) are covalently modified with azido-ATP,

confirming that they are proximate to the ATP binding site [HTF00]. Genetic screens

for mutations that afford packaging-defective terminase enzymes further identified a set

of mutations located in the N-terminal half of TerL. These include K76R (in the Walker

A motif) and G191S, for which no DNA packaging was detected in an in vivo assay,

and G212S (in the proposed C-motif putatively involved in coupling ATP hydrolysis to

translocation), L180F and T194M, which retain DNA translocation activity but the motors

appear to stall before packaging the whole genome [DF02]. Subsequent single-molecule

studies found that Y46F, T194M, and G212S mutant terminases exhibit impairments

in DNA translocation dynamics consistent with the proposed roles of these residues

[TSA+10, TSFS09]. In the case of T194M, a residue not associated with a predicted

functional motif, members of our lab had proposed that it may be part of a motor velocity

controller region located in a predicted loop-helix-loop structure between the Walker B

motif and C-motif [TSA+10].

More recently, we have performed a comprehensive analysis of the proposed

Walker A motif using an integrated genetic, biochemical and biophysical approach; this

has provided mechanistic insight into the functional roles of these residues [OOS+16].

The lambda Walker A was proposed to be a variant of the classical sequence in which the

putatively critical lysine is at the beginning of the motif rather than its typical position

at the C-terminal end (vide supra). We found changes to K76 are indeed lethal to virus
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development resulting from a strong defect in DNA translocation activity [OOS+16].

Unexpectedly, however, biochemical studies reveal that this mutant retains near wildtype

ATPase activity [KDV+14] indicating that the defect is in mechanochemical coupling.

Single molecule measurements of the packaging dynamics further implicated

various Walker A residues in various functional roles [OOS+16]. Enzymes with altered

residues V80, G81 and S83, for example, exhibit reduced motor velocities and increased

pausing and slipping frequencies consistent with a slowed ATP tight binding transition.

Other changes, such as A78V and R79K, decrease motor velocity but cause smaller

changes in slipping, which implicated these residues as playing important roles in the

ATP hydrolysis step and possibly in mechanochemical coupling. Certain residue changes,

such as A78V, R79K, and Y82, were also found to cause changes in motor pausing,

which implicated these residues as playing important roles in proper alignment of ATP in

the binding pocket.

In sum, our published studies have confirmed the predicted ASCE Walker A

motif in lambda terminase, identified residues critical to virus development in vivo and

revealed mechanistic features of this essential viral motor. Based in part on these studies,

we proposed a model where the lambda terminase motor undergoes a conformational

change upon binding of ATP that is required for both tight binding of the nucleotide and

tight DNA gripping during duplex translocation [OOS+16], similar to that proposed for

the phi29 motor [CAM+05]. This “tight binding” transition, which presumably requires

strong interactions of ATP with WA and WB residues, is essential for efficient ATP

hydrolysis and coupled DNA translocation.

In the present study, we extend these studies and focus on the putative catalytic

glutamate residue of lambda terminase, TerL-E179. In the high-resolution structures of

T4, Sf6, P74-26 and φ29 TerL subunits, this conserved residue appears to be in a position

where it could interact with the bound ATP [TB08, ZCKT13, SKG+07, HHS+15]. While
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sequence alignment, bioinformatic and model-building studies suggest that E179 is the

catalytic carboxylate residue in lambda TerL, experimental validation of the proposed

assignment has not been reported. Here we test this hypothesis using an integrated

genetic, biochemical, biophysical, and computational approach. The results confirm that

E179 is essential for ATPase and packaging activities. In addition, we present evidence

for a novel mechanism in which E179 and the conserved Walker A arginine R79 interact

in a manner that allows these two residues to act in concert to catalyze ATP hydrolysis.

Given the strong homology among terminase packaging ATPase sites, this essential

interaction may be a general catalytic feature of the viral packaging motors.

5.2 Results

5.2.1 Genetic Analysis by our collaborators

Our collaborators first used a genetic approach to investigate functional effects

of changing the proposed catalytic glutamate, E179, in the TerL subunit of lambda

terminase (a.k.a., gpA). Our expectation was that if this residue plays a critical catalytic

role in ATP hydrolysis, all changes except perhaps chemically conservative ones would

cause major impairments in terminase function and thus in viral assembly. To test

this hypothesis, our collaborators mutagenized codon 179 to create a collection of 11

missense mutants. To quantify the activity of the mutant enzymes they applied a highly

sensitive in vivo genetic complementation assay developed in previous work to measure

viral assembly capacity [OOS+16]. In brief, a plasmid complementation vector was

used to supply altered or wildtype (WT) TerL protein to a prophage whose production

of WT TerL is blocked by amber mutations in the viral genome. If the supplied gpA

is sufficiently functional, fully-assembled phages are produced. Plaques of the fully-

assembled phages are counted by plating on an amber suppressing host (in which WT
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TerL is produced so as to facilitate plaque growth) and phage yield (phage/cell) is

calculated. The phage yields reflect the level of activity of the TerL supplied by the

complementation vector and can be normalized to the control vector, which supplied

wild type TerL. This approach provides much higher sensitivity to terminase activity

than could be achieved by directly introducing gpA mutations into the viral genome

because for a lambda strain to produce a plaque its yield must typically be at least ∼10%

that of WT. In contrast, the complementation assay can detect phage yields for mutant

terminases down to 107−fold lower than that produced when WT TerL is supplied during

viral assembly.

Eleven TerL-E179 mutants were tested, in which E was changed to A, C, D,

G, I, L, N, P, Q, R, V comprising a wide range of both chemically conservative and

non-conservative changes, and none of the mutant enzymes supported detectable phage

production. That is, the yield in each case was < 10−7 the wild type yield. Notably, even

the chemically conservative change, TerL-E179D, which preserves negative charge and

similar side-chain bulk resulted in no measurable activity. This shows that even a minor

perturbation of this conserved residue drastically affects function and thus virus yield.

These findings are consistent with the predicted crucial role of TerL-E179 in the catalysis

of ATP hydrolysis, as reviewed in the introduction.

While the genetic studies clearly demonstrate that TerL-E179 is essential for

virus viability, they do not define the mechanism for the defect or shed light on the role

of E179 in terminase function. In addition to the predicted defects in ATP hydrolysis

and translocation, it is possible that observed impairments could be caused by defects

in protein folding and/or motor assembly at cos, impaired cos-cleavage endonuclease

activity and/or procapsid binding interactions (see Figure 5.1). Even if ATP hydrolysis

and translocation were primarily affected, they could be affected in many different ways

and for many possible reasons, such as by impaired ATP binding, catalysis of hydrolysis,
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mechanochemical coupling, or translocation dynamics. Finally, a mutant terminase could

be totally defective in the complementation assay, yet still have weak ATPase and DNA

translocation activity that could shed light on the motor mechanism [TSA+10, OOS+16].

Thus, to define the mechanistic basis for the virus assembly defects, we carried out

additional biochemical and biophysical studies with several of the mutants.

5.2.2 Biochemical and Ensemble Biophysical Analysis by our col-

laborators

5.2.2.1 Structural Characterization of the TerL-E179 Mutant Terminases

Three mutant enzymes were chosen for study; the conservative TerL-E179D

and the non-conservative TerL-E179A and TerL-E179Q. The enzymes were purified

to homogeneity as previously described [OOS+16]. The proteins purified in a similar

fashion and with similar yield as the wild type enzyme (data not shown) indicating that

the protein structure is not grossly affected by the introduced mutations. To confirm this

presumption, protein secondary structure was characterized by far-UV CD spectroscopy.

The data presented in Figure 5.2 confirm that all three mutant enzymes possess significant

α-helical structures at 4◦C, similar to the wildtype protein. Next the thermal stability of

the enzymes was examined. The TerL-E179A and -E179Q terminase mutants exhibit

highly cooperative melting transitions with thermal stabilities similar to WT, indicative of

compact and well-folded structures. In contrast, the conservative TerL-E179D mutation

generates an enzyme that exhibits a broad, non-cooperative denaturation curve (Figure

5.2, Table 5.1). The reason for this is unclear, but suggests that this mutation results in a

loosely-folded structure and/or a heterogenous population of structures. This is discussed

more fully below.

As described above, the terminase protomer is composed of one TerL subunit
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(a) (b)

(c)

Figure 5.2: Structural Characterization of the Mutant Terminase Enzymes. (a) Far-
UV spectra of wild-type and mutant terminase enzymes indicate that they all possess
similar secondary structures.(b) Thermal denaturation of the wildtype and mutant
terminase enzymes was performed. The TerL-E179A and -E179Q enzymes exhibit
wild-type stability while the TerL-E179D enzyme displays an uncooperative melting
curve suggesting an unstable, polydisperse mixture. The data were fit to a sigmoidal
curve function to obtain the Tm values presented in Table 5.1. (c) Sedimentation velocity
analytical ultracentrifugation analysis of the wildtype and mutant terminase enzymes.
The wild-type enzyme assembles into a protomer species that is in slow equilibrium
with a ring-like tetramer of protomers. The TerL-E179A and -E179Q enzymes show
native-like assembly behavior. The TerL-E179D mutant displays significant assembly
defects. (Provided by collaborators)

tightly associated with two TerS subunits which is in slow equilibrium with a tetramer

of protomers (i.e, the motor complex) [MYC05]. Our collaborators next investigated

whether the introduced mutations affect quaternary interactions required for protomer

125



and/or motor complex assembly using analytical ultracentrifugation. The continuous

size distribution, c(s), for the wild-type enzyme reveals two species in solution, 6S and

16S, which represent the stable protomer (TerL1TerS2) and a tetramer of protomers

[(TerL1TerS2)4], respectively (Figure 5.2c) [MYC05, MGB+06]. The data show that

neither the TerL-E179A nor the -E179Q mutations significantly affect the solution distri-

bution of protomer or tetramer species; this indicates that neither tertiary nor quaternary

interactions of the enzymes have been affected. In contrast, the conservative TerL-E179D

change has significant effects. First, the 16S species is not detected indicating that the

mutation interferes with protomer assembly into a functional tetrameric motor complex.

Next, a novel 3.3S species is observed in the c(s) distribution of this mutant, which is not

observed with the wild-type enzyme. It is likely that this represents TerL-E179D free in

solution, suggesting that the protomer is unstable and has dissociated into the composite

subunits. In sum, the data indicate that while the TerL-E179A and -E179Q changes little

affect enzyme structure, the TerL-E179D protein is severely compromised in quaternary

interactions required for the assembly of the protomer and a functional motor complex.

Table 5.1: Thermal Stability of the Terminase Enzymes. The thermal denaturation data
presented in Figure 5.2b were fit to a sigmoidal curve function to afford the values
presented in the Table. (Provided by collaborators)

TM(◦C) Transition Slope
WT 46.4±0.1 −31.8±2.3
E179D ND ND
E179A 42.4±0.4 −12.4±1.1
E179Q 41.9±0.1 −29.0±1.6

5.2.2.2 cos-Cleavage Endonuclease Activity of the E179 Mutant Enzymes

Terminase enzymes perform two essential functions in virus development; (i)

nucleolytic excision of a mature viral genome from a concatemeric DNA precursor (DNA
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maturation) and (ii) translocation of viral DNA into a procapsid, fueled by ATP hydrolysis

(DNA packaging). These catalytic activities are contained within C- and N-terminal

domains of TerL, respectively. The TerL-E179 mutations were designed to specifically

affect ATPase activity without impacting protein folding, motor assembly or genome

maturation functions. This is obviously not the case with the TerL-E179D mutant, which

has severe folding and assembly defects. While the TerL-E179A and -E179Q mutations

do not impart any significant structural defects, they could feasibly introduce subtle

dynamic effects resulting in a global loss of catalytic activity, specifically the nuclease

activity centered in the C-terminal domain. To address this question, the cos-cleavage

activity of the TerL-E179A and TerL-E179Q mutant enzymes were examined.

The cos-cleavage reaction entails site-specific nicking of the duplex strands within

the cos sequence of lambda DNA. The in vitro assay utilizes a 12 kb cos-containing

duplex and nicking of the strands produces 8 kb and 4 kb nuclease products. The data

presented in Figure 5.3 demonstrate that neither the TerL-E179A nor the TerL-E179Q

mutation affect nuclease activity to any detectable extent. In contrast, while faint product

bands are observed with the conservative TerL-E179D mutant enzyme, the reaction is

severely compromised as a result of a vigorous non-specific nuclease activity (data not

shown). This feature precludes quantitation of specific cos-cleavage activity because both

the substrate and product duplexes are severely degraded. Nonetheless, it is evident that

the TerL-E179D mutant possesses weak cos-cleavage activity despite a severe assembly

defect. How can this be reconciled? A simple explanation is that a small equilibrium

fraction of the enzyme is assembly competent and possesses cos-cleavage activity; this is

discussed further below. The remainder (bulk) of the protein is unassembled but possesses

a non-specific nuclease activity. This is consistent with the presence of unassociated TerL

in solution (3.3S species, Figure 5.2c) and the observation that the isolated TerL subunits

in the T4, Sf6 and P74-26 terminase systems possess non-specific nuclease activity.
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(a) (b)

(c) (d)

Figure 5.3: Catalytic Activity of the Mutant Terminanse.(a)The specific cos-cleavage
endonuclease activity was quantified. The E179D enzyme possesses a strong, non-
specific nuclease activity (NS) that precludes quantitation of specific cleavage at the cos
site.(b) Steady state ATPase activity was quantified. The observed rates of hydrolysis
are presented in Table 5.2.(c) Single turnover ATP hydrolysis was performed. The
solid lines represent the best fit of the data to a monophasic exponential curve function.
The observed rate constants are presented in Table 5.2.(d) DNA packaging activity
was quantified. Each bar represents the normalized average activity of at least three
independent experiments with standard deviations indicated with error bars.(Provided
by collaborators)
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5.2.2.3 ATPase Activities of the TerL-E179 Mutant Terminases

Genome packaging by terminase motors couples ATP hydrolysis to physical

translocation of DNA into the capsid. The mutations were designed to specifically affect

ATP hydrolysis by the packaging ATPase site and are thus anticipated to simultaneously

abrogate DNA packaging activity.

Table 5.2: ATPase Kinetic Analysis (Provided by collaborators)

Enzyme Steady State APTase
kobs (µM/min)

Single Turnover ATP Hydrol-
ysis kobs (×10−3s−1)

Wild Type 2.7±0.1(100%) 140±4(100%)
E179A 0.09±0.01(3.3%) 1.91±0.11(1.4%)
E179Q 0.02±0.06(0.7%) 0.25±0.02(0.2%)
E179D 0.13±0.2(4.8%) -

Figure 5.3b demonstrates that steady-state ATP hydrolysis by the TerL-E179A

and TerL-E179Q enzymes is strongly impaired, as predicted. To further probe the re-

action, a single-turnover ATP hydrolysis assay was employed in which the enzyme

concentration is in excess of the ATP substrate. Under these conditions, a single catalytic

turnover is observed, which captures ATP binding and hydrolysis events, but not subse-

quent conformational change or ADP release steps. The data presented in Figure 5.3c

demonstrate that the TerL-E179A and TerL-E179Q mutant enzymes possess significant

defects in single-turnover hydrolysis that parallel their observed effects on steady-state

ATP turnover (Table 5.2). Importantly, there is no observable lag in the single-turnover

kinetic time course, suggesting that the ATP binding step is not significantly affected

by the mutations, as has been observed with some Walker A changes [OOS+16]. The

ensemble of steady state and single turnover kinetic data indicate that the primary defect

is not in protein folding, motor assembly nor DNA maturation events needed to initiate

packaging. Rather, the specific defects reside in the ATPase that drives DNA translocation.
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These findings indicate that TerL-E179 is directly involved in ATP hydrolysis, ostensibly

as the classical catalytic carboxylate residue. Finally, we note that the TerL-E179D

mutant retains a weak steady state ATPase activity (Figure 5.2b, Table 5.2). This was

initially unanticipated because of the severe defects in thermal stability, motor assembly

and cos-cleavage activity; however, a small fraction of the enzyme may be assembly

competent, as described above. This suggests that the conservative TerL-E179D mutation

affords an enzyme that is capable, at least in part, of hydrolyzing ATP. This is discussed

further below.

5.2.2.4 Genome Packaging Activities of the TerL-E179 Mutant Terminases

The DNA packaging activity of terminase is powered by ATP hydrolysis and

defects in ATPase activity are expected to impact DNA translocation by the motor. To

confirm this hypothesis, the genome packaging activity of the mutant enzymes were

examined next. In this ensemble in vitro assay, the 48.5 kb lambda genome is translo-

cated into the procapsid shell interior and is rendered resistant to DNase digestion.

Genome packaging is then quantified by agarose gel/densitometry (as previously de-

scribed [YMC08]).The data presented in Figure 5.3 confirms all of the TerL-E179 residue

changes result in no detectable DNA packaging activity.

5.2.3 Single Molecule Biophysical Analysis

The biochemical studies demonstrate that while all of the TerL-E179 mutant

enzymes possess weak, but detectable ATPase activity, there is no detectable genome

packaging (Figure 5.3). The latter is a stringent assay that measures the capacity of

the motor to package the entire genome length. Thus, it is feasible that the mutant

motors could possess partial DNA translocation activity commensurate with their ATPase

activity but that is not detected by the ensemble biochemical assay. Optical tweezers
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provide a sophisticated approach to interrogate DNA translocation dynamics of single

DNA molecules by individual procapsid-motor complexes. We therefore employed this

technique to test for DNA translocation activity. Measurements were made under the

“least taxing” conditions, with saturating concentration of ATP (500µM), a low applied

load force (5 pN), and low capsid filling (0−20% of the full genome length) to minimize

resistive forces from the packaged DNA. Consistent with the ensemble biochemical

studies, we detected no translocation with the E179A and E179Q proteins despite several

hundreds of trials.

Figure 5.4: Examples of single DNA molecule translocation measurements for wildtype
terminase with saturating ATP (500 µM) (top left), wildtype terminase with 2.5 µM ATP
(top right), and E179D mutant terminase with 500 µM ATP (bottom).

The conservative but genetically lethal E179D mutation imparts severe effects on

stability and assembly of the motor proteins, but the data suggests that a fraction of the

enzyme could be catalytically competent (vide supra). Consistent with this hypothesis,

some DNA translocation events are detected in the optical tweezers assay. However,

131



various impairments in function were clearly evident. First, the efficiency of initiation of

packaging (relative number of detected events per time measurements were attempted)

was reduced, being ∼38% that of WT. While this is only a modest reduction, the E179D

change caused much stronger impairments in the DNA translocation dynamics (Figure

5.4). Overall, we measured a ∼13-fold reduction in packaging rate. A more detailed

analysis shows that this reduction is caused by an ∼8-fold reduction in motor velocity

(packaging rate not including pauses and slips), a ∼3-fold increase in average slipping

frequency, a ∼20-fold increase in average pausing frequency, and a ∼70% increase in

average pause duration (Table 5.3). The increase in slipping is much less than is observed

when the WT motor velocity is slowed a comparable amount by reducing [ATP] (Figure

5.5a). Our interpretation of this finding, within the kinetic model we presented previously,

is that the slowed translocation is not primarily attributable to a slowed ATP tight binding

transition. Rather, the phenotype is similar to that observed previously for WA mutant

R79K (and contrasts with that observed for some other WA mutants, such as V80, which

appear to have ATP binding defects) (Figures 5.5a and b). The phenotype exhibited

by E179D and R79K is consistent with a slowed rate of catalysis of hydrolysis, and

thus supports the prediction that both of these residues play a critical role in catalyzing

hydrolysis. However, it is also notable that with saturating ATP these mutants do slip

∼3-fold more frequently than WT with saturating ATP, which suggests an additional

defect in mechanochemical coupling. The large increase in pausing observed for both

mutants also suggests that these residue changes result in intermittent binding of the ATP

in a misaligned orientation where hydrolysis is blocked.
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(a)

(b)

Figure 5.5: Frequencies of slipping and pausing vs motor velocity. Results for mutants
V80A and R79K are from a previous study and shown for comparison. Measurements
were recorded with saturating ATP (500 µM) and, for WT, also with sub-saturating ATP
(5 µM and 2.5 µM, as indicated). (a) Slipping frequency vs. motor velocity for wildtype
terminase (WT) and mutants (indicated by labels on top of plot). Note that motor
velocity for V80A is lower than that for WT with saturating ATP (dashed line) while
slipping frequency is higher. Conversely, for E179D and R79K motor velocity is lower
than that for WT with 2.5 µM ATP (dashed line) but slipping frequency is lower. (b)
Pausing frequency vs. motor velocity for wildtype terminase (WT) and mutants. Note
that motor velocity for V80A is lower than that for WT with saturating ATP (dashed
line) and pausing frequency is higher. Similarly, motor velocities for E179D and R79K
are lower than that for WT with 2.5 µM ATP (dashed line) and pausing frequency is
higher.
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Table 5.3: Metrics of single DNA molecule packaging dynamics with wildtype termi-
nase (WT) and mutants determined by analysis of the optical tweezers measurements.
Except where indicated all measurements were recorded with 500 µM ATP. Quantities
are reported as averages over all events and reported uncertainties are standard errors in
the means.

Enzyme Events Motor
Velocity
(bs/s)

Packaging
Rate
(bp/s)

Slips Fre-
quency
(per kbp)

Pasue
Fre-
quency
(per kbp)

Pause Du-
ration (s)

WT 53 400±20 350±20 0.5±0.1 1.2±0.4 2±0.1
WT (5µM

ATP)
9 130±20 50±20 5±1 8±2 1.6±0.1

WT
(2.5µM

ATP)

13 79±6 24±7 7±1 13±2 1.8±0.1

E179D 25 50±20 28±6 1.6±0.5 24±2 3.3±0.2
E179A 0 - - - - -
E179Q 0 - - - - -

5.2.4 Molecular Dynamics Simulations by our collaborators

To provide further insights we asked our collaborators from Duke university to

carry out all-atom molecular dynamics (MD) simulations to predict detailed interactions

mediated by the conserved glutamate inside the ATP binding pocket and to predict how

the E→ D change might perturb these interactions. Since there is no crystal structure

available for the lambda TerL protein, we used the T4 TerL gp17 crystal structure (PDB

code: 3CPE) as a model [SKG+07]. There is strong sequence homology between the

ATPase domains of the two terminases (Figure 5.1), and importantly, both have the

conserved D at the end of the Walker B motif (residue 255 in T4), followed by the

conserved E (residue 256 in T4). We note that the available T4 crystal structure is for

a DE→ ED mutant and does not contain bound nucleotide. Therefore, to model the

wild type protein in the apo state these two modified residues were changed back to DE.

To model the ATP-bound state, a Mg2+ ion and an ATP molecule were docked into the
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binding site according to available crystal structures. Our collaborators also modeled and

simulated two single-residue mutants (R162A and E256D) to test specific hypotheses

arising from the WT protein simulations.

The simulations predict that E256 positions two water molecules next to the

γ-phosphate of ATP. However, interestingly, they also found that E256 forms strong salt-

bridging interactions with the conserved arginine R162 in the Walker A motif (analogous

to R79 in λ TerL). These interactions are essential to anchor E256 and a bound water

molecule near the γ-phosphate. To test this hypothesis, the R162A mutant was simulated

and it turned out that, in the absence of R162, the E256 residue remained too far from

the γ-phosphate to strongly bind a water molecule and catalyze hydrolysis. In the apo

state, these interactions do not occur, as evidenced by the 5Å larger separation distance

between the E256 and R162 functional groups and the R162 residue pointing out of the

binding pocket further suggesting the crucial role of ATP in facilitating this interaction.

Thus, this novel interaction appears to be essential, such that these two conserved residues

act in concert to catalyze ATP hydrolysis.

While the E256-R162 interaction stabilizes both residues and a water molecule

close to the γ-phosphate, the water molecule initially appears to be in an inactive, non-lytic

orientation. In a lytic pose the oxygen of the water molecule should point towards the γ-

phosphate, so that when OH− is generated the free electrons on the oxygen can facilitate

nucleophilic attack. In fact, it has been proposed that R162 may act (in cis-) as an arginine

finger that, in response to interaction of TerL with DNA, undergoes a conformational

change that causes it to move toward the γ-phosphate [SKD+08]. Consistent with this

proposal, using biased MD simulations it was found that if R162 is forced to coordinate

with the γ-phosphate the water held by E256 goes through the lytic pose. We propose that

this is a plausible mechanism by which the glutamate and arginine could act in concert to

catalyze ATP hydrolysis. Note that this additional proposed function of arginine does not
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conflict with the conventional role of an arginine finger, namely that of interacting with

the γ-phosphate and pulling the inorganic phosphate out from the binding pocket after

hydrolysis.

Our collaborators next simulated the E256D T4 mutant to examine the effect of

the conservative E→D residue change studied experimentally. Similar to the wild type

E, it was found that D256 forms a salt-bridge with R162, but in this case it positions

∼2−5Å further away from the γ-phosphate. This is caused, in part by the 1.5Å shorter

length of the acidic residues side chain, and in part due to the formation of a salt-bridge

between D255 and K166, which does not form in the simulation of the wild type protein.

The resulting increased distance between the charged functional group of the aspartate

and the γ-phosphate could explain the slower rate of packaging observed experimentally

with the lambda E179D mutant. Activation of the water that could lyse the γ-phosphate

would be much less efficient given to the larger separation between the aspartate and the

γ-phosphate, as there would be a higher activation energy associated with moving the

functional group into place for hydrolysis.

5.3 Discussion

We previously characterized the mechanistic effects of mutations introduced into

Walker-A motif residues of lambda TerL [OOS+16] and here we extend these studies to

the predicted catalytic glutamate residue in the ASCE domain. The genetic data clearly

show that E179 is intolerant to substitution by any residue, even the conservative E179D

mutation, consistent with the prediction. The unexpectedly profound in vivo defect of

the E179D enzyme in sponsoring virion assembly is explained by the severe defects in

motor assembly, the greatly reduced DNA translocation rate exhibited by the fraction of

complexes that do assemble functional motors, plus the inability to package the entire
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genome length. For an infected cell to produce sufficient virions for plaque formation

(roughly 15 to 20 phages/cell) virion completion must take place during the rather narrow

time window during which assembly components are available and prior to lysis of

the infected cell. Thus, the difference in apparent mutant activity levels between the

in vivo genetic studies and the in vitro biochemical and optical tweezer studies can be

reconciled by considering the significant differences between the assays; single molecule

assay follows the early stages of DNA packaging, ensemble genome packaging assesses

the packaging of full length genomes into the capsid, and the genetic studies measure

the final product, an infectious virus particle. The lack of measurable phage yield with

E179D protein and lack of detectable full genome packaging in the ensemble in vitro

assays, but measurable activity in the single-molecule studies indicate that while E179D

can initiate packaging, the slowed motor velocity and increased pausing and slipping

likely prevents packaging of the full-length genome, which is required to assemble an

infectious virus. Thus, the studies presented here provide insight into the mechanistic

defects responsible for the observed biological outcome.

Consistent with the genetic data, the biochemical data demonstrate that the E179D

mutant protein is unstable and incompetent in all catalytic activities. Nevertheless, weak

DNA translocation activity is detected in our single-molecule studies. On the basis of

sequence alignments, it has been predicted that there is a sub-class of deviant terminases

(termed Deviant III) which are predicted to have an aspartate serving as the catalytic

residue instead of a glutamate [RF08]. Our present findings support this model because

they show that an aspartate can sponsor DNA translocation activity, albeit inefficiently in

the lambda terminase. Since the aspartate side chain is shorter than that of glutamate,

small differences in the structures of the ATP binding pockets in the Deviant III terminases

presumably position the residue closer to the γ-phosphate of the bound ATP to facilitate

water activation and efficient hydrolysis.
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5.3.1 Structural Model for Tight ATP Binding and Catalysis

As outlined in the introduction, we recently proposed a model where the lambda

terminase motor undergoes a conformational change upon binding of ATP that is required

for both tight binding of the nucleotide and tight DNA gripping during duplex transloca-

tion [OOS+16]. In the present work, MD simulations with the homologous TerL protein

of phage T4 provide mechanistic insight into the structural features accompanying this

“tight binding transition”, and we propose the following model. In the apo state, the

catalytic carboxylate TerL-E179 is positioned out of the active site but moves into the

binding pocket when ATP binds. The simulations further predict that the conserved

WA arginine also moves into the active site upon ATP binding and that the E179-R79

interaction is essential to position the carboxylate, and thus water, next to the γ-phosphate

for catalysis. We propose that these large-scale motions from an “open” to a “closed”

conformation are associated with the ATP tight-binding transition proposed previously

based on biochemical and biophysical interrogation of the enzyme.

We previously presented evidence that WA residue R79 is involved in coupling

ATP binding to DNA gripping, consistent also with a structural model for phage P74-26

terminse. We further note that arginine is positioned such that it could serve a role in

stabilizing the departing PO2−
4 in the hydrolysis transition state, as is observed in many

ASCE enzymes; however, neither the water nor the arginine are optimally positioned

for catalysis. Biased MD simulations forcing the bound water into a catalytically-

competent poise simultaneously position the arginine for optimal interaction with the γ

phosphate, which we suggest represents the transition state conformation. Thus, MD

simulations provide structural insight into the tight binding E·S complex and the structural

reorganization required to stabilize the transition state of the reaction. We note that a

pre-catalytic tight binding transition is common in biology and a similar model has been
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proposed for DNA polymerase enzymes in which the transition modulates the fidelity of

nucleotide incorporation.

The proposed model is supported by, and in fact helps to rationalize several exper-

imental observations with lambda terminase. First, the predicted structural perturbation

caused by the E→ D change can explain why this mutation dramatically slows ATP

hydrolysis, and thus DNA translocation. Positioning and activating a water molecule

for nucleophilic attack on the γ-phosphate would be much less efficient given the pre-

dicted larger separation between the aspartate and the γ-phosphate. Second, a striking

observation is that conservative change E179D causes very similar impairments in DNA

translocation dynamics, in terms of altered motor velocity, slipping, and pausing, as

the conservative R79K change in the Walker A motif (see Figure 5.5 and [OOS+16]).

The data suggest that both mutations affect the rate of the chemical step in the ATP

hydrolysis cycle. This finding supports the prediction that an interaction between the

catalytic glutamate and the conserved Walker-A arginine residue in lambda terminase

are essential to efficiently position a water molecule near the γ-phosphate to catalyze

hydrolysis. Our interpretation is that the conservative change to either residue, which

in either case shortens the side-chain by ∼1.5 Å, causes similar perturbations in the

interactions between them and thereby causes similar perturbation of the concerted action

of these two residues in catalyzing hydrolysis.

5.4 Conclusions

The present study represents a detailed dissection of the role of TerL-E179 in

the packaging mechanism of lambda terminase using an integrated genetic, biochemical,

biophysical, and computational approach. Our experimental results confirm that this

residue plays an essential role in the function of the enzyme and is consistent with its
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role as the conserved “catalytic carboxylate” found in the ASCE ATPase family. Genetic

analysis demonstrates that the native residue is essential for virus viability in vivo, with

zero tolerance for substitution. Biochemical analysis confirms that the in vivo defect

derives from abrogated ATPase, and thus genome packaging activity. Interestingly, the

conservative TerL-E179D mutation affects not only ATP hydrolysis by the enzyme, but

also strongly affects the stability of the TerL subunit and its assembly into a catalytically

competent motor complex. Notwithstanding, a small fraction of the protein is assembly

competent and possesses weak catalytic activity. Our single-molecule measurements

show that the E179D motor is capable of DNA translocation, but translocation velocity,

slipping (processivity), and pausing are strongly affected. In sum, the ensemble of data

supports the conclusion that E179 is a catalytic residue involved in the hydrolysis of ATP.

In addition, our computational results predict a novel mechanism, supported by multiple

of our experimental findings, whereby the catalytic glutamate (E179) acts in concert with

the Walker A arginine (R79) to position and activate a water molecule for hydrolytic

attack of the γ-phosphate of the bound ATP.

5.5 Materials and Methods

5.5.1 Genetic Analysis

Microbiological techniques for construction and genetic analysis of terminase

mutants were as described previously [OOS+16].

5.5.2 Biochemical Methods

All protein purifications utilized the Amersham Biosciences AKTApurifier core

10 System from GE Healthcare. Terminase and the Escherichia coli Integration Host
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Factor (IHF) was purified as previously described ([CAC12] and [SYC14], respectively).

The in vitro cos-cleavage, strand separation, DNA packaging, and ATPase assays

were performed as previously described ([OOS+16, CAC12]). Circular Dichroism (CD)

Spectra, CD-Monitored Thermal Unfolding, and Sedimentation-Velocity Analytical

Ultracentrifugation was performed as recently described ([OOS+16]).

5.5.3 Biophysical Single Molecule Methods

The optical tweezers instrument was calibrated as described previously [dS14]

and samples were prepared and DNA translocation measurements were conducted as

described previously [OOS+16].

5.5.4 Molecular Dynamics Simulations

Molecular Dynamics Simulations were performed by our collaborators using

similar methods to those described in [MSA14].

Chapter 5, in part is currently being prepared for submission for publication

of the material: Ordyan, Mariam; Ortiz, David; delToro, Damian; Sippy, Jean; Oh,

Choon-Seok;Vu, Amber; Catala, Alexis; Pajak, Joshua; Arya, Gaurav; Catalano, Carlos;

Feiss, Michael; Smith, Douglas. The dissertation author was the primary investigator and

author of this material.
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Chapter 6

Results of Mutagenesis Studies on a

Structurally Conserved

Loop-Helix-Loop Region of a Viral

Packaging Motor

6.1 Introduction

As discussed in previous chapters bacteriophage Lambda is a good model system,

and studying it can help understand more general principles of the DNA packaging

mechanism. This is another chapter in the series of the mutagenesis studies described

in the previous three chapters. Here we study single mutations of residues located in

the conserved loop-helix-loop (LHL) region constructed by our collaborators. This

region is located in between the Walker B motif described above, and the suggested

C motif presumably responsible for the mechano-chemical coupling of the terminase.

It has been suggested before that the LHL region by virtue of its location ensures the
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optimal position of the C and Walker B motifs, each proposed to interact with ATP, and

that changes in this region through evolution could result in changes in motor velocity

without affecting the conserved residues in the motifs directly.. Two mutants G191S,

and T194M from this region have been studied previously in genetic studies, of which

T194M, the one that retained translocation activities, has also been studied by members

of our lab using the optical tweezers technique [DF02, TSA+10]. It has been shown that

the T194M mutation slows down the translocation speed 8-fold compared to WT, but

the motor retains WT-level processivity [TSA+10]. Since the bacteriophage T4, which

has a genome of 171kb packages DNA at a maximum speed of 2000bp/s, the phage

phi29 with a genome of 19kb has a maximum packaging speed of 200bp/s, and the

phage Lambda with a 48.5kb genome, packages the DNA with 800bp/s maximum speed

[FRK+07, FRR+07, STS+01], it was suggested that the terminases have a region that

controls the packaging rate of DNA ensuring that regardless of the genome length, the

full length is packaged within ∼5 minutes for each phage (at room temperature). Based

on the properties of the T194M mutant mentioned above, and the finding that it was

part of a predicted structurally conserved loop-helix-loop region, it was also suggested

that this residue was a critical part of that velocity controlling region for Lambda. To

further investigate this possibility we studied single residue mutations of T194 and two

neighboring residues upstream of it, constructed by our collaborators. Namely, single

mutations of the residues G191, S192, P193, and T194 were investigated in this study.

The results and the findings of this investigation are presented in the current chapter.
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6.2 Results and Discussion

6.2.1 Genetic studies

The genetic studies performed by our collaborators showed that the single muta-

tions of these residues resulted in either profoundly lethal terminases, with no detected

phage yield, or in phage yields comparable to that of Wild Type, in contrast to our find-

ings with single mutations in the other ATPase motifs described in the previous chapters,

where reduced but detectable phage yields were detected for most of the mutants that

showed activity. Interestingly, all mutations of the residue G191 were profoundly lethal

indicating that no sidechain, including that of alanine, can be tolerated at this location

(Figure 6.1).

For the three other residues, however, some mutations were found, that resulted

in less than 10-fold reduction of phage yield, while others did not have any detectable

yield.

6.2.2 Single-molecule studies

For the mutants studied by our collaborators, several were chosen to study in

single molecule experiments via optical tweezers. These experiments were carried out the

same way as the ones described in the previous three chapters, and were analyzed using

the same procedures. The mutations that were chosen were G191A; G191P; S192A;

S192L; P193A; P193F; P193S; T194L; and T194V. Consistent with the results of our

collaborators regarding phage yields, we did not detect any packaging for the mutants

G191A, G191P, and S192L despite several hundreds of trials. Surprisingly, for the mutant

P193S, which had WT-like phage yield, also no translocation activity was detected. Since

the experiments in the genetics lab were carried out at 37 ◦C, while the experiments in
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(a) (b)

Figure 6.1: Impairments in virus yield caused by residue changes in the LHL region
in the DNA translocation ATPase of the phage lambda large terminase subunit. (a)
Range of detected degrees of impairment expressed in terms of phage yield in plaque
forming units per cell relative to WT (where the WT activity is defined to be 1). Note
that the gray color is used to designate cases where no phage yield was detected (i.e.,
below the level of sensitivity of the assay). (b) Chart listing measured activity levels in
response to each single residue change tested. The first row lists the residues that were
changed, the cells in other rows list the substituted residue, and the color of each cell
indicates the activity level corresponding to that residue change. Dark red and green
backgrounds indicate results obtained using the complementation test and results in the
pale red and green backgrounds were determined by amber suppression (am) or phage
burst (φ mutant) studies.

our lab were performed in room temperature, it is possible that this is a cold sensitive

mutant, which would explain this discrepancy, however to determine this definitively

the plaque formation of this terminase needs to be tested in room temperature by our
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collaborator.

For the mutants S192A, P193A, T194L, and T194V translocation activity was

detected in the tweezers (Table 6.1 and Figure 6.2), and the results are discussed below.

Table 6.1: Metrics of single DNA molecule packaging dynamics with wildtype termi-
nase (WT) and mutants determined by analysis of the optical tweezers measurements.
Except where indicated all measurements were recorded with 500µM ATP. Quantities
are reported as averages over all events and reported uncertainties are standard errors in
the means.

Enzyme Events Motor
Velocity
(bs/s)

Packaging
Rate
(bp/s)

Slips Fre-
quency
(per kbp)

Pasue
Fre-
quency
(per kbp)

Pause Du-
ration (s)

WT 41 400±20 369±58 0.4±0.1 1.2±0.6 1.4±0.1
S192A 30 289±21 259±47 0.1±0.06 1.4±0.7 2±0.2
P193A 45 431±13 372±60 0.02 ±

0.01
0.1±0.07 3.3±0.6

T194L 30 75±4.5 49±9 4.2±1.4 9.6±2.2 2.2±0.2
T194V 26 254±17 225±45 1.5±1.1 2.4±1.3 1.8±0.2
WT (5µM

ATP)
9 130±20 50±20 5±1 8±2 1.6±0.1

WT
(2.5µM

ATP)

13 79±6 24±7 7±1 13±2 1.8±0.1

G191A 0 - - - - -
G191P 0 - - - - -
S192L 0 - - - - -
P193S 0 - - - - -
P193F 0 - - - - -

As can be concluded from the metrics presented in Table 6.1 the mutation P193A

did not result in any significant deviation in the motor velocity of the terminase. This

finding suggests that these residues do not play an important role in DNA translocation, or

ATPase activities, and the effects of lethal mutations resulted by other changes presented

in Figure 6.1 must be attributed to other defects, such as the proper folding, and/or
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another vital aspect of the function of the protein.

Figure 6.2: Examples of single DNA molecule translocation measurements for wildtype
terminase and the mutants with saturating ATP (2.5 µM).

The S192A change resulted in a slightly slower packaging rate, however the other

metrics were not significantly affected, indicating that the slower packaging is not mainly
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caused by increased slipping or pausing, but rather the speed of translocation is affected.

This is consistent with the idea that the conserved Loop-Helix-Loop region is a velocity

controlling region.

While the change T194L caused an increase in slipping and pausing along with

∼5-fold reduction of motor velocity, and ∼7-fold reduction in packaging speed, it can be

seen from Figure 6.3a that the relationship between the slipping rate and the packaging

velocity does not correspond to the trend found with the mutations affecting the ATP

binding described in the previous three chapters, which indicate that this mutation might

be affecting the rate of catalysis of hydrolysis. However, the T194V mutant is not

incostintent with this trend (Table 6.1 and Figure 6.3), which is a sign that the ATP

binding might be affected in this case.

6.3 Conclusions

In summary, all the mutants that three mutants were identified that had altered

packaging velocity or processivity or both. At the same time, the comparison between

the packaging velocities and the pause and slip frequencies show that while behaviours of

the T194 mutants might be explained by their weaker ability to bind ATP, this is not the

case for S192A and P193A mutants (Figure 6.3, [OOS+16]). A plausible interpretation

of the unexpectedly low slipping of S192A is that it has an accelerated ATP tight

binding transition, which reduces slipping; the slow packaging velocity meanwhile

could be explained by slowed catalysis of hydrolysis. P193A on the other hand is a

remarkable mutant that improves motor’s processivity and reduces motor pausing, without

significantly affecting the packaging velocity. This might be because the mutation

decreases the residence time in the apo state which reduces the slipping an pausing

frequencies, without significantly affecting the rate of hydrolysis.
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(a)

(b)

Figure 6.3: Frequencies of slipping and pausing vs motor velocity. Measurements
were recorded with saturating ATP (500 µM) and, for WT, also with sub-saturating ATP
(5 µM and 2.5 µM, as indicated).(a) Slipping frequency vs. motor velocity for wildtype
terminase (WT) and mutants (indicated by labels). (b) Pausing frequency vs. motor
velocity for wildtype terminase (WT) and mutants.

Overall our results support the hypothesis that the LHL region located between

the Walker B and C motifs determines the motor velocity and processivity.
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6.4 Materials and Methods

The complementation and phage burst assays were performed by our collaborators

from the genetics lab, as described in Chapters 3 and 4. The amber mutation assay was

preformed by the same collaborators, and was similar to those described in [RM01]

The biophysical experiments and data analysis were performed as described in

Materials and Methods of Chapter 3.

Chapter 6 includes unpublished material that resulted from a collaboration with

Jean Sippy and Michael Feiss.
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