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Abstract 

Many vital biological tasks, such as protein degradation, DNA strand separation, 

and viral DNA packaging are performed by ring NTPase assemblies. These assemblies 

harvest energy from NTP binding and hydrolysis in order to translocate their biopolymer 

substrate through their central pores. Single-molecule characterization demonstrated that 

these assemblies are highly coordinated and produce forces an order of magnitude larger 

than most molecular motors. Recently, many structures of these assemblies have been 

experimentally solved and resulting globular translocation models have been proposed. 

While these static structures have provided great insights into how molecular motors 

assemble, the specific molecular mechanisms that promote, regulate, and coordinate the 

dynamic translocation processes remain poorly understood.  

In this dissertation, I use computational tools to model ring ATPase molecular 

motors in order to elucidate such mechanisms. Initially, I focus on viral packaging 

ATPases and then generalize my findings to a broader class of motors by studying FtsK-

like and AAA+ motors. For all systems, atomistic molecular dynamics simulations were 

used to calculate free-energy landscapes that predict conformational changes, predict 

mutual-information-based signaling pathways that couple enzymatic and mechanical 

activities, predict principal components of motion that describe the enzyme’s native 

function, and predict the effects of mutagenesis in silico.  
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For viral packaging ATPases, I first predicted that a strictly conserved Walker A 

arginine residue functions analogously to a sensor II motif arginine found in AAA+ 

systems, and that it is used to couple ATP binding to lid subdomain rotation. Second, I 

predicted how mutations in the Walker A and Walker B motifs could abrogate enzyme 

function. All these predictions were corroborated by collaborators’ extensive 

experimental characterization. Third, I helped build the first structure of an actively 

packaging viral ATPase motor into the cryo-EM reconstruction and led the biological 

interpretation of the resulting structure. Fourth, I used molecular dynamics simulations 

of pentameric ATPase assemblies to predict how the assemblies respond to nucleotide-

occupancy and presence of double-stranded DNA substrate. Based on the structure and 

simulations, I proposed the helical-to-planar model of viral DNA packaging, which is the 

first atomistic model that can predict the salient features of viral DNA packaging. Further, 

this model lays the groundwork of future work by predicting specific conformational 

changes and interactions that were otherwise obscure from experimental studies. Fifth, I 

tested a key proposal in my helical-to-planar model by using molecular dynamics 

simulations to investigate how nucleotide binding is coupled to substrate gripping. The 

resulting glutamate switch signaling pathway was corroborated by structural data and 

functional mutagenesis assays. Lastly, I investigated FtsK-like and AAA+ enzymes to 

probe for molecular mechanisms common to a broad class of translocating ring ATPases. 
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From these studies, I identified a core set of principles that can be modularly added 

together to describe a number of different translocation models.  

In summary, the results presented in this dissertation describe fundamental 

mechanisms of translocating ring ATPase motors. When possible, my computational 

predictions were corroborated by experimental characterization. When experimental 

characterization was not yet possible, my predictions and derived models serve as a guide 

for future studies. The models I derived provide the first comprehensive description of 

the coordinated conformational changes that drive viral DNA packaging. Further, they 

have the potential to inform rational design of synthetic molecular motors and anti-viral 

therapeutics that target the genome packaging step. 
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1. Introduction  

The Additional Strand Conserved Glutamate (ASCE) superfamily of P-loop NTPases is 

an ancient and ubiquitous class of molecular motors that encompasses sub-families such 

as ATPases Associated with diverse cellular Activities (AAA+), RecA-/FtsK-like ATPases, 

and ATP Binding Cassette (ABC) transporters [1,2]. Members of the ASCE superfamily 

convert chemical energy from NTP binding, hydrolysis, and product release into 

mechanical work, driving a diverse range of biological tasks, such as chromosomal 

segregation, protein degradation, and unwinding the DNA helix during transcription and 

replication. Many double-stranded DNA viruses, including herpes-, pox-, and 

adenoviruses, and all tailed bacteriophages, package their genomes into preformed viral 

capsids using viral packaging ATPases, an ASCE subfamily [3,4]. Among the ASCE 

superfamily, viral packaging ATPases produce exceptionally high forces, in excess of 50 

pN (an order of magnitude larger than skeletal muscle myosin) [5–8]. Thus, viral 

packaging ATPases provide a unique window into the mechanochemistry of force 

generation in ring ATPases.  

1.1 Mechanochemistry of viral DNA packaging ATPases 
characterized by single-molecule force spectroscopy 

Single-molecule force spectroscopy experiments using optical tweezers have provided a 

wealth of information regarding force generation, coordination, and substrate 

interactions. In general, these experiments attach a preformed viral capsid/packaging 
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ATPase assembly and associated viral genome to dielectric microspheres that can be 

trapped and manipulated using focused laser beams [5,9]. Packaging is initiated by using 

the trapping lasers to bring the two beads close together, such that the packaging ATPase 

on one bead can grip the genome on the second bead. Subsequent packaging exerts a force 

on the DNA, and thus the optical beads to which the viral capsid and DNA are tethered. 

The packaging speed can be directly measured by tracking the locations of the beads over 

time, and the force produced by the motor can be measured by the deflections (changes 

in momentum) of the trapping laser beams.   

In 2001, Smith et al. [6] demonstrated that the bacteriophage φ29 packaging motor 

generated more than 50 pN of force as it packages its genome to near-crystalline density. 

This study spurred a tour-de-force series of studies using single-molecule optical tweezers 

to characterize the mechanochemistry of viral packaging ATPases. By stalling the motor 

with non-hydrolyzable ATP analog and comparing stalling kinetics to equivalent 

experiments in saturating [ADP], Chemla et al. [10] demonstrated that the force-

generating step coincides with inorganic phosphate release after hydrolysis.  

High-resolution experiments by Moffitt et al. in 2009 [11] uncovered two critical and 

perplexing aspects of packaging. First, the high-resolution measurements demonstrated 

that φ29-like packaging motors package DNA in a biphasic burst-dwell scheme. During 

the burst phase, DNA is quickly translocated 10 base pairs (bp) into the procapsid. After 

this, there is an extended dwell phase where the motor does not actively translocate DNA. 



 

3 

It was proposed that ATP hydrolysis and inorganic phosphate release at each monomer 

subunit translocates DNA during the burst phase, and the subunits exchange their ADP 

for new ATP during the dwell phase. This proposal was complicated by the simultaneous 

measurement of four 2.5 bp translocation substeps from the pentameric motor assembly. 

How then could hydrolysis at each subunit translocate DNA if one out of the five subunits 

seemingly did not translocate DNA?  

One potential explanation is found in Chistol et al. [12], which demonstrated that 

small amounts of non-hydrolyzable ATP analog asymmetrically disrupted the burst 

phase kinetics. That is, if hydrolysis and inorganic phosphate release coincided with force 

generation, one would expect small amounts of non-hydrolyzable ATP analog to abruptly 

stop a burst at 2.5, 5.0, 7.5, and 10 bp, depending on which subunit bound the analog. 

While these shorter bursts were indeed observed, they were not observed with equal 

probabilities. An extended pause after a full 10 bp burst was twice as likely (40%) as 

extended pauses after 2.5, 5.0, or 7.5 bp (20% each). Thus, it was inferred that stalled 

hydrolysis at two subunits could give rise to a full 10 bp burst, whereas stalled hydrolysis 

at the remaining three subunits would disrupt the middle of a burst. Combined with the 

results from Moffitt et al. [11], these observations led to the conclusion that one hydrolysis 

event does not translocate DNA, but instead coordinates the beginning/end of the burst 

phase.  



 

4 

Single-molecule studies also provide an avenue to investigate the role of substrate 

DNA in the packaging process. Aathavan et al. [13] demonstrated using stretches of 

methylated DNA, single-stranded DNA, and abasic DNA constructs that the motor 

primarily tracks along a single strand of DNA and makes critical electrostatic contacts 

with the phosphate backbone every ten bp at the end of every translocation burst. Later, 

Liu et al. [14] demonstrated that the motor actively applies a torque to DNA as it is 

translocated; this allows the motor to rectify the discrepancy between the 10 bp 

translocation burst and the 10.5 bp helical pitch of B-form DNA. Recently, Mo et al. [15] 

showed that viral DNA packaging is insensitive to A-philic high GC content DNA, 

implying that a B-/A-form transition does not play an active role in translocation. Finally, 

Castillo et al. recently demonstrated that the φ29 packaging ATPase can translocate 

stretches of double-stranded RNA, despite the different helical pitch of dsRNA and the 

native dsDNA substrate.  

Additional single-molecule studies of viral DNA packaging in the λ [7] and T4 [8] 

bacteriophages demonstrated that while high forces are generated by all the studied 

packaging motors, motor velocity varied from system to system. For instance, the T4 

packaging motor translocated DNA with a maximal velocity of 2,000 bp/s, whereas the 

φ29 packaging motor has a maximal velocity of 200 bp/s [5,16]. The difference in 

packaging speed may be related to the length of the packaged genome: the T4 genome is 

170 kilo-bp, whereas the φ29 genome is 19 kilo-bp. Thus, despite an order of magnitude 
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larger genome, the T4 bacteriophage accomplishes encapsidation in approximately 

equivalent time to the φ29 bacteriophage. Accordingly, the λ genome is intermediate in 

size (48.5 kilo-bp) and in maximal velocity (800 bp/s), and thus also accomplishes 

packaging in roughly the same time. 

Single-molecule experiments coupled with functional mutagenesis assays have been 

used to probe specific interactions of viral packaging ATPases. For instance, Tsay et al. 

[17] used single-molecule experiments to probe the effects of mutations in the Q motif. 

While this motif helps bind the adenosine ring of ATP, it does not participate in catalytic 

activity. Thus, Tsay et al. were able to decouple effects of ATP binding and subsequent 

hydrolysis. They found that Q motif defective mutant motors were more susceptible to 

applied external force, indicating that properly binding the adenosine ring of ATP is 

required to generate force. Such experiments also allowed researchers to probe the role of 

trans-acting interactions. In ASCE assemblies, catalytic residues are donated from one 

subunit into the binding pocket of another subunit. These trans-acting catalytic residues 

help promote coordination by sensing nucleotide occupancy and promoting hydrolysis 

in neighboring subunits [18]. Tafoya et al. [19] used single-molecule studies to probe the 

role of a proposed “arginine finger” (Arg146) in the φ29 packaging ATPase. They found 

that the altered kinetics of a mixed wild-type/R146A assembly was better explained by 

Arg146 facilitating ADP release in trans, not catalyzing ATP hydrolysis.  
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The culmination of a decade’s worth of single-molecule optical tweezers experiments 

[6,10–14] is a kinetic model of the mechanochemical cycle. In this model, ATP hydrolysis 

and product release are sequential and ordinal around the motor. The first hydrolysis 

event does not translocate DNA, but rather initiates the firing of the remaining subunits; 

the subsequent four subunits all translocate DNA as they hydrolyze ATP. ADP release 

and ATP rebinding (collectively referred to as nucleotide exchange) also occurs 

sequentially and ordinally around the motor during the dwell phase. While this model 

adequately incorporates all of the available single-molecule data, it remained unclear how 

any protein assembly could give rise to such exquisite kinetics. Additionally, while single-

molecule studies of mutant assemblies can shed light into the native function of a residue, 

these experiments are hard to interpret at the molecular level. Thus, the overall focus of 

my dissertation is using molecular dynamics simulations to identify molecular 

mechanisms that can coordinate activities within a subunit and across subunits to give 

rise to the well-characterized burst-dwell mechanochemical cycle. 

1.2 Structure and function of viral packaging ATPases 

Viral packaging ATPases share conserved structural/functional motifs with all other 

ASCE enzymes. These include the Rossmann fold, Walker A motif (otherwise known as 

the P-loop) that binds ATP, and Walker B motif that catalyzes hydrolysis [1,3,20]. The first 

structure of a full-length viral packaging ATPase, from the T4 bacteriophage, was solved 

by X-ray crystallography in 2008 [21]. The structure showed that the monomeric subunit 
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contained two globular domains connected by a smaller, flexible linker domain. The N-

terminal domain contains the canonical ATPase enzymatic motifs, while the C-terminal 

domain contained a RuvC-like nuclease domain [22]. Because the T4 genome is stored as 

concatemeric repeats, the packaging ATPase also performs nuclease activity to terminate 

packaging after storing one full-length genome in the viral capsid; packaging ATPases 

that also perform nuclease activity are thus dubbed “terminases.” Accompanying very 

low-resolution (34 Å) cryo-EM data supported a fivefold pentameric reconstruction of the 

of the packaging ATPase assembly [21], however, the orientation of individual monomer 

subunits within the assembly could not be definitively assigned. Nevertheless, fitting the 

globular N-/C-terminal domains individually supported a reconstruction where the N-

terminal ATPase domain docks to the capsid, and the C-terminal nuclease domain is distal 

from the capsid. In this model, each ATPase active site functions individually, and no 

catalytic residues are donated in trans by neighboring subunits – a significant departure 

from canonical ASCE mechanochemistry. Additionally, they proposed that the C-terminal 

domain grips and translocates DNA during packaging.  

In 2013, Zhao et al. solved the full-length terminase from the Sf6 bacteriophage [23]. 

The structure again showed that the terminase is comprised of an N-terminal ATPase 

domain and C-terminal nuclease domain connected by a flexible linker domain. However, 

the relative orientations of the N-/C-terminal domains were drastically different than the 

orientation seen in the T4 terminase structure. At the time, it was unclear if this meant that 
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the Sf6 and T4 terminases assembled into different pentameric quaternary arrangements, 

or if it was an artifact of monomer crystallization (Fig. 1.1).   

 

Figure 1.1: The first two solved viral packaging ATPase structures. In both the 
T4 and Sf6 bacteriophage packaging ATPases (also known as terminases), a monomer 
consists of a canonical ATPase domain connected to a RuvC-like C-terminal domain by 
a flexible lid subdomain. However, the solved crystal structures showed different 
domain arrangements.  

In 2015, Hilbert et al. solved the ATPase domain of the thermophilic phage P74-26 

terminase [24]. Like the Sf6 and T4 terminase structures, the P74-26 terminase contained 

a Rossman fold, and a small linker subdomain. Importantly, they also probed the higher 

order assembly using trans-complementation assays. They demonstrated that mutating 

the putative arginine finger, a key catalytic residue donated in trans in other ASCE 

enzymes, nullified ATPase activity, despite being distal to the cis-catalytic site. Likewise, 

they demonstrated that mutating the catalytic glutamate residue – a key catalytic residue 

found in the cis-acting Walker B motif – also nullified ATPase activity. However, mixing 
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arginine-finger-defective and catalytic-glutamate-defective mutants together restored 

ATPase activity. The conclusion was that catalytic-glutamate-defective mutants donated 

their functioning arginine finger into arginine-finger-defective mutants’ ATPase active 

site, forming functional catalytic interfaces. The model proposed in Sun et al. [21] could 

not accommodate this finding, as it proposed that all ATPase active sites are far from 

neighboring subunits. Thus, Hilbert et al. used molecular docking to construct a feasible 

pentameric model that placed one subunit’s arginine finger close to the active site of a 

neighboring subunit. They tested their proposed model by mutating residues that were 

placed in the pore; these mutants were found to not grip DNA well, supporting the 

placement of the residues on the interior pore [25]. In their model, the C-terminal nuclease 

domain docks the assembly to the capsid, and the N-terminal ATPase domain grips and 

translocates DNA during translocation, opposite to the model proposed in Sun et al. [21]. 

However, without a high-resolution structure of a packaging ATPase on the viral capsid, 

it was not possible to definitively describe the orientation of the terminase assembly. 

Unlike the abovementioned phages (T4, Sf6, and P74-26), the φ29 bacteriophage 

stores its genome in one full-length copy. Thus, the φ29 packaging ATPase does not 

perform endonuclease activity, and is not considered a “terminase.” Nonetheless, initial 

cryo-EM reconstructions of the φ29 packaging ATPase showed that it is also pentameric, 

and its subunits are two-domain structures [26]. While the C-terminal domain apparently 

has no catalytic activities, the reconstruction was of sufficient resolution to ascribe this 
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domain to binding the motor assembly to the capsid. However, this assignment does not 

necessarily apply to all viral packaging ATPases; the unique aspect of nuclease activity in 

terminase phages (e.g. T4, Sf6, P74-26) may require a different assembly.  

While these structural and functional mutagenesis studies shed light on key aspects 

of viral DNA packaging, such as conserved catalytic residues and structural motifs, they 

lack the ability to predict molecular mechanisms that can give rise to the tightly 

coordinated activity described in single-molecule studies. This is a twofold problem. The 

first problem is system specific, in that understanding how subunits coordinate 

necessarily requires understanding how subunits assemble and interact with each other. 

Prior to the work described herein, all atomistic structures were of monomer subunits. 

Thus, any interpretation from trans-complementation assays required assuming higher 

order assembly. The second problem is more fundamental: like any biological process, 

viral DNA packaging is dynamic, and solved structures are static images. In order to truly 

understand how events are coupled, one must understand not only the participants, 

which structure can provide, but one must also understand how those participants 

dynamically modulate their behaviors to promote some event. Thus, throughout my 

dissertation I will describe how I used molecular dynamics simulations to provide 

explanations for otherwise perplexing experimental results and to propose new coupling 

pathways that collectively give rise to the coordinated behavior seen in single-molecule 
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experiments. Using structural data collected by my collaborators and the predictions from 

my simulations, I propose the first residue-specific model of viral DNA packaging.  

1.3 The broader field of ring ATPases 

As stated above, viral packaging ATPase are members of a broad superfamily of ring 

ATPases that all translocate biopolymeric substrate through their central pores. Thus, I 

found it important to investigate the similarities and differences between viral packaging 

ATPases and other members of this superfamily, such as the AAA+ and FtsK-like families. 

Similarities across subfamilies give insights into the core molecular mechanisms that 

promote translocation by ring ATPase assemblies, whereas the differences between 

systems can highlight evolutionary divergences that have adapted to accomplish various 

biological tasks. Here, I will highlight some important prior work in these other systems 

that influenced the way I interpreted my results and guided my future directions. 

In 2006, Enemark & Joshua-Tor solved the structure of the E1 helicase bound with 

substrate DNA [27]. They found that the helicase is a hexameric assembly, and each 

subunit’s ATPase domain is juxtaposed to a neighboring subunit, such that catalytic 

residues can be donated in trans. The DNA-gripping loops formed a helical pitch as they 

tracked the substrate single-stranded DNA, such that loops equivalently engaged with 

the phosphate backbone of DNA. Based on these observations they proposed a 

treadmilling mechanism of translocation, whereby subunits at one end of the ATPase 



 

12 

helix disengage from DNA substrate and reset to the other end of the helix. The net result 

is moving the substrate relative to the helicase assembly. 

Crystallization of higher-ordered assemblies is a difficult task; thus, the available 

structures of translocating ring ATPase systems has thus been slow to expand. Recent 

improvements in cryogenic electron microscopy (cryo-EM), however, allow for near-

atomic resolution reconstructions of larger biologically-relevant assemblies [28,29]. Many 

ring ATPase systems have thus been solved in nucleotide-bound states with their 

biopolymeric substrates in their central pores [30]. For these reasons, these reconstructed 

structures are often considered to be actively translocating assemblies and have the 

potential to provide significant mechanistic insights.  

In particular, AAA+ hexameric assemblies have benefited from the “resolution 

revolution” in cryo-EM. Structures of katanin [31,32], spastin [33], 26S proteosome [34], 

Lon protease [35], ClpXP [36], and Vps4 [37,38] in nucleotide-bound, biolpolymeric-

substrate-engaged states have all been solved to sub 4 Å resolution since 2017. A common 

theme in every solved structure is that the ATPase subunits form a helical pitch as they 

track their biopolymeric substrates, even assemblies that translocate ahelical substrates, 

such as the polypeptide-translocating katanin or spastin [32,33]. In many of these 

structures, only four or five subunits follow the helical pitch and are engaged with the 

substrate; one or two subunits are disengaged from the substrate and do not follow the 

helical pitch. The common interpretation is that these subunits are “resetting” from one 
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end of the helix to the other. Further, because the disengaged subunits are ADP-bound or 

apo, it is inferred that this motion is coupled to ATPase activity. Thus, the “hand-over-

hand” (also called “spiral staircase escort”) model of AAA+ translocation is perhaps the 

predominant hypothesis in the field [30]. 

Another class of double-stranded DNA translocating ASCE assemblies is the FtsK-

like subfamily. The Filament temperature sensitive mutant K (FtsK) assembly translocates 

double-stranded DNA during chromosome segregation and dimer resolution [39,40]. Like 

viral packaging ATPases, the DNA-translocating machinery of the larger FtsK subunits 

(the α- and β-domains, collectively referred to as FtsKαβ) consists of two domains 

connected by a flexible linker motif [41]. Single-molecule experiments have demonstrated 

that it is the fastest DNA translocate currently known, with a maximal translocation 

velocity of 20 kilo-bp/s [42], an order of magnitude faster than the T4 bacteriophage 

packaging ATPase [8]. In 2020, Jean et al. [43] used cryo-EM to reconstruct a the FtsK 

hexameric translocation machinery actively translocating DNA. They found that four of 

the six subunits’ β-domain (ATPase domain) form a helical pitch as they track the helical 

DNA substrate, and that the two remaining subunits form a smooth transition between 

the top and bottom of the helix. The DNA-tracking subunits are mostly ATP-analog-

bound; the uppermost DNA-tracking subunit and the two disengaged subunits are ADP-

bound. Therefore, they also proposed a spiral staircase escort model for DNA 

translocation by FtsK. 
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Because AAA+ enzymes and FtsK-like enzymes are closely related to viral 

packaging ATPases, I considered whether the hand-over-hand model could also 

adequately describe viral DNA packaging. If not, what are the mechanistic motifs 

common to this broad class of molecular motors? How do potential differences in function 

accommodate the different biological tasks that must be accomplished by each system? 

1.4 Open questions in viral DNA packaging and translocating 
ring ATPases 

Many questions remain regarding the function of viral DNA packaging ATPases and the 

broader class of ring ASCE ATPases alike. These questions are either system-specific or 

common to all ASCE ATPases. 

Perhaps the main question my work has attempted to address is: what molecular 

mechanisms do viral packaging ATPases employ that additively combine to produce the 

exquisite burst-dwell kinetics observed in single-molecule studies? Answering this 

question is a lofty goal, as it entails defining many specific mechanisms. It is currently 

unknown how the viral packaging ATPases produce the tremendous measured force? 

What conformational changes drive DNA into the viral capsid? How is energy harvested 

from ATP and converted into force? It is currently unknown how the motor coordinates 

function across subunits to maintain sequential and ordinal ATPase activity; how does 

one subunit’s arginine finger “know” when to catalyze hydrolysis in a neighboring 

subunit? How do subunits hold bound ATP without prematurely hydrolysis? Nucleotide 
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exchange is also a sequential and ordinal process, yet there is no proposed molecular 

mechanism for how the motor could regulate this activity.  

Likewise, in AAA+ and FtsK-like motors, there are many open questions. While the 

proposed globular domain movements are supported by cryo-EM reconstructions, little 

is known about the molecular mechanisms that drive translocation and coordinate activity 

across subunits. For instance, in the hand-over-hand model of translocation, what drives 

the conformational change to move from one end of the helix to the other? What causes a 

subunit to disengage substrate prior to this motion, so as to not pull substrate along with 

it?  

Across systems, questions arise regarding the universality of translocation 

mechanisms. Can the proposed hand-over-hand models describe the burst-dwell 

dynamics observed in single-molecule experiments of viral packaging ATPases? If not, 

what model can describe viral packaging ATPases? What aspects would such a model 

have in common with the hand-over-hand model; what aspects would be distinct?   

A longstanding challenge in structural biology is how to interpret dynamic data (e.g., 

functional mutagenesis or single-molecule data) using static structures. While static 

structures can be informative to the participants of a mechanism, inferring how those 

participants interact and drive observable events is challenging. Thus, even with several 

cryo-EM reconstructed structures available, the aforementioned questions remain. To 

address this shortcoming, researchers often utilize computational methods to predict 
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dynamic behavior. While computational methods can never prove or disprove a 

mechanism, they offer new ways to think about data. In the best cases, the computational 

predictions can be tested experimentally to corroborate or invalidate the proposed 

mechanisms. Thus, I use computational tools to address open questions and better 

understand potential dynamic molecular mechanisms that govern ring ATPase activity. 

The primary method I used is molecular dynamics (MD) simulations, and I worked 

closely with experimental collaborators to test my proposed mechanisms.  



 

17 

2. Molecular dynamics simulations 

Throughout my work, I used molecular dynamics (MD) simulations to predict how 

proteins and protein assemblies might behave in order to better interpret experimental 

data and guide further experimentation. While MD simulation is a powerful tool, one 

must understand key considerations and assumptions that underly its use. By doing so, 

one will better understand what kinds of questions MD can and cannot help address, as 

well as avoiding the danger of over-interpreting data.  

2.1 Basics of molecular dynamics 

For computer simulations to be “useful,” they must be predictive of experimental 

observables. We understand through statistical mechanics that, provided the system is 

ergodic and thus will eventually sample all possible microstates, the quantity of the 

observable is simply the average of the observable across these microstates: 

𝐴 = ∑ P 𝐴 = 〈𝐴〉, 

where Aobv is the measured observable with ensemble average <A>, Pn is the normalized 

probability of observing a specific microstate n. The goal of molecular simulations is to 

sample microstates with the correct probability distribution, thereby allowing rapid 

estimation of the observable. For the canonical ensemble (NVT; holding the Number of 

particles, Volume, and Temperature constant), we know that the probability of observing 

a microstate is Boltzmann distributed (exponentially related to its energy): 

𝑃 = 𝑄 𝑒 , 
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where β is 1/kBT, and Q is the partition function of the ensemble, defined as: 

𝑄(𝛽, 𝑁, 𝑉) = ∑ 𝑒 . 

To sample from this distribution, we can utilize molecular dynamics (MD) simulation, 

which simulate the evolution of a system subjected to Newton’s equations of motion with 

a thermostat, where the force acting on a body is defined: 

𝐹 ≡ −∇𝒓𝒊
𝑈, 

where U is the energy function of the system. Provided that we propagate the equations 

of motion using a symplectic integrator (that is, energy-conserving) such as the Verlet, 

Leap-Frog, or Velocity-Verlet integrators, and we use a thermostat such as the Langevin 

or Nosé-Hoover, the configurations generated by our simulation will also be Boltzmann 

distributed. Because the calculated forces come directly from our description of the energy 

of the system, accurate and predictive molecular simulations require accurate and 

predictive energy functions.  

2.2  Force field considerations 

At their core, MD simulations propagate Newton’s equations of motion on 

representations of molecular bodies. How these representations are described can vary 

drastically. The collective set of terms that describe interactions between particles is the 

“force field” of the simulation. Atomistic MD simulations explicitly describe every atom 

of the simulated system, whereas coarse-grained simulations describe several groups of 

atoms collectively as a single “bead.” Atomistic simulations provide the highest level of 
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detail, at high computational expense and short timescales. Coarse-grained simulations 

vary in their “resolution,” but in all cases are less computationally expensive and reach 

longer timescales than atomistic simulations. For instance, the Martini coarse-grained 

force field uses a four-to-one mapping, where an average of four atoms are collectively 

described as one bead [44]. A popular coarse-grained force field for DNA simulations is 

oxDNA, which describes each base using three beads [45,46]. One can go much coarser: a 

model of DNA that describes several base pairs as a single bead has been used to 

accurately model supercoiled DNA conformations [47,48]. However, in general it is 

difficult to “mix and match” coarse-grained force fields; parameterization schemes that 

work well to describe DNA may not work well to describe proteins or lipid bilayers. Thus, 

one must consider several questions prior to choosing a coarse-grained force field, such 

as: on what timescale do the phenomena I want to investigate occur? Or, what resolution 

do I need to describe my system at to make experimentally testable predictions? Because 

the phenomena and predictions I wanted to investigate occur on the microsecond 

timescale, and require residue-specific accuracy, I used atomistic molecular mechanics 

force fields to describe my systems.  

Atomistic MD simulations typically use force fields that describe five interaction 

potentials: stretching of two bonded atoms, bending three bonded atoms, torsion of planes 

created by four bonded atoms, and electrostatic and van der Waals interactions between 

two non-bonded atoms. Two popular families of these force fields are the Assisted Model 
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Building and Energy Refinement (Amber) [49] and Chemistry at HARvard Molecular 

Mechanics (CHARMM) [50]. For instance, the Amber energy function [51] is: 

U(𝑟 ) = 𝑘 (𝑙 − 𝑙 ) +

∈

𝑘 (𝜃 − 𝜃 )

∈

+
1

2
𝑉 [1 + cos(𝑛𝜔 ) − 𝛾 ]

 ∈

+ 𝑓 𝜖
𝑟

𝑟
− 2

𝑟

𝑟
+

𝑞 𝑞

4𝜋𝜖 𝑟
 

which describes the terms I outlined above.  

In general, every member of these families is parameterized to reproduce both 

quantum mechanical calculations and experimental observables. For example, the Amber 

ff14SB force field was parameterized to match gas-phase quantum calculated energies, 

Protein DataBank (PDB) Ramachandran distributions, and NMR scalar coupling data [52]. 

The more recent update, Amber ff19SB, was parameterized to match implicit solvent 

quantum calculated energies and NMR J-coupling data; PDB Ramachandran distributions 

were used to validate the model, but no empirical modifications were made to better 

match the experimental distributions [53]. 

In explicit solvent atomistic MD simulations, one must also consider the effects of the 

chosen water model. By far the most popular water model for MD simulations has been 

the Transferable Intermolecular Potential with three Points (TIP3P) model [54]. This is for 

both practical and historic reasons. Practically, the TIP3P model is computationally 

efficient, as it uses three rigid points to describe water, while maintaining good accuracy 
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describing water’s dipole moment and density at ambient conditions. However, it does 

not adequately describe the quadrupole moment, self diffusion coefficient, static dielectric 

constant, thermal expansion coefficient or phase behavior. Historically, many 

biomolecular force fields were parameterized with the expectation of pairing with TIP3P, 

and empirical corrections were applied to accommodate the shortcomings of the TIP3P 

model. For example, the initial parameters of the Amber ff14SB force field were found to 

over predict α-helical propensity when paired with TIP3P relative to the structures 

deposited in the PDB. Thus, an empirical modification to the backbone potential was 

applied to weaken the propensity towards α-helical conformations [52]. In this way, the 

Amber ff14SB force field is not transferable with any other water model.  

The promotion of α-helicity in the Amber and CHARMM force fields alike is 

indicative of larger problems with the TIP3P model in general. Because it does not 

adequately describe quadrupole moments and static dielectric constant, the TIP3P model 

under predicts the strength of protein-water interactions and thus over predicts the 

strength of protein-protein interactions and promotes compact conformations. For most 

well-folded proteins, this was not a major concern and MD simulations using TIP3P have 

yielded impressive agreements with experimental data. However, as researchers began 

relying on MD simulations to investigate Intrinsically Disordered Proteins (IDPs), the 

shortcomings of the TIP3P model became glaringly apparent as simulations predicted 

well-ordered, compact conformations not seen in experiments [55,56].  
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To remedy this disagreement, researchers have begun to parameterize force fields 

with more accurate water models or parameterize protein force field and water model in 

conjunction. For example, Yu et al. reparametrized the Amber ff99SB force field with the 

TIP4P-D water model (collectively referred to as Amber ff99SBnmr2) and found better 

agreement with NMR data when simulating IDPs [57]. Similarly, Robustelli et al. [58] 

proposed a heavily modified Amber ff99SB force field, dubbed a99SB-disp, paired with a 

modified TIP4P-D water model that has a stronger dispersion term between the water and 

protein to describe both well-folded proteins and IDPs alike. Recent attempts in the 

CHARMM family, such as C36m [59] are meant to be used with a modified mTIP3P 

model, where the dispersion interactions between water and protein are increased by 10% 

to account for the shortcomings of TIP3P.   

To circumvent these issues altogether, the latest Amber ff19SB parameterization is 

solvent agnostic. By utilizing implicit solvent quantum mechanical calculations as part of 

the parameterization, Tian et al. [53] did not have to account for the dielectric constant of 

a specific water model during the pre-polarization stage; in principle, this force field can 

be paired with any water model and will reflect the accuracy of the water model itself. 

They found that the force field produced best agreement with experimental data when 

paired with the Optimal Point Charge (OPC) four-point water model [60]. The OPC water 

model captures key features of water, such as quadrupole moments, dielectric constant, 

and self diffusion better than the other common three-point and four-point water models.  
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Another approach is to use a polarizable force field. The Amber and CHARMM 

families of force fields are fixed-charge descriptions, whereby charges assigned to atoms 

accounting for average polarization in solvent. The Atomic Multipole Optimized 

Energetics for Biomolecular Simulation (AMOEBA) [61] and Drude harmonic oscillator 

[62] force fields calculate the polarization of atoms on the fly during the simulation. 

Despite only adding one additional energy term to the overall force field, polarizable force 

fields are typically at least an order of magnitude more computationally expensive than 

fixed-charge force fields, and thus are limited in the accessible timescales. They therefore 

are typically only applied in situations where polarization is necessary to describe the 

biological phenomenon, such as ion transport or small-molecule drug discovery. 

For my work, I chose to use atomistic force fields to investigate ring ATPase systems. 

Because the systems investigated were well-folded, I primarily used either the Amber 

ff99SB-ILDN/TIP3P [63] or Amber ff14SB/TIP3P [52] force field/water pairings, both of 

which were state of the art at the time of the simulations. When the dynamics of flexible 

linkers were crucial to capture, I chose the Amber ff19SB/OPC [53] combination to avoid 

wrongly compacting the linker domain. Nonetheless, none of the force fields used 

describe protein interactions perfectly, and thus, when possible, I sought experimental 

validation for my predictions.  

While explicit solvent atomistic MD simulations are computationally expensive, 

many of the interactions I was curious in (such as interactions coordinating ATP binding) 
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are water mediated and require precise descriptions to be predictive. Despite the 

computational costs, atomistic MD simulations can routinely reach the microsecond 

timescale using Graphical Processing Units (GPUs) [64], which allows my simulations to 

access biologically-relevant timescales. Further, I utilized the computing power of the 

Anton 2 supercomputer, whose hardware is built from the ground-up to optimize MD 

calculations [65].  Additionally, there are many algorithmic schemes that allow one to 

sample configuration space more efficiently than unbiased MD simulations.  

2.2 Advanced simulation and analysis techniques 

While unbiased MD simulations can be informative, oftentimes we are interested in 

sampling motions that occur on the tens-of-microseconds to millisecond timescales while 

maintaining the accuracy of atomistic MD. Brute force applications will not work in these 

situations, so we must apply additional biases to our simulations. I will briefly describe 

biasing methods that I used in my work here. 

Hydrogen Mass Repartitioning: To speed up equilibrium dynamics sampling, 

hydrogen mass repartitioning (HMR) has emerged as a simple and effective method [66]. 

In all MD simulations, the integration timestep is determined by the fastest mode of 

motion captured in the simulation. For atomistic MD simulations, the fastest mode of 

motion is the bond vibration between a hydrogen and heavy atom. To accurately simulate 

this motion, an integration timestep of 1 fs is standard. However, because this motion is 

rarely biologically relevant outside of chemical reactions (that are not modeled with 
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molecular mechanics), these bonds can be constrained with algorithms such as SHAKE or 

LINCS [67–69]; this constraint allows the use of a 2-fs integration timestep, essentially 

doubling computational efficiency. Working with the assumption that the molecular 

mechanics Hamiltonian is separable in position and momentum, one can cancel the 

momentum term in the ensemble description of an observable. By describing the 

observable as only a function of positions, the masses of individual atoms are freely 

changeable. However, Feenstra et al. [70] demonstrated that selectively increasing the 

masses of hydrogen atoms, and thus increasing the total mass of the system, scales the 

simulation time as well; thus, the actual sampling speedup is negligible. Rather, with 

HMR one repartitions mass from the heavy atom to the hydrogen atom, keeping the total 

system mass constant. Using HMR, 4-fs and 5-fs integration timesteps are achievable 

without numerical instabilities or altered kinetic or thermodynamic properties in the 

microsecond timescale [66]. Thus, one can double the computational efficiency of their 

simulations by utilizing HMR without sacrificing accuracy or introducing biases. 

Umbrella Sampling and Weighted Histogram Analysis Method: Often, one is 

interested in sampling a specific conformational change that may not occur on the 

microsecond timescale. If a description of the desired pathway exists, one could use the 

combined techniques of Umbrella Sampling (US) and the Weighted Histogram Analysis 

Method (WHAM; collectively, US-WHAM). The core concept is to apply local harmonic 
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potentials (also called “umbrella” potentials) to bias the simulation to a local range of the 

desired reaction coordinate, x. That is, the energy function of the system is biased by: 

𝑈 = 𝑈(𝒓) +  𝑉(𝑥(𝒓)) 

Where r is the collective positions of all particles, and 

𝑉(𝑥) =
𝑘

2
(𝑥(𝒓) − 𝑥 )  

is the biased harmonic potential restrained to some defined point x0 along the reaction 

coordinate. 

The bias traps the system in that local configuration over the duration of the 

simulation, enabling lengthy sampling of otherwise energetically unfavorable 

configurations. By running many simulations (called “windows”) where the equilibrium 

position x0 of the bias potential varies across the entire reaction coordinate, the result is 

sufficient sampling over the entire reaction coordinate. Regardless of the applied bias, 

states in our simulations are sampled from a Boltzmann distribution and the underlying 

free-energy potential can be calculated from the probability of observance via Boltzmann 

inversion.  

𝑃(𝒓) =
(𝒓) ( )

, 

where Z is the partition function of our biased system: 

𝑍 = ∑ 𝑒 ( (𝒓) ( ))
𝒓 . 

It is a simple exercise to unbias a single window since we know the biasing function 

a priori. However, each window has a different bias potential applied because we vary the 
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position of x0, and thus the probability distributions must be reweighted to account for 

these different biases. Reweighting is accomplished by WHAM [71]. WHAM not only 

corrects for the applied bias within a single window, but also accounts for the different 

biases across multiple windows when the probability distributions of more than one 

window overlap. In this reweighting scheme, a window that samples a region of the 

reaction coordinate more is considered more important than a window that samples that 

same region less. The likelihood of observing a specific collection of conformations for a 

biased simulation is the probability of each conformation multiplied together, which we 

can write in log-form as1:  

ℒ = − dt log 𝑃 𝒓 (t)

= dt − log 𝑃 𝒓 (t) +
𝑉 𝒙 (𝒓, t)

k T
+ log Z . 

 

The goal of the calculation is to find the underlying free-energy profile of the distribution 

P(ri(t)) that gives the maximum likelihood of observing the simulated conformational 

states. The maximum likelihood is where the derivative of the likelihood with respect to 

P(ri(t)) is zero. Thus, 

 

1 The derivation presented here follows the derivation on the PLUMED website. 
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0 = ∑ ∫ dt −
𝐫 ( ),

(𝐫)
+

( )

. 

Finally, one solves for P(r) and Zi self-consistently to estimate the unbiased probability 

distribution, and thus the unbiased free-energy landscape, from a collection of biased 

distributions.  

The calculated free-energy landscapes can identify globally stable conformations, 

metastable conformations, and rough estimates of kinetics from the heights of energy 

barriers. However, the choice of reaction coordinate is almost always biased by chemical 

intuition and likely does not represent the minimum-energy-pathway. Thus, the energy 

barriers are likely over-estimated, and interpretation based on these calculated barriers 

should be considered qualitative at best.  

Metadynamics: Alternatively, metadynamics simulations allow for accelerated 

sampling over reaction coordinates while also providing a means to calculate the 

underlying free-energy potential. In metadynamics, the biasing potential V(x) is 

iteratively updated over the course of the simulation, and is thus time-dependent, V(x,t) 

[72]. Gaussian kernels are deposited as “boost potentials” in the reaction coordinate, and 

the total biased potential is the summation of the individual Gaussian kernels: 

𝑉(𝑥, 𝑡) = W(kτ) exp −
𝑥 − 𝑥 (kτ)

2σ
, 
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where 𝑊(𝑘𝜏) is the height of the Gaussian that was deposited at some timepoint, and d is 

the total number of deposited kernels.  By adding boost potentials, the system is pushed 

away from free-energy minima and quickly traverses the defined reaction coordinates. 

Thus, sampling is far more efficient in metadynamics simulations than traditional 

equilibrium dynamics simulations. Additionally, the estimated underlying physics-based 

free-energy landscape is “imprinted” on the deposited Gaussian kernel boost potentials; 

deep free-energy minima have more Gaussian boost potentials deposited in them which 

additively combine to an estimate of the free-energy landscape:  

𝑉(𝐱) = −𝑈(𝐫), 

for large t and if the heights of the deposited Gaussian kernels are sufficiently smaller than 

the typical variation of U(r). 

Well-tempered metadynamics modifies the algorithm to incrementally decrease the 

heights of the deposited Gaussian kernels, resulting in smoother predictions of the 

energy-landscape [73]. Further, because the deposited Gaussian kernels are path-

independent, multiple simulations can access the same boost potentials to promote faster 

sampling and convergence, called multiple-walker metadynamics [74]. 

In both US-WHAM and metadynamics, convergence of the free-energy estimate 

needs to be assessed to have confidence in the predictions. This is non-trivial and should 

always be handled with care. For US-WHAM, one must ensure sufficient sampling 

overlap between neighboring windows, such that the difference in free-energy between 
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windows can be accurately estimated. For overall error estimation, it is common to 

randomly divide the data of each sampling window into smaller data sets and re-calculate 

the estimate of the free-energy landscape from these subsets of data. The variance of the 

subset free-energy landscapes can be used to estimate the standard error in the mean and 

highlight regions that require additional sampling. In metadynamics, one must be 

cognizant of the fact that the applied bias is a dynamic quantity. Using well-tempered 

metadynamics, one can monitor the height of the deposited Gaussian kernels; when the 

height of the kernels plateau, it may indicate that the biased free-energy landscape is flat 

and that the estimate has converged. Additionally, one can calculate the estimated free-

energy landscape as a function of increasing number of Gaussian kernels; if the estimate 

of the free-energy landscape does not change significantly as more kernels are added, the 

simulation may have converged.  

Ultimately, convergence in both US-WHAM and metadynamics is unprovable, and 

hence these estimates should never be regarded as “truth.” Rather, they provide quantities 

that allow researchers to better interpret data or propose new experiments. Further, the 

calculated energies are only as good as the underlying force field and are susceptible to 

the same limitations, and thus one must consider whether the force field can provide an 

accurate description of the energy prior to calculating free energy. For instance, if one 

were interested in calculating the free energy of alpha-helix formation using a force field 

that promotes compact states (e.g., using the TIP3P water model), regardless of the 
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sampling or convergence of the method, the resultant estimate of the free-energy 

landscape will be experimentally inaccurate.  

Mutual information: After the simulation has completed, many of its properties can 

be analyzed. Often, researchers are interested in predicting allosteric communication 

pathways within a protein or across protein interfaces. By directly simulating the motions 

of proteins, MD simulations offer a unique vantage point to investigate such 

communication pathways; motions that are correlated or anti-correlated in the simulation 

can be used to predict allostery. While a number of techniques exist for identifying 

correlated motions, such as covariance of atomic fluctuations [75] and dynamical network 

analyses [76], one promising avenue for predicting allosteric communication is mutual 

information (MI). MI relates the probability of two observables occurring simultaneously 

to the probability of observing them individually: 

𝑀𝐼(𝑋, 𝑌) = 𝑝(𝑥, 𝑦) log
𝑝(𝑥, 𝑦)

𝑝(𝑥)𝑝(𝑦)
∈∈

. 

If two parties are strongly correlated, they have high MI, and from this high MI one can 

infer communication. In the case of protein allostery, these parties (X,Y) are individual 

residues, and the observables (x,y) are the backbone Ramachandran dihedral angles and 

the rotamer states of the residues. The Correlation of All Rotameric and Dynamical States 

(CARDS) method calculates MI from concerted structural and dynamical changes over 

the course of an MD simulation [77]. An example of a structural change would be the 

choice of rotamer of one residue correlating with the choice of backbone dihedral angles 
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of another residue. An example of dynamical changes would be the choice of rotamer of 

one residue promoting or hindering flexibility of another residue. 

2.3 Sampling and experimental caveats 

Despite recent advances in computational power and enhanced sampling algorithms, 

molecular dynamics simulations remain fundamentally limited by sampling. The ability 

for these simulations to predict experimental observables requires the assumption that the 

simulations are ergodic. In practice, biomolecular simulations are rarely ergodic because 

of stabilized starting conformations. Instead, sampling will be – to varying extents – 

constrained around the starting structure. In many cases, this is adequate for the purposes 

of parsing some biological functions from well-folded proteins, provided that the starting 

conformation is representative of the biologically functional conformation. Thus, one 

must also consider the limitations of structure determination when considering whether 

or not to simulate a system. For example, in X-ray crystallographic structure 

determination, crystal packaging artifacts can push systems towards compact structures, 

and this compactness can be exacerbated by TIP3P-induced artifacts within the simulation 

itself. Most modest resolution cryo-EM reconstructions (~3.5-4.5 Å) do not have density 

to definitively assign rotamers for residues, and thus one must assume that assigning 

these rotamers through some heuristic will provide a “good enough” estimate of the 

starting structure. In both X-ray crystallography and cryo-EM reconstruction it is common 



 

33 

to be unable to resolve flexible motifs within proteins or protein assemblies. Often, it is 

the dynamics of these flexible motifs that we are most interested in sampling.  

 These shortcomings in both molecular simulation and structure determination 

alike highlight the need for complementary, orthogonal data collection. Methods such as 

functional mutagenesis assays and single-molecule force spectroscopy become necessary 

to contextualize and interpret structural and simulated data. Thus, my collaborators and 

I have utilized a threefold approach to investigating viral DNA packaging, described in 

Fig. 2.1. In this scheme, orthogonal techniques are utilized to address the shortcomings of 

the other techniques and collectively deepen our understanding of viral DNA packaging.  

 

Figure 2.1: Integrated approach combining structural, functional, and 
computational methods.  
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3. Characterizing the conformational changes that drive 
ATP tight binding in viral packaging ATPases 

This chapter has been adapted from my two publications in Nucleic Acids Research [78] and 

Journal of Molecular Biology [79]. I was a co-first author on both publications, and I solely 

performed the computational investigations; the other co-first authors performed the 

experimental work. In addition to my results, I also present select experimental results, to 

provide context and support to the simulations. The accompanying appendix to this 

chapter is Appendix A.  

3.1 Introduction 

Molecular motor proteins that convert the energy of nucleotide binding and hydrolysis 

into mechanical work are ubiquitous in biology. These include motors involved in cell 

motility, cell division, electromotive force, protein degradation, and cargo transport 

[14,80–83]. The motors are fueled by ATP and many of them are members of the 

“Additional Strand, Conserved E” (ASCE) superfamily of P-loop ATPases [2,3,39,82,84]. 

The ATPase domains contain conserved Walker A (WA) and Walker B (WB) motifs that 

participate in binding and positioning the γ-phosphate of ATP for hydrolysis 

[20,21,23,24,85–87]. An additional feature of ASCE enzymes is that they have a conserved 

glutamate immediately downstream of the classical WB motif that is proposed to position 

and activate a water molecule for nucleophilic attack on the γ-phosphate in the hydrolysis 

transition state [1,82,88]. This model is based on structural data obtained for various ASCE 

ATPases showing that the glutamate is positioned close to the γ-phosphate, and in many 
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cases is supported by biochemical data showing that changes of this residue or nearby 

residues adversely affect the rate of ATP hydrolysis and/or motor function[88–92]. 

Ostensibly, the catalytic role of the glutamate supported by the data presented here is 

conserved across ASCE ATPases that couple ATP hydrolysis to motor movement.  

Viral packaging ATPases are molecular motors that package viral genomes into a 

pre-assembled procapsid shell, fueled by ATP [3,4,93,94]. The DNA substrate is typically 

and end-to-end concatemer of viral chromosomes. Viral packaging ATPases have been 

classified as ASCE ATPases and genome packaging shares functional similarities to the 

cellular ASCE motors described above. Indeed, the fundamental principles of energy 

transduction are likely conserved in all of the translocating biological motors, both viral 

and cellular [1,14,19,24,82,84,86,91]. Before any packaging ATPase structures were known, 

pioneering work by Rao and co-workers predicted the locations of WA and WB motifs in 

a number of packaging ATPases based on sequence alignments and confirmed the 

predictions for the T4 packaging ATPase via genetic and biochemical studies 

[20,86,87,91,95]. The classical WA motif is defined to be [GXXXXGK(T/S)], where X 

denotes any residue; the classical WB motif is defined to be [hhhhD], where h denotes any 

hydrophobic residue. In ASCE enzymes, the WB motif is defined to be [hhhhDE], where 

the conserved glutamate is the catalytic glutamate residue. In genetic studies of the T4 

packaging ATPase WA sequence, the Arg, Gln, Gly, and Lys residues could not be 

changed without loss of function, and for the Thr, only the conservative Ser substitution 
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was functional [20,21,96]. Multiple residues in the T4 packaging ATPase WB 

“hydrophobic quartet” could be changed without loss of function, although the results 

supported the importance of hydrophobicity [86]. Any changes to the conserved aspartate 

were lethal and found to impair photo-affinity cross-linking by azido-ATP, indicating a 

nucleotide binding defect. In contrast, changes to the catalytic glutamate did not abrogate 

azido-ATP binding, but did abolish ATP hydrolysis and DNA packaging [91].  

In these two studies, we used an integrated genetic, biochemical, biophysical, and 

computational approach to dissect the roles of the Walker B motif and conserved catalytic 

glutamate residues in viral packaging ATPases. Our studies provide new mechanistic 

insights into how these residues are involved in binding and hydrolyzing ATP, and how 

these residues promote a conformational change upon ATP tight binding. 

3.2 Methodology 

For accompanying experimental methodology performed by my collaborators, please 

reference our publications in Nucleic Acids Research [78] and Journal of Molecular Biology 

[79]. 

3.2.1 Structure preparation 

To generate the initial structure for carrying out the apo T4 packaging ATPase 

simulations, we started with the available crystal structure of monomeric, full-length apo 

structure (PDB: 3CPE) [21]. This structure is of a D255E/E256D double mutant, so we 

changed both residues back to the WT rotamers from the Dunbrack Rotamer Library [97] 
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via the swapaa command implemented in UCSF Chimera [98]. We then stripped all non-

protein atoms, such as phosphates and sodium ions, from the PDB file to yield the 

simulation structure of WT apo T4 packaging ATPase. To generate the ATP-bound 

simulation structure, we initially considered an existing crystal structure of the T4 

packaging ATPase N-terminal domain bound to ATP (PDB: 2O0H) [99]; however, this 

structure is also of a D255E/E256D double mutant and these mutations directly affect 

ATP’s binding pose. Therefore, we performed MD simulations of the apo structure 

generated above and then modeled Mg2+-ATP into the binding pocket of the equilibrated 

structure, in accord with the mutant ATP crystal structure (2O0H) and with the 

nucleotide-bound crystals structures of the other packaging ATPases studied here. 

The available crystal structure of bacteriophage Sf6 packaging ATPase apo is of a 

full-length monomer but that is missing residues 338 to 349 that lie within the nuclease 

domain (PDB: 4IDH) [23]. We modeled these residues back into the structure using 

MODELLER to generate the continuous apo simulation structure [100]. Bacteriophage Sf6 

packaging ATPase has also been crystallized with ATP and the ATP analogue ATP-γ-S 

(PDB: 4IFE and 4IEE, respectively). The ATP-bound structure has much lower resolution 

than the ATP-γ-S -bound counterpart and does not contain Mg2+ ion or water molecules 

in the ATP binding pocket. Therefore, we chose to use the equilibrated apo structure 

generated above as a good starting point for generating the ATP-bound simulation 
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structure, whereby we docked an ATP molecule and Mg2+ ion into the binding pocket 

based on the conformation of the ATP analogue in the high-resolution structure.  

The available crystal structure of bacteriophage P74-26 packaging ATPase in the 

apo state is of the monomeric ATPase domain (PDB: 4ZNI) [24]. The PDB was stripped of 

all non-protein atoms, such as sulfates, to generate the initial apo structure for the 

simulations. The P74-26 ATPase domain has also been crystallized in complex with the 

ATP analogue, ADP Beryllium Fluoride (ADP-BeF3) (PDB: 4ZNL); the ATP analogue was 

changed to ATP in silico to generate the ATP-bound simulation structure. 

In silico residue mutations were introduced into the equilibrated WT apo T4 

(E256D) and P74-26 (E150D) structures generated above using the swapaa command in 

UCSF Chimera. The mutant structures were then equilibrated in the apo state for 5 ns to 

allow ample time for the mutant side chains to equilibrate. Next, Mg2+-ATP was docked 

into the relaxed mutant structures according to the available crystal structures. To validate 

the results obtained with P74-26, we also introduced the E150D mutation into the ADP-

BeF4-bound crystal structure to ensure that the same result is obtained in each case. 

3.2.2 Simulation methodology 

We performed all-atom molecular dynamics (MD) simulations to develop a better 

understanding of the dynamic reorganization of the ATP binding pocket and provide a 

framework for interpreting our experimental results, as follows. Because there is no 

structure available for the λ phage packaging ATPase, which was the model system used 
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in the experimental portions of the studies, I used the structure of three other packaging 

ATPases from the T4, Sf6, and P74-26 bacteriophages [21,23,24]. These packaging ATPases 

have homologous WA and WB motifs and catalytic glutamate residue assignments 

supported by experimental findings. I simulated both the apo and ATP-bound states of 

the three packaging ATPases, as well as specific mutants chosen to mimic those studies 

experimentally with the λ phage packaging ATPase. I note that while packaging ATPases 

are known to function as oligomeric complexes, at the time of the studies there was no 

atomic-resolution structure available for any packaging ATPase. Thus, I simulated all 

structures as single subunits, based on the available crystal structures. As such, the 

simulations (like the monomeric crystal structures from which they were derived) do not 

shed light on the potential role of trans-acting residues, such as the “arginine finger,” 

which is essential for ATP hydrolysis [18,24,91]. 

All MD simulations were performed in AMBER16 using the AMBER ff14SB force 

field [52] with a 2 fs time-step integrator. All bond lengths connecting hydrogens to other 

atoms were held rigid by using the SHAKE algorithm [67]. A 10 Å cutoff was used for 

calculating non-bonded interactions and the particle mesh Ewald method [101] was used 

for computing long-range electrostatic interactions. ATP parameters were taken from the 

Amber Parameter Database [102].  

The proteins were centered in a truncated octahedral periodic box of TIP3P [54] 

water with a minimum padding of 14 Å between the protein and periodic boundary. All 
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systems were neutralized with appropriate amounts of Na+ or Cl- counterions, and then 

additional ions were added to reach the physiological concentration of 150 mM NaCl. The 

systems were energy-minimized using 300 steps of steepest descent and conjugate 

gradient algorithms. The systems were heated slowly from 100 K to 310 K in the canonical 

ensemble (NVT) over 100 ps restraining the backbones of the proteins. This was followed 

by 15 ns of equilibration in the isothermal-isobaric (NPT) ensemble held at 1 bar using the 

Monte Carlo barostat (1.0 ps relaxation time), and at 310 K using the Langevin thermostat 

(2.0 ps-1 collision frequency) with no backbone restraints. Finally, 100-ns production runs 

were carried out in the NPT statistical ensemble at 310 K and 1 bar using the same 

coupling scheme as above. Each packaging ATPases was simulated in triplicate (three 

independent simulation runs, departing from each other at the heating stage) to ensure 

that the computed results were reliable and that all simulated structures were stable. 

3.2.3 Post-simulation analysis 

Principal Component Analysis was performed using ProDy [103] via the Normal Mode 

Wizard in VMD [104]. All structural visualizations of the simulation trajectories were 

done in UCSF Chimera [98] and VMD [104]. The simulated structures of the various apo 

and ATP-bound packaging ATPase systems presented throughout these studies are of 

“representative” structures determined by clustering analysis of the backbone root mean 

square deviation (RMSD) of the trajectories. The representative frame of the largest 

identified cluster was considered as representative of the system. Electrostatic potential 
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surfaces were calculated with the Adaptive Poisson-Boltzmann Solver extension 

implemented in UCSF Chimera.  

3.3 Results 

In this section, I will present experimental results from both published papers. These 

experimental results are necessary to contextualize and support my simulation results. 

3.3.1 Single-molecule measurements of catalytic glutamate mutant 
motors 

Biochemical studies demonstrate that while the λ phage packaging ATPase catalytic E179 

mutants possess weak, but detectable ATPase activity, there is no detectable DNA 

packaging (not reproduced; please reference Ortiz et al. [78] for details). The ensemble 

biochemical assay, however, probes full-genome-length packaging and we considered 

that the mutant motors might possess partial DNA translocation activity not detected by 

this stringent assay. Therefore, we used a single-molecule optical tweezers assay to  

Table 3.1: Single-molecule packaging dynamics of wild-type λ packaging 
ATPase and select mutants. 

Enzyme Events 

Motor 
Velocity 
(bp/s) 

Slip 
frequency 
(slips/kbp) 

Pause 
frequency 
(pauses/kbp) 

Pause 
duration (s) 

WT 53 400 ± 20 0.5 ± 0.1 1.2 ± 0.4 2 ± 0.1 
WT 5 μM 
ATP 9 130 ± 20 5 ± 1 8 ± 2 1.6 ± 0.1 
WT 2.5 μM 
ATP 13 79 ± 6 7 ± 1  13 ± 2 1.8 ± 0.1 
E197A 0 - - - - 
E179Q 0 - - - - 
E179D 25 50 ± 20 1.6 ± 0.5 24 ± 2 3.3 ± 0.2 



 

42 

R79K 5 42 ± 3 1.3 ± 0.5 24 ± 2 3.4 ± 0.2 
V80A 51 230 ± 10 3 ± 1 5 ± 1 4.4 ± 0.3 
G176S 36 420 ± 20 0.11 ± 0.005 0.7 ± 0.3 2.3 ± 0.5 
A175L 30 360 ± 20 1.1 ± 0.5 1.6 ± 0.7 4.7 ± 0.4 
D178E 72 159 ± 8 0.7 ± 0.2 3.6 ± 0.7 3.8 ± 0.4 

 

directly probe DNA translocation activity in single procapsid-motor complexes. 

Consistent with the ensemble biochemical studies, we detected no translocation with the 

E179A and E179Q proteins despite several hundred trials (Table 1). Interestingly, 

however, DNA translocation events were detected with the conservative E179D mutant 

enzyme. The single-molecule studies revealed that alterations in the motor function 

caused by E179D are clearly evident. There is an overall ~13-fold reduction in packaging 

rate which detailed analysis of the data shows is caused by an ~8-fold reduction in average 

motor velocity (translocation rate not including pauses and slips), a ~3-fold increase in 

average slipping frequency, a ~20-fold increase in the average pausing frequency and a 

~70% increase in average pause duration. The observed translocation phenotype, 

exhibiting large decrease in motor velocity but without a proportionally large increase in 

slipping, provides evidence that the residue change primarily affects the ATP hydrolysis 

step, not the ATP binding step.  

3.3.2  Single-molecule measurements of Walker B aspartate mutant 
motors 

We also investigated the effects of changes in the residue Asp178, which is a strongly 

conserved Walker B residue predicted to coordinate the Mg2+ ion of the bound Mg2+-ATP. 
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Changing the negatively charged Asp to Ala or to Asn (an uncharged residue of similar 

size resulted in no measured translocation despite several hundred trials. These results 

are consistent with both the genetic study, which detected no virus yield with either of 

these mutant phages and the biochemical studies, which demonstrated that ATP 

hydrolysis and DNA packaging by the D178N protein is severely compromised (neither 

are reproduced here; please refer to delToro et al. [79] for details). 

 Only the D178E mutant, having a conservative change that preserves the negative 

charge exhibited measurable translocation activity in the single-molecule assay. Although 

this residue change lengthens the amino acid side chain by only one carbon bond length, 

the impairment in translocation dynamics is notably more severe than that observed in 

response to the A175L change studied. Specifically, the D178E change resulted in a ~2.5-

fold reduction in motor velocity (Table 1). However, the slipping frequency did not 

increase, suggesting that it is the ATP hydrolysis chemical step that is slowed, not the ATP 

tight binding transition. In addition, a ~3-fold increase in pausing frequency and ~2-fold 

increase in pause duration was observed, suggesting that the residue change also results 

in intermittent binding of ATP in a misaligned orientation in which hydrolysis does not 

occur. 

3.3.3 Molecular dynamics simulations of the apo state 

Molecular dynamics (MD) simulations of the apo T4, Sf6, and P74-26 packaging ATPases 

identified that the catalytic glutamate points out of the “open” ATP binding pocket (Fig. 
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3.1). It is also notable that in all three systems, the conserved Walker A (WA) arginine also 

points out of the active site and typically interacts with a second glutamate residue located 

in the “lid subdomain.” Lid subdomains have been found to change conformation upon 

ATP binding and hydrolysis and interacts with adjacent subunits in multi-subunit 

complexes [1,105–107]. Structural studies of both the P74-26 and Sf6 packaging ATPase 

provide evidence that their lid subdomains undergo a rotation upon nucleotide binding 

which has been proposed to be critical for mechanochemical coupling and translocation 

[23,24].  

 

 

Figure 3.3: Conformations of WT packaging ATPase binding pockets predicted 
from MD simulations. Representative conformations of the apo binding pocket of the 
T4 (A), P74-26 (B), and Sf6 (C) packaging ATPases. Walker motif residues are lid 
subdomain glutamate are labeled and depicted as sticks. The Walker A arginine, 
catalytic glutamate, and lid subdomain glutamate are highlighted in tan. ATP-bound 



 

45 

binding pockets of the T4 (D), P74-26 (E), and Sf6 (F) predicted from MD simulation. 
The conserved Walker A arginine (R162, R39, and R24 in T4, P74-26, and Sf6, 
respectively) interacts with the catalytic glutamate (E256, E150, and E119 in T4, P74-26, 
and Sf6, respectively) near the γ-phosphate of ATP.   

3.3.4 Conformational changes of the catalytic glutamate and Walker 
A arginine upon ATP binding 

Consistent with structural studies, MD simulation of the ATP-bound enzymes indicates 

that all WA and WB motif residues mediate their canonical interactions (Fig. 3.1). 

Importantly, the proposed catalytic glutamate residues, which were pointing out of the 

active site in the apo conformation, move into the active site and position a water molecule 

next to the γ-phosphate of ATP; this “closed” arrangement would allow the glutamate to 

polarize a water molecule for nucleophilic attack of the γ-phosphate, as required for a bona 

fide catalytic glutamate residue [82,88,91,92]. We note that the nucleotide-bound crystal 

structure of the Sf6 packaging ATPase found that the catalytic glutamate residue 

identified based on sequence alignment (Glu119) points out of the binding pocket, away 

from the nucleotide. On the basis of this structure, the authors proposed that the “deviant” 

WB glutamate (Glu118) might serve as the catalytic carboxylate rather than the conserved 

Glu119; however, our simulations predict that when the protein is allowed to undergo 

thermal motion in solution, Glu119 changes conformation such that it does coordinate 

with the γ-phosphate of the bound ATP. Thus, our simulations suggest that the WB 

Glu118 performs the conventionally postulated role of chelating the Mg2+, and that Glu 

119 is the catalytic glutamate residue.   



 

46 

 In addition to the anticipated interactions, the simulations predict a novel 

interaction induced by ATP binding that has not been reported in any of the static crystal 

structures. All three systems predict that the conserved WA arginine breaks its interaction 

with the lid subdomain glutamate and moves into the binding pocket to interact with the 

γ-phosphate upon ATP binding. The simulations further predict significant movement of 

the lid subdomain in the transition from the open apo to the closed ATP-bound state. 

Principal component analysis show that the lid subdomain is predicted to exhibit a 

concerted motion towards the ATP-binding site (Fig. 3.2). Given the  

 

Figure 3.4: Principal component analysis of the T4 packaging ATPase reveals lid 
subdomain rotation upon ATP binding. (A) Principal component analysis (PCA) of the 
apo simulation shows little concerted motion of the lid subdomain (also called the NII 
subdomain in T4 literature), circled by a black dashed circle. Residues are colored 
based on the magnitude of root-mean-square fluctuations during the simulation, with 
red representing least mobile residues and blue representing most mobile residues. 
Arrows represent the projection of the individual residue motions onto the first 
principal component of motion. (B) PCA of the first 10 ns of T4 ATP-bound simulation 
shows concerted rotation of the lid subdomain towards the ATPase active site 
consistent with prior experimental studies of Sf6 and P74-26 packaging ATPases. (C) 
PCA of the last 10 ns of T4 ATP-bound simulation shows little lid subdomain motion, 
indicating that the lid subdomain is stable in the rotated conformation.  

likely role of the lid subdomain motion in mechanochemical coupling and because we 

observe the dynamic repositioning of the lid subdomain synchronously with the 
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rearrangement of the binding pocket upon ATP binding, the MD simulations implicate 

residues involved in mechanochemical coupling. Specifically, the conserved WA arginine 

acts as a “toggle” that breaks its interaction with the lid subdomain glutamate and rotates 

to interact solely with the catalytic glutamate and γ-phosphate.  

 To further explore the possibility that the “arginine toggle” may be a general 

feature of viral packaging ATPases, we used sequences of well-studied bacteriophages in 

BLASTP searches against members of the Tailed Bacteriophage taxid. These searches 

revealed that arginine residues are nearly universally conserved at positions 3 or 4 of the 

WA motif; 138/138 of T4-like phages and 76/76 P74-26-like phages conserve this arginine 

residue in the WA motif. Thus, strict sequence conservation is similarly observed in the 

eukaryotic DNA packaging enzymes, where all of the herpes-virus packaging motors 

possess a WA arginine. Although there are exceptions in the P22-like and λ-like phages, 

a strictly conserved glutamine appears in these motors and could perform an analogous 

role. In contrast, alignments of selected classes of AAA+ proteins reveal that few of the 

enzymes contained a WA arginine. 

3.3.5 Conformational changes associated with the catalytic Glu  
Asp mutant 

We modeled and simulation ATP-bound T4 E256D and P74-26 E150D mutant enzymes to 

provide insight into the effects of the analogous λ E179D studied experimentally above. 
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In both cases, we find that the mutant Asp carboxylates retain their interactions with the 

WA arginines as in the WT ATP-bound simulations; however, in both cases the  

carboxylate function groups are positioned ~2-5 Å farther away from the γ-phosphate of 

ATP (Fig. 3.3). This is caused, in part, by the 1.5 Å shorter length of the Asp vs. Glu side 

chain but is also due to significant reorientation of the binding pocket to accommodate 

the mutated residue. This affects the ability of other WA residues, such as the critical P-

loop lysine, to properly bind the ATP and further increases the distance between the 

catalytic carboxyl group and the γ-phosphate. This likely perturbs positioning and 

activation of the lytic water molecule, thereby hindering the chemical step of hydrolysis. 

We suggest that a similar perturbation occurs in the E179D change in the λ packaging 

ATPase and explains the slower rate of ATP hydrolysis and coupled packaging observed 

experimentally.  
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Figure 3.5: Effects of the conservative ASCE Glu  Asp mutation predicted from 
MD simulations. Representative conformations of the ATP binding pocket of ATP-
bound WT packaging ATPases (tan) are superimposed onto the binding pocket 
conformations of corresponding catalytic Glu  Asp mutant packaging ATPases 
(cyan). The T4 (A) and P74-26 (B) simulated structures show significant displacement 
of the labeled carboxylate functional group and miscoordination of the labeled γ-
phosphate of ATP in both mutant structures. Separation distances, obtained from 
equilibrium MD, between the carboxylate function group and the γ-phosphate of ATP 
for WT (black) and catalytic Glu  Asp (red) of T4 (C) and P74-26 (D). In both cases, 
the Glu  Asp change results in a significant increase in this distance and the hindered 
ATP hydrolysis observed experimentally is attributed to this increased distance. 

 

3.3.6 Conformational changes of the Walker motifs upon ATP binding 

Simulations of all three proteins predict that the conserved WB Asp (Glu in the case of 

Sf6) fulfills its predicted role of coordinating Mg2+ through a water molecule. In addition, 



 

50 

the simulations highlight the importance of a conserved stabilizing hydrogen bond 

between the WB carboxylate groups and the WA C-terminal Thr/Ser hydroxyl group (Fig. 

3.4), which has also been implicated in Mg2+ coordination [23,24]. This predicted 

interaction is apparent in the nucleotide-bound crystal structure of the P74-26 packaging 

ATPase and is even maintained by the deviant Sf6 Glu118 residue, despite its 1.5 Å-longer 

side chain. To compensate for the longer side chain, the backbone of the Sf6 packaging 

ATPase is farther away from the conserved WA Thr/Ser such that the WB Glu carboxyl 

group is placed in a nearly identical functional position relative to the WA Thr/Ser 

hydroxyl group. We note that while the WA-WB interaction is not observed in the T4 

crystal structure, the published structure is that of a WB D255E/E256D double mutant 

which directly affects this interaction; however, our simulations predict that this 

interaction is indeed present in the WT T4 packaging ATPase. 

 The active site geometry described above leads to “multibody” interactions, 

whereby the WB Asp/Glu not only positions the WA Thr/Ser such that its oxygen points 

toward Mg2+ but could also polarize its hydroxyl group to increase the strength of the 

coordination interaction with the Mg2+ ion. Moreover, we find the WB Asp and WA 

Thr/Ser interaction is promoted by ATP binding. Specifically, apo simulations of the T4 

and P74-26 packaging ATPases predict a 9.5- and 8.6-Å backbone distance between the 

WB Asp and the WA Thr/Ser, respectively. This shortens to 7.1 and 6.5 Å upon ATP 
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binding (Table 2). Thus, the Walker motifs close around the Mg2+-ATP complex as part of 

the tight-binding transition.  

3.3.7 Walker B aspartate mutant simulations 

We performed simulations of T4 D255N and P74-26 D149N mutant enzymes generated in 

silico to model the null λ D178N change studied experimentally. Unlike the WT proteins, 

these variants do not support the formation of a hydrogen bonding network which 

directly connects the WA and WB motifs. Rather, the δ-positive NH2 group promotes 

interactions with exposed backbone oxygen atoms, which repositions the mutant WB Asn 

side chain to the WB side of the binding pocket (Fig. 3.4); this increases the distance 

between the WA and WB motifs (Table 2). Notably, the Asp  Asn change also hinders 

the movement of the conserved WA Arg into the binding pocket, which may be a crucial 

step in the tight-binding transition. Accordingly, the lid subdomain of the ATP-bound 

Asp  Asn mutants is positioned like that of apo WT enzymes and not rotated as 

observed in ATP-bound WT enzymes. This agrees with the experimental assignment that 

the Asp  Asn change not only affects ATP hydrolysis but also impairs the tight-binding 

transition.  
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Figure 3.6: Predicted interaction between Walker A and Walker B motifs. MD 
simulations of the WT T4 (a), P74-26 (b), and Sf6 (c) packaging ATPases highlight a 
conserved interaction between the Walker B D/E carboxylate group and the WA T/S 
hydroxyl group. This interaction helps the binding pocket close around the bound 
Mg2+-ATP as part of the tight binding transition. This interaction is maintained even 
with the deviant Walker B E found in the Sf6 packaging ATPase due to a larger 
backbone-to-backbone distance. Simulation of D  N variants of the T4 (d) and P74-26 
(e) packaging ATPases predict that these side chains remain isolated to the Walker B 
motif and do not interact with the Walker A motif as found in WT. Simulations of the 
D  E variants of the T4 (f) and P74-6 (g) packaging ATPases suggest that unique 
defects arise in the binding pocket. The simulation T4 mutant D255E interacts with the 
critical Walker A K166, similar to mutant crystal structure. The simulated P74-26 mutant 
D149E chelates Mg2+ directly as opposed to via a bound water molecule, displacing S44.   
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Table 3.2: Backbone distance (Cα- Cα) of the C-terminal Walker B D/E to the C-
terminal Walker A T/S. All values are reported in Å. Values from MD are averaged 
across three independent 100-ns simulations, and the reported uncertainty is the 
standard error in the mean. An asterisk indicates that the T4 crystal structure is of a 
D255E/E256D double mutant, and these residues are directly involved in the 
measurement.  

Packaging 
ATPase 

Apo Crystal Apo MD ATP-Bound Crystal ATP-Bound MD 

P74-26 8.08 
8.64 ± 
0.10 6.54 6.54 ± 0.03 

T4 9.35* 
9.45 ± 
0.07 

9.55* 7.11 ± 0.01 

Sf6 7.91 
7.63 ± 
0.06 7.9 7.91 ± 0.07 

P74-26 
D149N - - - 7.83 ± 0.17 

T4 D255N - - - 8.49 ± 0.11 
P74-26 
D149E 

- - - 7.21 ± 0.10 

T4 D255E - - - 9.22 ± 0.20 
 

Additionally, we performed simulations of the T4 D255E and P74-26 D149E 

mutant enzymes to model the analogous λ D178E mutant enzyme studied experimentally. 

Simulations of both mutant systems predict defects, which can account for a slowed rate 

of hydrolysis via two distinct mechanisms. First, our simulations predict that the longer 

side chain in the T4 D255E forms a new interaction with the critical P-loop lysine (Lys166). 

This causes the WA motif to improperly position the γ-phosphate of ATP, which in turn 

increases the distance between the γ-phosphate and the catalytic glutamate residue (Fig. 

3.4). Notably, a similar interaction between D255E and Lys166, along with subsequent 
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mis-coordination of the γ-phosphate, are observed in the crystal structure of the T4 

D255E/E256D double mutant enzyme.  

 

Figure 3.7: Electrostatic potential of WT and mutant P74-26 packaging ATPase 
binding pockets. (a) The solvent-excluded surface of the WT P74-26 packaging ATPase 
domain colored according to its electrostatic potential. (b) A close-up of the WT ATP 
binding pocket. (c) The solvent-excluded surface of the Walker B D  E variant P74-26 
packaging ATPase colored according to electrostatic potential. (d) A close-up of the D 
 E variant ATP binding pocket. When compared to the WT binding pocket, the D  
E binding pocket has reduced positive electrostatic potential around the γ-phosphate 
of ATP due to the rearrangements depicted in Fig. 3.4. This could reduce the 
polarization of the γ-phosphate and destabilize the transition state, potentially 
explaining the impairment of ATP hydrolysis observed experimentally in the λ 
packaging ATPase.  
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In contrast, P74-26 D149E simulations do not predict that the mutant D149E would 

interact with the critical P-loop lysine Lys43. Instead, the D149E change is found to disrupt 

the ability of the WB residue to properly chelate Mg2+ through a water molecule. The 

mutant side chain directly chelates Mg2+, which displaced the WA Ser44 and prevented it 

from coordinating with Mg2+ (Fig. 3.4). Although this direct interaction does not 

significantly increase the distance between the catalytic glutamate and the γ-phosphate 

as observed in T4 D255E simulations, the positive electrostatic potential within the 

binding pocket is reduced (Fig. 3.5). This result implies that the electron density on the γ-

phosphate may not be as strongly polarized towards its surrounding oxygen atoms as in 

WT, which would destabilize the transition state and slow hydrolysis. Importantly, the 

WT-like interaction between the catalytic glutamate and the WA arginine is conserved in 

both T4 D255E and P74-26 D149E simulations, suggesting that this change does not impair 

the tight-binding transition as dramatically as the D149N counterpart. 

3.4 Discussion 

3.4.1 Mechanochemical coupling in viral DNA packaging ATPases 

Structural studies of the P74-26 packaging ATPase system reveal interactions between the 

WA motif and lid subdomain residues that are remodeled upon binding of the ATP mimic 

ADP-BeF3 [24]. This is accompanied by a ~13o rotation between the ATPase and lid 

subdomains which has been proposed to be central to communication of ATP hydrolysis 

in one subunit to the next, and in DNA translocation. Similar observations have been 
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made in the Sf6 packaging ATPase; comparison of the ATP-γ-S and ADP-bound forms 

reveals a change in the interaction of the conserved WA Arg and lid residue Glu187, which 

concomitant 0.5 Å movement of the lid subdomain relative to the ATPase domain[23]. As 

with the P74-26 model, the small lid subdomain movement is proposed to be amplified 

through additional domain movements to produce the ~8 Å movement needed to 

translocate 2.5 bp/ATP hydrolysis. 

 Based on this published data, and the experimental and simulation data presented 

in these studies, a general model can be proposed. The conserved WA arginine found in 

ATP-binding pockets of viral packaging ATPases perform two essential functions: (i) they 

play an important role in ATP hydrolysis by appropriately positioning the catalytic 

glutamate in the transition state, and (ii) they communicate the nucleotide bound state of 

the ATPase domain to the lid subdomain to mediate mechanochemical coupling. In 

addition, the open to closed transition is associated with a tight binding enzyme-substrate 

transition that has been proposed for several packaging ATPases and that may be required 

for processive DNA packaging. We note that a pre-catalytic tight binding transition is 

common in biochemistry and similar models have been proposed for DNA polymerase 

enzymes in which the transition modulates the fidelity of nucleotide incorporation 

[108,109].  
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3.4.2 The arginine toggle 

The wide conservation of the WA arginine among viral packaging motors suggests that 

these enzymes have developed use of an arginine toggle to couple ATP binding and 

hydrolysis to motor movement. In contrast, a number of ASCE ATPases employ a “sensor 

II motif” arginine that is located within the lid subdomain and moves into the ATP 

binding pocket upon nucleotide-binding [105]; this binding switch directly confers motion 

to the lid subdomain and performs an analogous role as the arginine toggle reported here. 

Of note, viral packaging ATPases lack a conserved sensor II motif arginine, which led 

Kelch and co-workers to propose that the WA arginine of the P74-26 packaging ATPase 

performs an analogous role [24]; however, the specific mechanism and interactions with 

the lid subdomain and catalytic glutamate residues could not be identified in the 

structural data. Our MD data suggest that this residue is indeed conceptually analogous 

to the sensor II arginine found in AAA+ enzymes but is mechanistically distinct and 

conserved in viral packaging ATPases.  

3.4.3 The conserved Walker B aspartate 

Our MD simulations identify an important hydrogen bond between the conserved WB 

Asp/Glu and WA Thr/Ser residues in viral packaging ATPases that is promoted by Mg2+-

ATP binding. In fact, simulations suggest that he backbones of the viral packaging 

ATPases may be tuned to the size of the WB Asp/Glu side chain such that this interaction 

is conserved upon ATP binding. That is, the Sf6 packaging ATPase positions its “deviant” 
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WB glutamate ~1.4 Å farther away from the WA serine than the P74-26 packaging ATPase 

positions its WB aspartate, to accommodate the ~1.5-Å longer side chain. Structural and 

mutagenesis studies suggest that a similar hydrogen bond between the conserved WB 

aspartate residue and the conserved WA serine is crucial for function in the MRP1-NBD1 

multi-drug resistance ATPase [110]. 

Our MD studies on the two null mutant model systems, T4 D255N and P74-26 

D149N (intended to be analogous to the λ D178N mutant studied experimentally), further 

suggest that this hydrogen bond is critical for motor function. The mutant residue no 

longer interacts with the WA Thr/Ser across the binding pocket, but instead remains 

isolated on the WB side due to new interactions between the mutant NH2 group and 

exposed backbone oxygen atoms. Loss of motor function is, in part, attributed to the loss 

of this hydrogen bond within the intricate hydrogen bonding network of the ATPase 

active site.  

Our MD simulations of the two functional mutant model systems, T4 D255E and 

P74-26 D149E (intended to be analogous to the λ D178E mutant studied experimentally), 

predict distinct mechanisms for the disruptive effects on packaging. However, we 

propose that the effect of the λ D178E change is more likely to be like that predicted for 

P74-26 D149E, in which the longer side chain directly chelates Mg2+ and perturbs its 

interaction with the conserved WA serine. This is because the λ packaging ATPase has a 
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deviant position of the WA lysine, and thus the interaction predicted between the T4 

D255E and Lys166 may not be possible in the λ packaging ATPase. 

We further propose that the distinction in motor function between the two 

packaging ATPase variants (Asp  Asn and Asp  Glu) rests primarily in the tight-

binding transition; while kinetic analysis implied that the Asp  Asn change impairs the 

tight-binding transition, the Asp  Glu change does not. One possible explanation is 

revealed by the MD simulations. While the Asp  Glu change does indeed affect binding 

pocket coordination, the mutant glutamate exhibits defective coordination: it is predicted 

to directly chelate Mg2+ in the P74-26 D149E simulation. In contrast, the Asp  Asn 

simulations predict that the change also affects the arginine toggle and the ability for the 

enzyme to rotate its lid subdomain, consistent with an abrogated tight-binding transition.  

3.4.4 Concluding remarks 

In sum, the above two studies revealed key conformational changes associated with the 

tight-binding transition. I combined my molecular dynamics simulations with my 

collaborators biochemical, biophysical, and genetic approaches to identify that a 

conserved Walker A “arginine toggle” is likely responsible for actuating lid subdomain 

rotation upon ATP binding, that the Walker motifs close around ATP as part of the tight-

binding transition, and key hydrogen bonds that promote the tight-binding transition. My 

simulations helped interpret experimental results and propose specific mechanisms that 

explain observed phenomena. Additionally, my work brought the deviant Sf6 packaging 
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ATPase into the fold by demonstrating that it functions similarly to other packaging 

ATPases; further, my work began to bring packaging ATPases into the fold by 

demonstrating that they function analogously to AAA+ enzymes. These conserved 

features help draw more direct inspiration from other systems, as well as provide new 

hypothesis to test in future studies.  
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4. A viral genome packaging motor transitions between 
cyclic and helical symmetry to translocate dsDNA 

This chapter has been adapted from my publication in Science Advances [111]. I was (co)-

first author of the manuscript. While I did not collect the cryo-EM data, I helped build the 

atomic model into the reconstruction. More importantly, I drove the biological 

interpretation of the structural data and I largely derived the proposed model. For 

completeness, I include the manuscript in its entirety, including methodology regarding 

the preparation of grids and the packaging assay, which I did not perform.  

4.1 Introduction 

A fundamental step in the life cycle of a virus is packaging the viral genome within a 

protective protein capsid. In one encapsidation strategy, genome compaction and capsid 

assembly occur simultaneously as shell proteins assemble around the condensing 

genome. This strategy is employed by most enveloped RNA viruses such as alpha viruses 

and flaviviruses [112–114]. In a second strategy, an empty virus capsid is first assembled, 

and the genome is then actively translocated into this pre-formed container. This strategy 

is utilized by dsRNA viruses [115,116], some large ssDNA viruses [117] and many dsDNA 

viruses such as herpes virus, pox virus, adenovirus, and all the tailed dsDNA 

bacteriophages [3,118]. This second enapsidation strategy requires that nascent viruses 

overcome substantial enthalpic and entropic barriers resisting DNA compaction to 

condense DNA within the confined space of the capsid. Thus, dsDNA viruses have 

evolved specialized molecular machinery to efficiently package their genomes [3,96,118]. 
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The molecular motors that power genome encapsidation are some of the most 

powerful motors in nature, capable of producing forces in excess of 50 piconewtons 

[7,8,14]. For reference, myosin and kinesin each operate at around 5 to 10 pN [119–121], 

the approximate magnitude of force required to break a hydrogen bond. The high forces 

generated by dsDNA packaging motors are necessary to work against the ~20 atm of 

pressure permeating capsids at the later stages of encapsidation [14]. Energy for 

packaging is provided by a virus-encoded ATPase that converts chemical energy released 

by ATP binding and hydrolysis into mechanical translocation of DNA [3,96]. These 

ATPases reside on the additional-strand catalytic glutamate (ASCE) branch of the ancient 

and ubiquitous P-loop NTPase superfamily [2,39,122]. Often, arranged as homomeric 

rings, ASCE ATPases are typically involved in polymer manipulation tasks (e.g. protein 

degradation, chromosome segregation, DNA recombination, DNA strand separation, and 

conjugation), or in other molecular segregation tasks [84]. Hence, insights into the 

mechanism of viral DNA packaging will also illuminate the mechanistic principles of a 

broad class of molecular motors responsible for basic biological partitioning processes. 

Bacteriophage φ29 has emerged as a powerful experimental system for 

investigating genome packaging motors, and development of an efficient in vitro 

packaging system in φ29 has facilitated interrogation via multiple experimental 

approaches [118,123,124]. Genetic, biochemical, and structural results show that the motor 

is comprised of three components (Fig. 4.1A) [118,125]: 1) a dodecameric portal, or 
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connector protein (gene product 10 (gp10)) [126]; 2) a pentameric ring of a phage encoded 

structural RNA molecule (pRNA) [126–130]; and 3) a pentameric P-loop ASCE ATPase 

ring motor (gene product 16 (gp16)), analogous to the large terminases in other phage 

systems that drive packaging [26,125,126,131]. The components assemble as three co-axial 

rings at a unique vertex of the capsid, and the dsDNA genome is threaded through a 

continuous channel along their common central axis and into the viral capsid (Fig. 4.1A).  

Biochemical and single molecule analysis indicate that the packaging motor 

operates in a highly coordinated manner [11,12,14] (Fig. 4.1B). The mechano-chemical 

cycle is separated into two distinct phases (Fig. 4.1B). During the burst phase, four gp16 

subunits sequentially hydrolyze ATP, resulting in translocation of 10 bp of DNA in four 

2.5 bp steps. The role of the fifth subunit is poorly understood, but it has been proposed 

to play a regulatory role in aligning the motor with DNA for the next translocation burst 

[12].  No DNA translocation occurs during the subsequent dwell phase, when all five gp16 

subunits release ADP from the previous hydrolysis cycle and load ATP in an interlaced 

manner. More recent optical laser tweezer experiments show that nucleotide exchange 

during the dwell is coordinated between adjacent subunits, and that the order  
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Figure 4.1: The bacteriophage φ29 dsDNA packaging motor. (A) Cutaway side 
view of the bacteriophage φ29 dsDNA packaging motor as determined by cryo-EM. 
Molecular envelopes of the connector, pRNA, and ATPase are shown in cyan, magenta, 
and blue, respectively. (B) Model of the mechanochemical cycle of the packaging motor 
as determined by single-molecule experiments (adapted from Chistol et al., 2012 [12]. 
The top and bottom halves of the panel show the chemical and mechanical transitions 
in the dwell phase and burst phase, respectively. The presumed mechanochemical state 
of the motor trapped by ATP-γ-S is indicated by an asterisk.   

of exchange is influenced by subunit interactions with DNA [19]. Using altered DNA 

substrates, additional single molecule experiments indicate that the motor makes two 

types of contact with the translocating DNA [13]. During the dwell, the motor makes 

electrostatic contacts with the phosphate backbone of the DNA, whereas the motor was 

proposed to use a ‘steric paddle’ to make non-specific contacts during the burst phase to 

actively translocate the DNA. It has also been shown that DNA rotates 14o during each 10 

bp translocation burst, likely to maintain motor/substrate alignment. Finally, it has been 

shown that both the magnitude of this rotation and the step-size of the motor change in 

response to head filling at the last stages of packaging [14].  

While extensive biochemical and single molecule analysis have provided a 

detailed kinetic scheme describing what happens during packaging (Fig. 4.1B), the 
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physical basis of force generation and subunit coordination remain largely unknown. 

Visualizing the molecular events that constitute the mechano-chemical cycle requires 

structural characterization of the motor at distinct points along this pathway. Toward this 

end, the structure of φ29 particles stalled during DNA packaging by the addition of the 

non-hydrolyzable substrate γ-S-ATP was determined by cryo-electron microscopy. While 

the overall resolution of the reconstruction was better than 3 Å, density corresponding to 

the inherently dynamic motor was somewhat worse. Nonetheless, focused reconstruction 

and local averaging of density corresponding to various motor components resulted in 

local resolutions ranging from ~3.8 Å for the portal to ~4.4 Å for a focused reconstruction 

including the portal, the pRNA, and the packaging ATPase components of the motor. At 

these resolutions, it was possible to unambiguously fit atomic resolution structures of the 

connector, pRNA, and ATPase into the map and to refine these structures against their 

corresponding densities. The resulting structure is the first complete near-atomic 

resolution structure of a viral dsDNA packaging motor and shows that the N-terminal 

domain is arranged as a cracked ring/one-turn helix that tracks the helical symmetry of 

dsDNA. Together with previous structural, biochemical, biophysical, and single molecule 

data, these results suggest a molecular basis for DNA translocation. 
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4.2 Methodology 

4.2.1 Production of packaging components 

Bacillus subtilis 12A (sup-) host cells were infected with the φ29 mutant phage sus 

8.5(900)-16(300)-14(1241), which is defective in the packaging ATPase and thus cannot 

package DNA. The resulting empty prohead particles were purified via ultra-

centrifugation using sucrose gradients as previously described [132,133]. To ensure that 

the pRNA associated with these particles was structurally and compositionally 

homogeneous, purified particles were first treated with RNase A to remove any attached 

pRNA and re-purified as previously described [133]. In parallel, 120b pRNA was 

produced from the plasmid pRT71 by in vitro transcription using T7 RNA polymerase 

and purified by denaturing urea polyacrylamide gel electrophoresis as previously 

described [134].  The RNA-free proheads were then reconstituted with uniform 120b as 

previously described [133].  The genomic DNA-gp3 substrate and packaging ATPase gp16 

were prepared and purified as previously described [26,132]. 

4.2.2 DNA packaging assay 

The in vitro DNA packaging assay is based on a DNase protection assay and was 

performed as described previously [132,133]. Briefly, proheads (8.3 nM), DNA-gp3 (4.2 

nM), and either wild-type or mutant gp16 (166 to 208 nM) were mixed together in 0.5X 

TMS buffer in 20 μl and incubated for 5 min at room temperature. ATP was then added 

to 0.5 mM to initiate packaging.  After 15 min incubation, the mixture was treated with 
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DNase I (1 μg/ml final) and incubated for 10 min to digest the unpackaged DNA. An 

EDTA/Proteinase K mix was then added to the reaction mixture (25mM and 500 μg/ml 

final concentration, respectively) and incubated for 30 min at 65°C to inactivate the DNase 

I and release the protected, packaged DNA from particles. The packaged DNA was 

analyzed by agarose gel electrophoresis.  Packaging efficiency was calculated by 

densitometry using a UVP Gel Documentation System. 

4.2.3 Production of DNA packaging intermediates from cryo-EM  

To generate the stalled DNA packaging intermediates for cryo-EM reconstruction, 

packaging reactions consisting of DNA-gp3, RNA-free proheads reconstituted with 120b 

pRNA and gp16 were assembled at 2X concentration (see above) and ATP was added to 

initiate DNA packaging. Three minutes post-ATP addition, gamma-S-ATP was added to 

100μM (Roche) (ATP concentration is 500μM) and incubated for 2 minutes. To maximize 

packaging efficiency, a prohead-to-DNA ratio of 2:1 was used. Hence, at most, only 50% 

of the particles could package DNA. However, far fewer particles had actually packaged 

DNA (Fig. 4.2), and thus there was considerable amounts of unpackaged DNA fibers in 

the background of cryo-EM images. Thus, to facilitate freezing and remove background 

noise contributed by unpackaged DNA, 1 unit of RQ DNase I (Promega) was added and 

incubated at room temperature for 10 minutes.  The sample was placed on ice until grid 

preparation for cryo-EM imaging.  
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While enough gp16 was added to assemble functional motors on every particle, 

the large number of unpackaged particles raised concerns that motors on these particles 

were either not fully (or properly) assembled. Thus, the reaction mixture was loaded on a 

sucrose gradient (with an excess of gamma-S-ATP included) to separate DNA-filled 

particles from empty particles. The gradient band corresponding to filled particles was 

dialyzed against TMS buffer supplemented with gamma-S-ATP to remove sucrose, 

concentrated, and loaded onto cryo-EM grids for freezing and imaging. The resulting 

grids had a good distribution of almost entirely filled particles. Since most particles in the 

images had packaged DNA, we could presume that their packaging motors were 

functional. Although a small amount of “unpackaged” DNA was still present, this likely 

resulted from some particles losing their DNA during purification and was not enough to 

hinder image processing. Although these empty particles had likely packaged but then 

lost DNA, they were nonetheless excluded from image processing to ensure only 

functional motors in the same state were reconstructed. 

4.2.4 Cryo-EM grid preparation, data collection, image processing 
and model building 

Approximately 3 μl of prohead particles stalled during packaging (see above production 

of packaging intermediates for cryo-EM) was applied to quantifoil 2X2 holey carbon grids 

prior to plunge freezing. Sample grids were flash-frozen in liquid ethane cooled to liquid 

nitrogen temperatures on holey carbon grids using a vitrobot automated vitrification 

system from Thermo Fisher. Data were collected on the Titan Krios microscope equipped 
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with a summit K2 direct electron detector housed at the Electron Imaging Center for 

Nanomachines (EICN) at UCLA. The accumulated electron dosage for each movie stack 

was ~ 40 e/Å2. Subsequent CTF correction (see below) indicated a defocus range of ~0.5 to 

~3.5 μM. Individual movie frames were aligned with Motioncor2 [135], and particles were 

picked with EMAN2 [136]. Subsequent image processing steps, including symmetry 

breaking and focused reconstruction, were carried using Relion [137] and/or symmetry 

breaking scripts written for Relion [138] and as implemented in Scipion [139]. For the 

DNA-filled particles discussed here, a total of 145,434 particles were initial boxed and 

extracted. After removing incorrectly picked or deformed particles via 2D classification, 

53,010 particles were used for the reconstruction of the entire phage. For the focused 

reconstruction including the ATPase motor, only particles where motors were clearly 

visible were used, reducing the number of particles to 12,526. Atomic models of the motor 

components were fitted and/or manually built into their corresponding densities using 

COOT [140] and refined using PHENIX [141]. In the final refined model, 90.28% of amino 

acid residues were in the preferred region of the Ramachandran plot, with zero residues 

in the disallowed region and 9.72% in the generously allowed region. The MolProbity 

score of the model was 2.45. The correlation coefficient between density calculated from 

the refined structure and the cryo-EM map of the motor vertex was ~0.63. Both the FSC 

between the model and the map and the d_model [141] indicated resolutions of ~4.33 Å 

for the masked map. For the unmasked map, the d_model resolution estimate was ~4.5 Å, 
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whereas the FSC estimate was ~6.19 Å, likely due to unmodelled DNA and residual capsid 

protein in the unmasked map. The focused reconstruction of the motor vertex and 

associated atomic model of the pRNA, ATPase, and DNA are deposited as EMD-22441 

and PDBID 7JQQ, respectively. 

4.3 Results 

While cryo-EM has emerged as a powerful technique to obtain near atomic resolution 

structures of large complexes [142,143], it is still challenging to resolve inherently flexible 

components (e.g. molecular motors) to high resolution. Further, properly reconstructing 

any symmetry mismatches between the massive capsid and relatively small motor is still 

non-trivial [26,115,127,130,138,144,145]. Hence, the most tractable path to the atomic 

structure of a functional viral dsDNA packaging motor is to determine atomic resolution 

structures of isolated components and then fit them into cryo-EM reconstructions of the 

entire motor complex assembled on the procapsid [146]. To date, we have determined 

atomic resolution structures of nearly every component of the φ29 packaging motor 

including the portal [126], the prohead-binding domain of the pRNA [128], the pRNA 

CCA bulge [133], part of the A-helix of the pRNA [128,147,148], the N-terminal ATPase 

domain of gp16 [26], and, most recently, the C-terminal vestigial nuclease domain of gp16 

[149]. Further, we have recently determined the full-length structure of a homologous 

packaging ATPase from a relative of φ29, bacteriophage asccφ28 [150]. 
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4.3.1 Cryo-EM reconstruction of particles stalled during DNA 
packaging 

Having completed the library of atomic resolution structures of φ29 motor components, 

we turned to single particle cryo-EM to image functional motors assembled on procapsids. 

Briefly, we incubated 120-base pRNA proheads with gp16, φ29 genomic DNA, ATP, and 

magnesium for approximately 5 minutes before stopping the packaging reaction via 

addition of an excess of the non-hydrolysable ATP analog γ-S-ATP. This incubation 

period is long enough to allow gp16 to assemble on proheads and for functional motors 

to fully package their genomic DNA substrates. The addition of γ-S-ATP serves two 

purposes: 1) it stabilizes packaged particles such that the motor remains attached and the 

DNA is retained in heads; and 2) it drives the motor towards a uniform, substrate bound 

state. Presumably, addition of γ-S-ATP arrests the motors near the end of the dwell phase, 

when all five subunits are bound to substrate (or non-hydrolysable substrate analog γ-S-

ATP) and the motor is poised to enter the burst (Fig. 4.1B, double asterisk). 

4.3.2 Procapsid structure 

Particles were initially reconstructed assuming C5 symmetry. The resulting map was of 

high quality (Fig. 4.2A-C), as evidenced by readily recognizable secondary structures and 

often clear and unambiguous side chain density (Fig. 4.2C). The overall resolution of the 

map is ~2.9 Å as estimated by “gold standard” Fourier Shell correlation (FSC) between 

independently processed half-data sets [151,152]. Consistent with previous 

reconstructions of φ29 particles [153,154], the capsid appears to have pseudo-D5 
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symmetry that is broken by the unique motor vertex at one end of the otherwise T=3 Q=5 

prolate icosahedral shell. Density for the capsid was particularly good, and nearly the 

entire length of the capsid protein density could be traced, and side chains 

unambiguously positioned (Fig. 4.2C,D). Further details of model building and 

refinement of the procapsid will be described elsewhere, but Fig. 4.2A-D shows the overall 

quality of the density corresponding to the protein shell. 

4.3.3 Symmetry breaking: portal structure 

As would be expected, density for the connector was initially poor. Due to the symmetry 

mismatch between the dodecameric connector and the 5-fold symmetric vertex where it 

sits, imposing C5 symmetry causes the portal to be incoherently averaged around its 12-
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Figure 4.2: Reconstruction of particles stalled during packaging. (A) Side view 
of stalled-particle reconstruction, colored by cylindrical radius. Components of the 
packaging motor are colored magenta. (B) Zoom in on one capsid hexamer, outlined in 
red in (A). (C) The top panel shows the atomic model of the of the capsid protein built 
into density corresponding to one monomer in the hexamer shown in (B). The bottom 
panel shows the ribbon diagram with the N-terminal HK97 and the C-terminal 
immunoglobulin (IG)–like domains colored blue and pink, respectively. (D) Cross-
section of the reconstruction of stalled particles colored as in (A) but with packaged 
DNA colored red. (E) Focused C12 reconstruction of the portal. The top panel shows an 
end-on view with the fitted portal structure (yellow ribbon; PDB ID: 1FOU). The lower 
panel shows a side view of the central helical domain. (F) Focused C1 reconstruction of 
the entire portal vertex with the atomic model of the portal built into its corresponding 
density. The top and middle panels show end-on views looking from inside the capsid 
(upper) and from below the portal (middle); the portal, pRNA, and capsid are shown in 
yellow, magenta, and blue, respectively. The bottom panel shows the side view. (G) 
The top panel shows the structure of a fragment of the pRNA (PDB ID: 4KZ2) fitted 
into its corresponding density. The bottom panel shows the atomic resolution structure 
of the pRNA built into its corresponding density. The E loop of the pRNA attaches to 
E loops in the capsid protein, colored blue, green, and red. 
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fold symmetry axis [130]. Hence, to improve density for the portal protein, we used a 

variation of focused reconstruction and symmetry breaking [130,138,145,155]. This 

allowed us to obtain a near atomic resolution reconstructions of both the portal alone, (Fig. 

4.2E) and the larger asymmetric portal vertex wherein both the 12-fold symmetric portal 

and the 5-fold symmetric circumscribing capsid proteins are resolved (Fig. 4.2F). 

4.3.4 pRNA structure 

Density corresponding to the pRNA in the initial C5 map was not as clear as density 

corresponding to the capsid protein but was still easily recognizable as RNA (Fig. 4.2F,G). 

Major and minor grooves were apparent with dimensions like those predicted for A-form 

nucleic acid helices, and serrated periodicity consistent with the phosphate backbone was 

visible for much of the pRNA. Density for the 74-bases corresponding to the prohead 

binding domain of the pRNA was better than density corresponding to the A-helix, likely 

due to increased flexibility of the latter. Density corresponding to the pRNA in the C1 map 

obtained via symmetry breaking based on portal density described above was similar to 

density in the original C5 map. 

4.3.5 Symmetry breaking: pRNA-ATPase structure 

Since symmetry breaking based on focused reconstruction of the portal resulted in a high-

quality reconstruction of the portal itself (Fig. 4.2E,F) it was surprising that the density 

corresponding to the ATPase and DNA in this reconstruction was still rather poor, and 

did not seem much improved relative to the original C5 map (Fig. 4.2D) or to a previously 
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published 12 Å map [26]. A possible explanation is that the motor is highly dynamic, and 

thus different individual motors are in different conformations and orientations relative 

to the portal, resulting in smeared density upon inter-particle averaging during 3D 

reconstruction. Another possibility is that there is yet another symmetry mismatch 

between the procapsid-portal complex and the ATPase/DNA; even once the portal and 

procapsid are simultaneously aligned, there are still five different ways that the ATPase 

and DNA can be arranged with respect to the prohead-portal. 

To test this possibility, we repeated the symmetry breaking procedure described 

above except that instead of focusing exclusively on the portal, we focused on density that 

includes the portal, the pRNA, the DNA, and the ATPase. Further, since DNA in the 

capsid is not well resolved, it is impossible to correctly subtract DNA density from 

experimental images. Hence, we excluded views where the capsid is projected onto the 

motor, and only included particles where the ATPase was clearly visible. In the resulting 

reconstruction, the density for the pRNA, DNA, and ATPase were greatly improved in 

the resulting map (Fig. 4.3; EMD-22441). While the resulting resolution was good, ~ 4.4 Å 

overall as estimated by FSC [151,152] and the D99 criterion [156], density quality varied 

over the reconstructed volume, and the NTD and associated DNA and pRNA were 

probably closer to ~6 Å resolution, and thus not high enough to identify side chains/bases 

or trace the polypeptide/nucleic acid chain ab initio. Nonetheless it was sufficient to 

clearly see secondary structural elements in the ATPase and the major and minor grooves 
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in the DNA and pRNA. The phosphate backbone was still readily apparent in the pRNA 

density and was now visible in most of the DNA density as well. Interestingly, density for 

the portal was not nearly as well resolved as in the previous focused reconstructions of 

portal-only and the portal-capsid vertex (Fig. 4.2E,F). While density in the radial direction 

was well resolved, density in circumferential directions was rather poor, indicating that 

particles were incoherently averaged around the 12-fold symmetry axis of the portal. This 

result suggests that symmetry breaking was dominated by signal from the pRNA, 

ATPase, and DNA, and that the portal density was not aligned in the selected orientations. 

This could occur if there is no defined relationship between the portal and the motor. 

Alternatively, there could be five different ways to arrange the portal with respect to the 

ATPase, but the small mass of the portal could not provide enough signal to successfully 

classify these different arrangements. We suspect the latter to be true.  
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Figure 4.3: Cryo-EM reconstruction of the φ29 DNA packaging ATPase motor. 
(A) Density for the CTD planar ring viewed looking from below (left) and above (right). 
Five copies of the CTD NMR structure (PDB ID: 6V1W) are fitted into their 
corresponding densities and shown as red, yellow, green, orange, and blue ribbon 
diagrams. (B) Density for the NTD helical assembly viewed looking from below (left) 
and above (right). Five copies of the NTD crystal structure (PDB ID: 5HD9) are fitted 
into their corresponding densities and shown as red, yellow, green, orange, and blue 
ribbon diagrams. (C) A cutaway side view of the φ29 ATPase motor, with CTD and 
NTD ribbon diagrams colored as above. The pRNA (periphery) and DNA (center) are 
shown as tan ribbon diagrams in all three panels. 

4.3.6 Building an atomic model of the motor 

While the separate PDBs for the prohead binding and portions of the A-helix domains 

[128,147,148] could be fit into their corresponding densities (Fig. 4.2G), part of these 

structures had engineered mutations to facilitate crystallization. Hence, since density for 

the pRNA was of reasonably high quality, a complete 120-base pRNA model was built 

directly into its corresponding density. However, it proved useful to utilize base-pairing 
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patterns observed in the crystallographic structures as restraints when refining the model 

against density. Similarly, an atomic model of the DNA was built by first fitting 

coordinates of a stretch of ideal B-form DNA into its density. Further, the improved 

density allowed us to unambiguously fit our crystal structure of the N-terminal ATPase 

domain (NTD: PDB 5HD9) and our NMR structure of the C-terminal vestigial nuclease 

domain (CTD: PDB 6V1W) into their corresponding densities (Fig. 4.3). The linker region 

between the domains was built directly into density based on the equivalent linker region 

in our recently determined full-length ATPase structure of a homolog of gp16, the dsDNA 

packaging ATPase from bacteriophage asccφ28 (~45% similarity to gp16) [150]. Fitted 

structures were refined against their corresponding densities using the real space cryo-

EM refinement module in PHENIX [141]. After initial refinement, the map was improved 

via local averaging over equivalent sub-volumes corresponding to the N- and C-terminal 

domains of the ATPase, and to the prohead-binding and A-helix domains of the pRNA. 

The refined models were then manually adjusted to fit this “locally averaged” map, and 

then refined together against the original, unaveraged map, as in the application of NCS 

averaging in X-ray crystallography. 

4.3.7 Gross features of the packaging motor 

Several gross features of the motor structure are immediately apparent upon an 

examination of the refined coordinates (Fig. 4.4; PDB 7JQQ). First, the pRNA and ATPase 

are pentameric assemblies, definitively resolving a long-standing controversy regarding 
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the symmetry of these components and refuting several reports of hexameric assemblies 

[118] (Fig. 4.4C). Second, as previously reported [157], the pRNA does not significantly 

interact with the portal, but rather bases in the pRNA E-loop (U54, G55, A56) interact with 

residues in surrounding capsid protein E-loops (Gln117, Lys118, Asp121, and Arg122 of 

one E loop and residue Gln117 of a neighboring E loop). Also consistent with previous 

results [26], the CTD sits above the NTD and just below the portal where it is wedged 

between the pRNA and the incoming DNA (Fig. 4.4B). This arrangement of ATPase 

domains differs from an arrangement reported for the T4 DNA packaging motor, where 

structural data suggested a reversed domain polarity wherein the NTD attaches to the 

portal with the CTD hanging just below [21].  

Both the N- and C-terminal domains appear to interact with incoming DNA (Figs. 

4.3 & 4.4), again differing from results for T4 that suggest only the CTD interacts with 

DNA [21]. Additionally, all five NTDs and CTDs appear to interact with DNA, in contrast 

to previous results we reported that only one subunit contacts the DNA [19]. Further, the 

DNA structure differs considerably from canonical B-form DNA. It is stretched/partially 

unwound in some places, compressed in others, and has a prominent kink between the 

CTD and NTD, deflecting the direction of the DNA ~ 15˚ from the expected direction of 

DNA translocation (Figs. 4.3 & 4.4B,C). Hence, mechanisms requiring strict helical 

symmetry of B-form DNA may need to be re-evaluated.  
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Figure 4.4: Structure of the bacteriophage φ29 dsDNA packaging motor stalled 
during packaging. Structure of the packaging motor rendered as molecular surfaces 
(top panels) and ribbon diagrams (bottom panels) shown from the following: (A) side 
view; (B) cutaway side view to visualize the DNA in the central channel; and (C) an 
end-on view, looking from below the motor. The portal and pRNA are colored cyan 
and magenta, respectively, and the five ATPase subunits are labeled S1 to S5 and 
colored blue (S1), orange (S2), green (S3), yellow (S4), and pink (S5). Approximate 
levels of the CTD and NTD are indicated by blue arrows in the panel. Deviations from 
the rotational component of helical symmetry are shown indicating loose and tight 
interfaces by red and green asterisks, respectively, in (C); the loose interfaces are on 
either side of the lowest subunit in the ATPase helix and correspond to the two active 
sites where there is no clear density for ATP. Two black lines in the bottom half of (B) 
are drawn approximately coincident with the helical axis of the DNA before and after 
the kink that occurs between the CTD and NTD; the ~12.5° angle between the lines is 
indicated. 
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While the pRNA and CTD have approximate C5 symmetry, the NTD of the 

ATPase is not arranged as a planar ring, but rather adopts an arrangement more akin to a 

cracked ring or a short, one-turn helical assembly (Figs. 4.4 & 4.5). The five NTDs in the 

‘helix’ wrap roughly one turn (~10 bp) of dsDNA and are thus arranged such that the two 

helices are approximately in register approximately every ~2 base pairs. Further, the NTD 

does not adopt a perfect helical arrangement, as there is some variation in both the twist 

and rise relating adjacent subunits (Figs. 4.4 & 4.5), with subunits S1 and S5 at the top and 

bottom of the helix differing most in regard to both twist and rise. 

Since the NTDs are identical, it is not entirely clear how these deviations arise. A 

possible partial explanation is that the helical arrangement of NTDs results from subunit 

interactions with DNA, and thus the observed distortions in pitch, twist and direction of 

the DNA give rise to complementary deviations in the NTD helix. This would explain 

why S5 deviates most; it sits at the bottom of the helix where the DNA is furthest offset. 

However, it does not explain why S1 deviates since it is positioned at the top of the helix 

where the DNA offset is minimal. However, it neighbors S5, and so the deviation of S5 

could influence the position of S1. Additionally, while all subunit NTDs contact the pRNA 

via a small N-terminal helix, S1’s NTD makes an additional contact with the pRNA via a 

small loop (Fig. 4.5E). This second anchor point may cause S1’s position to deviate from 

helical symmetry. 
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Figure 4.5: Helical arrangement and offset of ATPase NTDs. (A) Side view of 
the ATPase NTDs showing their helical arrangement. The NTDs from five different 
subunits are labeled S1 to S5 and colored as in Fig. 4.4. ATP is colored by element; (B) 
K56 is arranged as a spiral that approximately tracks the DNA helix. The bottom four 
subunits track the 5′-3′ strand approximately every 2 bp. Because of the imperfect NTD 
helical symmetry, the top K56 is closer to the complementary 3′-5′ strand. (C) Helical 
symmetry axes for successive superpositions of S1 on remaining subunits are shown as 
colored rods and labeled along with their actual and ideal (parentheses) rotations. 
Translational components of the helical operations are represented by the offsets of the 
rods. (D) COM of the NTD and CTD are shown as gray spheres from side and end-on 
views. The fivefold axis of the phage is shown as a darker gray rod. (E) S1 (blue) and 
its associated pRNA (magenta ribbon and translucent surface). The approximate portal-
binding surface and the unique NTD-pRNA contact in S1 are shown as cyan and blue 
stars, respectively. (F) Superpositions of the pRNA from side and end-on views. The 
pRNAs were superimposed onto pRNA-S1 via their prohead-binding domains (bases 
1 to 74) and colored according to their associated NTDs. The blue pRNA-S1 is oriented 
as in (E); note that S1 and S2 pRNAs are bent relative to the others such that its distal 
NTD-binding regions move up and to the right. 
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Since both the CTD and pRNA are arranged as planar rings, one question that 

arises is how the NTD can assume a helical arrangement when its anchor points are 

planar. While each NTD could bind to a different section of the pRNA to give rise to a 

staggered structure, our results suggest otherwise. Ignoring the unique 3rd contact with 

pRNA made by S1 described above, all subunits essentially bind pRNA the same way. 

Instead, the pRNA changes conformation to adapt to the helical arrangement of NTDs 

(Fig. 4.5F). In this way the pRNA functions analogously to the suspension of an off-road 

vehicle, where shock absorbers compress, extend, and flex to allow the wheels of the 

vehicle to maintain contact with the ground over uneven terrain. Similarly, the pRNA 

allows the NTD to maintain contact with its helical DNA substrate. However, unlike off-

roader’s shock absorber, the A-form RNA helices cannot extend or compress, and thus 

positional adjustments of the NTD are limited to bending and flexing motions. Thus, to 

‘raise’ the position of S1 to the top of the helix, the pRNA bends rather than simply 

shortening. As a result, in addition to positioning S1 closer to the portal, it is also slightly 

displaced in a direction ~perpendicular to the 5- fold axis of the phage. Since S1 is part of 

the larger NTD assembly, the whole cracked ring should be displaced in this same 

direction. The results presented here are consistent with this scenario. The pRNA attached 

to S1 is the most bent (Fig. 4.5E), as it must be to maintain S1’s position at the top of the 

helix. Further, plotting the centers of mass (COM) of the NTD and CTD show that while 

the CTD COM lies on the global 5-fold axis, the NTD COM is displaced as predicted (Fig. 
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4.5D). This explains why the DNA is bent; since the DNA is nestled in the central pore of 

the NTD cracked ring, it is also displaced when the NTD cracked ring is displaced as it 

adopts a helical structure. Hence, there is likely a complex interplay between the NTD 

adopting a helical structure to bind DNA and the deformation of DNA structure in 

response to this binding. 

4.3.8 Interactions with DNA 

The central pores of both the CTD ring and the NTD helix of the ATPase are rich in 

positively charged and polar residues that are well-positioned to interact with DNA (Figs. 

4.3-4.5). Given the resolution of the map, it is difficult to definitively catalog these 

residues, but using a distance cutoff of 4 Å to select residues that could potentially interact 

with DNA shows that while the motor interacts with both strands, there seem to be more 

interactions with one of the two strands. This observation is consistent with single 

molecule results showing that the motor tracks along the 5’-3’ strand during translocation 

[13]. The overall helical character of the NTD described above is particularly apparent if 

one focuses on a single residue in the motor pore. Fig. 4.5B shows K56, which appears to 

track along the 5’-3’ strand of the dsDNA helix approximately every 2 to 2.5 base pairs. 

Note that due to deviations from helical symmetry in both the dsDNA and the NTD 

cracked ring/helix, each K56 interacts with the DNA in a slightly different way. This is 

especially true for S1 at the top of the helix, which seems to be better positioned to interact 
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with the opposite 3’-5’ strand, consistent with its deviation from strict C5 helical 

symmetry discussed above.   

4.3.9 Inter-molecular interactions between motor components 

The N- and C-terminal domains are connected by a long linker analogous to the “lid” 

domains in other ASCE ATPases (Fig. 4.6). In addition to connecting the N- and C-

terminal domains, the NTD-CTD linker also ‘links’ adjacent subunits. It folds into a small 

three-helix domain, where the middle helix interacts with an adjacent subunit. Because of 

deviations in the helical pitch and twist, the orientation and the distance spanned by the 

linker arm is not uniform around the helix. Distance and orientation of the linker seems 

to be adjusted by varying the length of the two helices flanking the helix that binds the 

neighboring subunit; more overall helical content shortens the distances, whereas 

direction can be altered by ending the helical region at different extents around a helical 

turn (Figs. 4.4C & 4.6C). The density for the linker regions from the subunits at the top 

(S1) and bottom (S5) of the ATPase helix is poor compared to the other three linker arms. 

This may be due to increased dynamics and/or conformational heterogeneity of these two 

linkers due to their unique positions in the NTD helix. In particular, the linker originating 

from the top subunit S1 must reach down to interact with the bottom subunit S5, and 

therefore must adopt a significantly different orientation compared to the other subunits. 

Subunit S5 at the bottom of the helix is also in a unique position and is part of the split 

interface between subunits S1 and S5.  
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Figure 4.6: Domain linker and trans-acting residues. (A) Side view and (B) end-
on view of adjacent subunits S1 and S2. NTDs and CTDs are labeled, and the linker 
domain in S2 is highlighted in yellow. ATP is shown as space-filling spheres colored 
by element. (C) Superposition of the NTDs of all five subunits to illustrate structural 
variability of the linker domain. Note that the relative orientation of linker domains 
from subunits S1 (blue) and S5 (pink) differ the most and correspond to subunits at the 
top (S1) and bottom (S5) of the ATPase helix. (D) Close up of the active site between 
subunits S1 and S2. Residues important for binding and/or catalysis, including K105 
and R146, are shown as ball and stick figures, colored by heteroatom, and labeled. ATP 
atoms are shown as ball and stick and colored by element; note that phosphorous is 
colored light purple rather than the typical orange to facilitate visibility. 

However, S5’s linker is not part of this interface, but instead is part of the interface 

between subunits S5 and S4. Hence, the environment of S5’s linker should be like the 

environments of the three preceding subunits S4, S3, and S2. Nonetheless, like the top 

subunit, the bottom subunit’s overall position and orientation deviate from the stricter 

symmetry observed for the inner three subunits (Figs. 4.4C, 4.5C & 4.6C). This difference 
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in position and orientation may account for part of the increased flexibility observed for 

this region (see also below). 

4.3.10 Active site of the ATPase 

Although the resolution of the motor-vertex map is not sufficient to definitively visualize 

ATP, nucleotide binding sites of ASCE ATPases are well characterized and the location of 

ATP can be inferred by superimposing the structure of a related ATPase complexed with 

ATP. In this case, superimposing the structure of the bacteriophage P74-26 DNA 

packaging ATPase complexed with substrate analog ADP-BeF3 [24] allowed positioning 

of substrate in active sites located between two adjacent subunits, consistent with 

previous data [26]. In the middle three subunits (S2, S3, S4), the nucleotide fits well into 

otherwise unexplainable density. However, in the top and bottom subunits (S1 and S5), 

there is no significant density corresponding to the expected position of the nucleotide. 

Additionally, the linker arm closes over the active site, and is thus positioned to respond 

to ATP-binding, hydrolysis, and product release (Fig. 4.6A,B). Density for the linker arm 

in S1 and S5 is poor, suggesting that nucleotide binding might influence the position and 

flexibility of the linker.  

As described above, the active site resides between two subunits in the NTD helix. 

Thus, residues from two adjacent subunits contribute to a single active site and each 

contribute to ATP binding and hydrolysis (Fig. 4.6D). In the ‘cis’-acting subunit, ATP is 

positioned near the Walker A and B motifs that reside on loops connecting strands on one 
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edge of the central beta sheet of the ASCE fold, consistent with previous results reported 

for φ29 and other ATPases. ATP is further stabilized by positively charged residues 

contributed in ‘trans’ by an adjacent subunit. In particular, the ATPs seem to be 

sandwiched between R146 and K105 (Fig. 4.6D). In ring ATPases, an arginine residue 

often acts in trans to trigger ATP hydrolysis either by stabilizing the negative charge that 

accumulates on the phosphate oxygens during the hydrolytic transition state or by 

similarly stabilizing the negative charge on the ADP leaving group. Based on sequence 

alignment with members of the FtsK branch of the ASCE superfamily, R146 was predicted 

to be the canonical ATPase ‘arginine finger’. This prediction was supported by 

biochemical experiments designed to report trans-acting activity [19,26]. While the current 

structural data could support R146 acting as the arginine finger, K105 seems equally well, 

if not better, positioned to assume this role. Specifically, K105 is positioned nearer the γ-

phosphate of ATP (where nucleophilic attack occurs), whereas R146 is closer to the 

adenine base and pentose sugar (Fig. 4.6D).  Further, an arginine residue equivalent to 

K105 in the thermophilic bacteriophage P74-26 was shown to function as the arginine 

finger [24]. Hence, while R146 likely does act in trans during nucleotide cycling, assigning 

it the catalytic-trigger role of the arginine finger may be premature. Indeed, single 

molecule optical laser tweezer experiments suggest the R146 may play a role in nucleotide 

exchange [19], thus explaining the reported trans-activity while allowing for the 

possibility that K105 could function as the catalytic ‘arginine’ finger in gp16. Of note, in 
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addition to closing over the active site, the linker interacts with the edge of the sheet in 

the trans-acting subunit where R146 and K105 reside (Fig. 4.6B,D), consistent with 

potential roles in coordinating either/both ATP hydrolysis and nucleotide exchange in 

adjacent subunits. 

4.4 Discussion 

4.4.1 Structural comparison of the φ29 packaging motor and other 
ASCE ATPases 

While it is well known that all ASCE ATPases share a modified Rossman fold and are thus 

similar at the tertiary level, the extent of similarity at the quaternary level is less clear. 

Early crystallographic and EM structures of ASCE ATPases without their polymeric 

substrates bound indicated that most were assembled as planar hexameric rings. More 

recently, several structures of ASCE ATPases complexed with their polymeric substrates 

have been determined to near-atomic resolution by single particle cryo-EM [158]. Many 

of these structures have a helical arrangement of subunits rather than a planar-ring 

organization. Based on these structures, a hand-over-hand mechanism has been proposed 

for polymer translocation, wherein nucleotide hydrolysis is coupled to the movement of 

a subunit from one end of the helix to the other such that the ATPase helix slithers along 

its polymer substrate in a hand-over-hand, spiral-escalator type mechanism [33,34,37]. 

4.4.2 Mechanism of translocation 

Despite assembling as a pentamer rather than a hexamer, the results presented here show 

that like other ASCE ATPases, the NTDs of the φ29 DNA packaging ATPase adopt a 
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helical structure when engaged with their polymeric dsDNA substrate. Such an 

arrangement suggests that φ29 might also employ a hand-over-hand, spiral-escalator-

type mechanism to propel its dsDNA into the procapsid. While there are many attractive 

aspects of such a mechanism for viral dsDNA packaging motors, there are also some 

concerns. Primarily, the well-characterized dwell-burst behavior observed for φ29 in 

single molecule experiments does not naturally emerge from such a mechanism. 

Escalators, whether linear or helical, are continuous, and do not pause as the last stairstep 

reaches the top/bottom. Further, like the hexameric ASCE ATPases, the φ29 ATPase has 

also been observed in planar configurations [125,131]. Similarly, our recently determined 

X-ray crystallographic structures of the full-length packaging ATPase from the φ29 

relative asccφ28 in various nucleotide-bound states are planar rings in absence of DNA 

[150].  

We propose an alternative mechanism for DNA packaging based on the helical 

NTD structure observed here and planar structures described above. The essence of the 

mechanism is that the NTD of the ATPase cycles between helical and planar symmetry, 

and that DNA is driven into the procapsid as the subunits adopt the planar configuration 

(Fig. 4.7). For simplicity’s sake, deviations from strict helical symmetry in the NTD, 

distortions of the DNA structure and direction, and offset of the NTD relative to the CTD 

were not considered, and positions of NTD subunits have been adjusted to obey strict 

helical/planar C5 symmetry in Fig. 4.2.  
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Figure 4.7: Mechanism of DNA translocation. For simplicity, only the NTDs of 
the ATPase are shown, and subunit positions have been adjusted to obey perfect helical 
symmetry as described in the text. NTDs from the five different subunits, labeled S1 to 
S5, are colored differently and shown as semitranslucent surfaces. ATP and PO4 are 
rendered as opaque molecular surfaces and colored by element. DNA is shown in blue, 
with the B-form DNA helical repeat indicated by coloring every 10 bp on the 5′-3′ strand 
orange. The top panel shows the burst phase; ATP hydrolysis causes the NTDs to 
transition from a helical to a planar configuration and drive DNA into the procapsid 
(top of page). Note that while the first four hydrolysis events move 10 bp of DNA in 
four 2.5-bp steps, the last hydrolysis event in S5 does not translocate DNA. The bottom 
panel illustrates the dwell when sequential exchange of ADP for ATP occurs, and the 
motor resets to the helical configuration as NTD subunits S2 to S5 walk down DNA. 
Note that during the dwell, there is no translocation of DNA. 

The mechano-chemical cycle begins when all five ATPase subunits have bound 

ATP at the end of the dwell. As with many ASCE ATPases, gp16 has a high affinity for 

DNA when ATP is bound and lower affinities in ADP-bound and apo states [10,158]. To 

optimally engage its DNA substrate, the NTD adopts a helical arrangement that is 
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approximately complementary to the DNA. In the first step of the burst, S1 at the top of 

the helix hydrolyzes ATP, releasing its grip on DNA and causing subunits S2-S5 to move 

a distance ~equal to the rise of the NTD helix (~7 to 8.5 Å), thus bringing S2 into the same 

plane as S1. Further, since subunits S2-S5 have not yet hydrolyzed ATP, they remain 

tightly bound to DNA, causing DNA to also translocate ~2 to 2.5 bp into the procapsid. 

Once S2 is in plane with S1, trans-acting K105 in S1 is positioned to trigger hydrolysis in 

S2. As S2 hydrolyzes ATP, it lets go of DNA and the S3-S5:DNA complex now moves as 

a unit. This results in translocation of another ~ 2 to 2.5 bp of DNA and places S3 in the 

plane of the ring such that hydrolysis in S3 can be triggered in-trans by K105 from S2. This 

process continues to permute around the ring until the burst ends as S4 fires, completing 

the helix-to-planar transition and resulting in translocation of ~1 helical turn of dsDNA 

(~10 bp). At this point, S5 has yet to fire. Since the helix-to-planar transition is complete, 

firing at S5 will not translocate DNA any further; all subunits are in plane with S1, and 

thus there is no impetus for any to move higher. However, S4’s trans-acting K105 will 

nonetheless be positioned to trigger hydrolysis in S5. Further, since the motor reset 

requires that subunits S2-S5 return to their previous positions along the NTD helix, S5 

likely needs to hydrolyze ATP to release its grip on DNA. Otherwise DNA would be 

pulled out of the capsid as S5 migrates back to the bottom of the NTD helix. Hence, at the 

end of the burst/beginning of the dwell, S5 likely hydrolyzes ATP, allowing it to release 

DNA.  
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Single molecule experiments have shown that nucleotide exchange occurs 

sequentially and is highly coordinated, with one subunit completing exchange of ADP for 

ATP prior to exchange in the next subunit [11,19] (Fig. 4.6B). The order of nucleotide 

exchange around the ring could occur in either the same or opposite direction as 

hydrolysis. While we cannot rule out either path, we favor exchange occurring in the same 

direction (Fig. 4.7, bottom). In this path, as S5 comes into plane with S1 at the end of the 

burst, its trans-acting R146 would be positioned to initiate nucleotide exchange in S1. 

Further, since DNA has moved one helical repeat, S1 is positioned to re-bind DNA upon 

completion of exchange.  Exchange in S1 would then promote exchange in S2, and so on 

until each subunit has reassumed its previous position in the NTD helix. A sensible aspect 

of this direction of exchange is that when S2 and subsequent subunits sequentially drop 

down one position in the NTD helix, they would be optimally aligned to bind to DNA as 

they re-bind ATP and increase their affinity for DNA. In contrast, if exchange occurred in 

the opposite direction and S5 were to initiate the walk down the helix, S5 would become 

competent to bind DNA before it completes its downward journey. Thus, this path could 

result in S5 pulling DNA backwards out of the capsid as the motor resets the helical NTD 

arrangement. However, it is likely that subunits prefer a particular orientation of the DNA 

backbone relative to the NTD. If so, then this optimal relative arrangement would not 

occur until S5 had returned to the bottom of the helix. Indeed, in this direction of 

exchange, S2 through S5 would all reach the optimal binding position at the same time, 
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resulting in a zipper-like interaction between the NTD helix and DNA, possibly providing 

a signal that the dwell has ended. 

4.4.3 Re-initiation of the mechanochemical cycle 

One question that remains is how the first hydrolysis event to initiate/re-initiate the burst 

occurs. Hydrolysis in subunits S2-S5 is catalyzed via the trans-acting K103 from the 

preceding subunit. However, S1 firing must be triggered differently since S5 is at the 

bottom of the helix at the start of the burst, and is not positioned to catalyze hydrolysis in 

S1. However, as the helical configuration of NTDs is re-established during the dwell, the 

linker domain in S1 drastically changes its orientation to maintain interactions with S5 as 

S5 migrates to the bottom of the NTD helix (Fig. 4.6C). We propose that as the S1 linker 

re-orients and further closes over the active site of S1, a glutamine (Q222) from the linker 

domain and an asparagine (N158) become positioned to interact with the γ-phosphate to 

catalyze hydrolysis in cis. Note that this mechanism could occur regardless of the direction 

of nucleotide exchange since in both directions S5 only reaches the bottom of the helix at 

the very end of the dwell. While Q222 is highly conserved in φ29-like packaging ATPases, 

N158 is highly conserved amongst all ASCE ATPases, supporting critical roles for these 

residues in the mechano-chemical ATP hydrolysis cycle. 

A few gross features of the proposed mechanism are worth noting. First, S1 acts 

as a pivot point for the helix-to-planar transition, and thus maintains its position at the 

top of the helix throughout the mechano-chemical cycle. Additionally, ATP hydrolysis in 
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one subunit does not impose a force directly on DNA, but rather translocates DNA by 

causing movement of adjacent DNA-bound subunits. This motion is likely actuated by 

changing the length and orientation of the moving subunit’s linker arm, as described 

above. Regardless, only subunit S5 maintains contact with the DNA throughout the entire 

burst phase. A similar mechanism was proposed based on single molecule results [11] that 

predicted the ATPase moved DNA by transitioning between a planar and cracked ring 

while one subunit, equivalent to S5, held onto the DNA.  

The proposed mechanism provides explanations for some previously puzzling 

data. For example, the well-characterized dwell-burst cycle [11] emerges naturally from a 

helix-to-planar mechanism; no translocation occurs during nucleotide exchange as the 

motor walks back down the NTD helix. Additionally, this mechanism explains how a five-

subunit motor evolved to utilize a 4-stroke cycle; only 4 steps are required to convert a 5-

subunit helix into a planar ring. Similarly, a previously proposed “special” subunit is 

consistent with the role of either subunit S1, which is unique in its translationally invariant 

position at the top of the helix, or S5, wherein hydrolysis of ATP is not coupled to DNA 

translocation. Additionally, the step size of the motor is set by the rise of the NTD helix, 

and thus need not be coupled to an integral number of base pairs.  

Even apparent disagreements between single molecule results and our structural 

results may be copacetic. Single molecule results show that each burst is composed of four 

~8.5 Å steps [11]. However, the translational components of the step wise transformations 
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to superimpose adjacent subunits along the NTD helix (and thus the motor step sizes), 

range from ~6 to ~7.5 Å.  A possible explanation for this small discrepancy is that the NTD 

helix tries to adapt itself to the symmetry of its polymeric substrate, and thus the shorter 

steps may result from DNA distortions, including DNA bending, deviations from ideal B-

form DNA, and the radial offset of the NTD cracked ring. Indeed, despite these 

distortions, subunits S2-S5 interact with DNA approximately every 2 bp along the 3’-5’ 

strand, which is consistent with single molecule results [13]. On a related note, DNA was 

held under tension in the single molecule experiments, which may affect its ability to bend 

and/or distort as observed here, resulting in a slightly different NTD helical arrangement. 

Additionally, our structure represents the state of the motor at the end of packaging, 

where single molecule results have demonstrated that the mean step size of the motor 

decreases in response to head-filling [14]. Hence the supposed discrepancies may not be 

as significant as they seem.  

The proposed mechanism also makes several testable predictions. First, we would 

predict that a structure of the motor stalled with ADP would show that the NTD is in a 

planar ring configuration. Second, the mechanism predicts that the motor could also 

package dsRNA, but that the magnitude of the burst would reflect the periodicity of A-

form RNA. Further, we would predict that a structure of particles stalled while packaging 

dsRNA with a substrate analog would show that the NTD adopts a helical arrangement 

more complementary to an A-form RNA helix. 
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One question that arises for any proposed dwell-burst mechanism is what 

prevents the DNA from sliding out of the head during the dwell. Assuming that we are 

indeed imaging molecules at the end of the dwell, one possibility is that the observed 

contacts between the CTD and DNA act as a valve to prevent DNA slippage. Additionally, 

luminal loops/structural motifs in the portal have been proposed to play direct roles in 

DNA translocation [125,159–161]. However, in bacteriophage φ29, it has been shown that 

deleting these loops does not affect packaging, but rather destabilizes fully packaged 

heads [162]. Thus, while the portal loops may play a role in packaging, they are not 

essential for gripping DNA during the dwell. 

Another possibility is related to the observed deviations from strict helical 

symmetry, and the resulting NTD-DNA contacts. While subunits S2-S5 interact with the 

5’-3’ strand approximately every two base pairs at the end of the dwell/beginning or the 

burst, S1 is better positioned to interact with the opposite strand. According to the 

mechanism outlined above, S5 remains attached to the DNA for the duration of the 

translocation burst. Further, since S1 has not moved and DNA has translocated one helical 

turn, S1 will again be positioned to interact with the DNA as it was at the beginning of the 

burst. In this way, once S1 exchanges ADP for ATP, it can bind the DNA again and hold 

it in place while the motor resets. Thus, the observed deviation from helical symmetry 

would allow S1 to interact with DNA in both the helical and planar configurations, 

providing a means of holding DNA during the dwell. 
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Additionally, the details of how hydrolysis in one subunit causes the neighboring 

subunit (and its bound DNA) to move up are not yet clear. One possibility is that, as seen 

in S1, a third contact with the pRNA is possible in the compacted state that is not possible 

in the extended states. This contact may help to stabilize the compacted state. 

Additionally, the calculated buried surface area between two adjacent subunits in the 

planar ring arrangement is greater than that for two adjacent subunits in the helical 

arrangement. Since binding energy is roughly proportional to buried surface area, this 

provides a thermodynamic motive for the transition. Extending this idea over planar-ring 

and cracked ring/helical symmetries suggests an energetic framework for understanding 

the motor’s mechano-chemical cycle. Consider the energy well for two proteins binding 

in an optimal way. If more than two subunits can bind this way in a higher symmetry 

structure, the energy wells for each binding pair add in phase, resulting in deep energy 

well for the assembly. In the mechanism proposed here, the motor transitions from helical 

to planar symmetry during the burst, and then from planar back to helical symmetry 

during the dwell. Having a motor that transitions between symmetric structures ensures 

that once a burst or dwell is initiated, it goes to completion to occupy a deep energy well 

associated with a symmetric structure.  

However, the motor must not become trapped at the end of the burst or dwell. 

Thus, the motor uses ATP binding and hydrolysis, coupled with DNA binding, to both 

climb out of energy wells and to change their relative depths. As mentioned above, there 
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is more buried surface area in the planar ring assembly than in the helical assembly. Not 

only is there more buried surface area per interface, there are more ‘effective’ interfaces 

since considerably less surface area is buried at the split interface in the cracked ring. Thus, 

in the absence of ATP and DNA, the planar ring is more energetically favorable. In the 

presence of substrate DNA, the energy for each subunit is the sum of the energy of 

interaction with its neighbors plus the energy of its interaction with DNA. In the ADP-

bound or apo state, the affinity for DNA is low, and thus DNA interactions contribute 

little – the planar ring remains lower energy. However, when ATP is bound, affinity for 

DNA is high enough that the energy gained via DNA interaction is more than enough to 

offset the difference in energy between planar and helical interfaces. Hence, during the 

dwell, as ATP replaces ADP, the additional energy gained by DNA binding causes the 

helical structure to be the lower energy well, and thus the subunits adopt the 

helical/cracked ring conformation. Upon ATP hydrolysis during the burst, there is little 

affinity for DNA, and the planar ring structure becomes the deeper energy well again. 

Thus, as ATP is hydrolyzed, released, and re-bound, the relative depths of the energy 

wells associated with helical and planar arrangements shift, and the motor traverses the 

oscillating energetic landscape much like a child’s slinky toy walks down a set of stairs. 

These general principles may be applicable to other systems, including other ring ATPases 

that engage polymeric structures where planar and helical/cracked ring structures have 

been observed [27,34,37,38]. 
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5. Atomistic basis of force generation, translocation, and 
coordination in a viral genome packaging motor 

This chapter has been adapted from my publication which has been accepted in Nucleic 

Acids Research and will be publicly available online shortly. I was (co)-first author of the 

manuscript and performed all the computational investigation. I largely derived the 

proposed model. In order to properly convey the body of work, and to justify the 

proposed model, I have left all results presented in the original manuscript, including 

those results found by my experimental collaborators. I emphasize that the division of 

labor in this work is such that I am claiming to have produced solely the computational 

and interpretative results and I do not claim to have produced the experimental results. 

The accompanying appendix to this chapter is Appendix B.  

5.1  Introduction 

The Additional Strand, Conserved Glutamate (ASCE) superfamily is an ancient and 

ubiquitous class of NTPases, encompassing subfamilies such as AAA+ motors, RecA-

/FtsK-like ATPases, and ABC transporters [105]. These motors convert energy from NTP 

binding and/or hydrolysis into mechanical work, and typically perform biological 

segregation tasks such as proton transport, chromosomal segregation, DNA or RNA 

strand separation, and protein degradation. Double-stranded DNA (dsDNA) viruses, 

such as herpes-, adeno-, and pox viruses, as well all tailed bacteriophages, encode for 

ASCE segregation motors that they use to package their genomes into preformed 

procapsids during virus replication [3,4,118]. Determining the mechanistic aspects of viral 
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DNA packaging motors will facilitate rational engineering of antibacterial phage 

therapeutics and microbiome manipulating agents, as well as provide attractive targets 

for anti-viral drug discovery [163,164]. Further, among ASCE ATPases, viral packaging 

motors generate particularly high forces (>50 pN) to overcome the entropy loss, 

electrostatic repulsion, and DNA stiffness that oppose DNA confinement [5–8]. Thus, viral 

dsDNA packaging motors also provide a unique window into the mechanochemistry of 

force-generation found in this broad class of molecular motors.  

The relatively small size and simplicity of φ29-like phages has facilitated advanced 

genetic, biochemical, and structural studies [118]. For example, all components of the φ29 

packaging system have been thoroughly characterized, and a robust highly efficient in 

vitro DNA packaging system has been developed [123]. Furthermore, atomic resolution 

structures of all individual φ29 motor components are available [26,126,128,149] and 

medium resolution structures of motors assembled on capsids in various stages of 

assembly and/or packaging have been determined [26,111,125,126,131,153]. These results 

indicate that the DNA packaging motor consists of a dodecameric portal protein, a 

pentameric prohead RNA (pRNA), and a pentameric ATPase (gene product 16; gp16) that 

assemble as co-axial rings at a unique vertex of the φ29 capsid.  

Due in part to this experimental accessibility, single-molecule force spectroscopy 

(SMFS) experiments have provided valuable information on force-generation and 

dynamics of viral packaging motors. High-resolution measurements showed that the 
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motor packages DNA in 10 bp “bursts” comprised of four 2.5 bp sub-steps, each coupled 

to ATP hydrolysis and phosphate release. DNA translocation bursts are followed by a 

relatively long “dwell” wherein DNA translocation pauses while each ADP is sequentially 

exchanged for ATP to reset the motor for the next burst [10–12].  

Whereas genetic, biochemical, structural, and single-molecule studies have 

provided significant insights into the mechanochemistry of the φ29 packaging motor, the 

molecular basis of force-generation and coordination remains unresolved for any viral 

DNA packaging motor. Given the multi-component nature of the motor, it is difficult to 

determine how such coordination arises in the absence of high-resolution quaternary 

structural information. Likewise, it is difficult to determine the mechanisms of force 

generation in the absence of atomistic dynamic information. Hence, we determined the 

first high-resolution structure of a functional assembly of a φ29-like (asccφ28) ATPase and 

probed its dynamics via long-timescale molecular dynamics (MD) simulations. Together, 

these data resolve fundamental questions regarding inter-subunit coordination and force-

generation, and enabled development of an atomistic model of viral DNA packaging 

wherein the motor transitions between helical and planar configurations to efficiently 

package DNA. 

5.2  Simulation Methodology  

For accompanying experimental methodology performed by my collaborators, please 

reference the publication in Nucleic Acids Research or the bioRxiv deposition [150]. 
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5.2.1 Structure preparation 

All molecular dynamics (MD) simulations of the pentameric ATPase ring of 

bacteriophage asccφ28 were started from the crystal structures reported herein. Missing 

side chains were added to the structures by using the Dunbrack rotamer library [97]. The 

“ATP-bound” pentamer was prepared by docking ATP into the binding pockets based on 

ATP-bound structures of homologous viral ATPases. Docking included ATP, Mg2+, and a 

water molecule situated between Mg2+ and the Walker B Asp, which is crucial to maintain 

the canonical hydrogen bond coordination within the binding pocket. The “ADP-bound” 

pentamer was prepared by removing the γ-phosphate from the initial coordinates of the 

ATP-bound subunits. The “4-ADP bound, 1-apo mixed occupancy” pentamer was 

prepared by removing the unbinding ADP molecule from the final frame of the 5-ADP 

bound simulation. A 30 bp-long B-form double-stranded DNA molecule was generated 

by using the 3DNA webserver [165] and manually placed into the pore of the ATPase ring, 

which is large enough to accommodate B-form DNA with minimal steric clashes. The 

“ATPase-domain only” pentamer was generated by truncating the C-terminal domains 

(residues 261 onwards) from the crystal structure, and a shorter 25 bp-long double-

stranded DNA molecule was placed in the pore. Monomer simulations were started from 

one arbitrarily chosen subunit of the pentamer complex. 

The pentamer of the P74-26 ATPase was constructed from the solved crystal 

structure of the ATPase domain P74-26 (PDB: 4ZNL) by using the M-ZDOCK protein-
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protein docking software [166], imposing five-fold symmetry. The structure produced 

matched the reported prediction [24], which was likewise generated with M-ZDOCK. 

ATP-bound structures were generated by placing Mg2+-ATP in the binding pocket 

according to the solved crystal structure of monomeric P74-26 ATPase containing bound 

ADP-BeF3 in the active site. As done for the asccφ28 pentamer, a double-stranded B-DNA 

molecule was generated with 3DNA and manually placed in the pore of the structure. 

Due to the larger size of the P74-26 ATPase, the molecule length was extended to 35 bp. 

After equilibration, the identified arginine finger was poised to catalyze hydrolysis in one 

and only one active site. To probe the effects of subsequent hydrolysis, ATP was removed 

from this active site, and the system equilibrated again. During this equilibration, the 

system transitioned from a planar ring to a helical arrangement, shearing at the single apo 

interface (Appendix B7). 

Lastly, the D6E ATPase pentamer was constructed by superimposing a monomer 

structure (PDB: 5OE8) [167] which had undergone 2.4 microseconds of equilibrium MD 

simulation onto the asccφ28 crystal structure reported here. During the simulation, the 

monomer’s lid subdomain extends away from the ATPase domain, allowing for ample 

inter-subunit contacts similar to the asccφ28 crystal structure reported here. The C-

terminal domain was truncated to prevent inter-subunit steric clash. A 25 bp-long double-

stranded DNA molecule generated using 3DNA was manually placed into the pore of the 

structure. 
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5.2.2 Pentamer simulations 

All-atom, explicit-solvent MD simulations of all pentamers were carried out using the 

Anton 2 simulation package and supercomputer [65]. The equilibration runs, including 

structure preparation and energy minimization, were all performed using the AMBER18 

simulation package with GPU optimization [64], as all systems must be equilibrated 

before production runs can be performed on Anton 2. The equilibration and production 

simulations both used the AMBER99SB-ILDN force field to describe protein interactions 

[63], and the bsc1 AMBER parameter update to describe DNA interactions [168]. ATP and 

ADP parameters are taken from the AMBER parameter database [102].  

For equilibration using AMBER18 package, all systems were centered in a periodic 

cubic box of TIP3P water with 14 Å minimum padding. The systems were charge-

neutralized with counterions and additional salt was added to reach 150 mM 

concentration. The systems were energy minimized using a combination of steepest 

descent and conjugate gradient, and then slowly heated in the NVT ensemble from 100 K 

to 310 K over 100 ps using the Langevin thermostat. Bonds connecting heavy atoms to 

hydrogen were constrained through the SHAKE algorithm, and a 2-fs integration time 

step was used to propagate the equations of motion. Subsequently, each system was 

subjected to short simulation in the NPT ensemble, held at 310 K via the Langevin 

thermostat and 1 bar with the Monte Carlo barostat to equilibrate the density. Finally, 

each system was simulated for at least 2.4 microseconds on the Anton 2 supercomputer. 



 

106 

These production runs were in the NPT ensemble held at 310 K and 1 bar using the Nose-

Hoover thermostat and the MTK barostat and a 2.5 fs integration time step to propagate 

the equations of motion. 

5.2.3 Characterizing subunit motions and flexibility  

Principal components (PCs) and root-mean-square fluctuations (RMSF) were calculated 

for each subunit individually by aligning the trajectories to minimize root-mean-square 

deviation (RMSD) of that single subunit. Thus, the PCs and RMSF represent internal 

degrees of freedom of a subunit and do not account for motion of a subunit relative to the 

rest of the pentamer. These quantities were calculated on a per-residue basis using the α-

carbons in each residue excluding the side chain. Thus, the obtained values reflect 

backbone motion and not rotamer states. PCs and RMSF were calculated using ProDy 

software as interfaced with VMD. RMSF curves in Fig. 5.5 were calculated by averaging 

the per-residue RMSF of all five subunits within a single trajectory, and the uncertainty 

reported is the standard error of the mean.  

Subunit variation (Fig. 5.5 and Appendix B6) was determined by calculating the 

residue-residue pairwise distances within a single subunit for each subunit of a given 

pentamer structure. Then the five values were averaged, and the standard deviation of 

this average is plotted as heat maps in Fig. 5.5. High standard deviation in the average 

residue-residue pairwise distance indicates structural variability across the five subunits. 
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5.2.4 Monomer simulations 

To better understand the dynamics of an individual subunit within the pentamer, we also 

performed 100 ns long all-atom explicit MD simulations of a monomer in the apo, ATP-

bound, and ADP-bound states. These short timescale monomer simulations were 

performed exclusively in the AMBER18 simulation package with GPU acceleration. We 

performed simulations using both the AMBER99SB-ILDN/TIP3P and the AMBER 

ff19SB/OPC protein/water force field combinations. The reason for considering two 

separate force field combinations is provided below. These systems were centered in a 

periodic truncated-octahedron box of water to reduce the total number of particles and 

save computation time. The systems were equilibrated using the same procedure 

described above for pentamers. 100-ns production runs were performed in triplicate for 

both set of force fields in the NPT statistical ensemble, held at 310 K and 1 bar by the 

Langevin thermostat and Monte Carlo barostat.  

The AMBER99SB-ILDN/TIP3P simulations allowed for direct comparison to the 

pentamer simulations performed on Anton 2 which used the same pairing of force fields. 

However, it has been shown that the TIP3P water model underpredicts the strength of 

protein-water interactions and promotes compact secondary structure formation. We 

were primarily interested in the dynamics of the lid subdomain, which is extended away 

from the ATPase domain via a flexible linker. In the pentamer structures, the lid 

subdomain forms extensive contacts with neighboring subunits, which may help stabilize 



 

108 

it in its extended state. In the monomer simulations these protein-protein contacts are 

replaced by protein-water contacts. Thus, we also considered the new AMBER 

ff19SB/OPC force field pairing [53,60], which strengthens the protein-water interaction 

and helps stabilize extended states. In the end, both force field pairings predicted similar 

conformations and dynamics of the lid subdomain on the timescale we considered. 

5.3 Results 

Despite extensive efforts, it has not been possible to assemble the functional ring-form of 

the packaging ATPase from bacteriophage φ29 detached from procapsids. This is not 

surprising, since the φ29 ATPase only assembles functional rings by virtue of binding to 

the procapsid [125]. In contrast, a close homolog of the φ29 ATPase from the related 

bacteriophage asccφ28 (gp11) has been shown to form highly soluble functional rings; 

extensive analytical ultracentrifugation and small-angle X-ray scattering experiments 

show that the ATPase forms pentameric rings in solution [169]. The 45% sequence 

similarity between the two proteins assures their structures will be nearly identical. Thus, 

we used asccφ28 gp11 for crystallographic structure determination. 

5.3.1 X-ray crystal structure determination 

 Cloning, protein purification, kinetic analysis, AUC, SAXS, negative stain TEM, and 

preliminary crystallization of gp11 has been previously reported [169]. Two crystal forms 

of gp11 were obtained:  1) tetragonal crystals belonging to space group P43212 and 2) 

trigonal crystals belonging to space group P3221. Single-wavelength anomalous 
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dispersion (SAD) was used to obtain experimental phases for the P3221 crystals grown 

from seleno-methionine labeled protein (PDB 7JQ6). The final refined structure was used 

as a molecular replacement search model to phase the data from the P43212 space group 

(PDB 7JQ7, 7JQP).   

5.3.2 Quaternary structure of gp11 

Both the tetragonal and trigonal crystal forms had similar pentameric rings in their 

crystallographic asymmetric units despite having substantially different packing 

environments (Fig. 5.1), indicating that the observed pentamer is the biological assembly. 

This stoichiometry is consistent with previously reported biochemical and biophysical 

analysis that indicated gp11 forms pentameric rings in solution [169]. Of note, the kinetic 

parameters of ATP binding and hydrolysis by isolated gp11 rings are similar to the 

parameters obtained for φ29 and other bacteriophage DNA packaging motors, but only 

once these other ATPases are assembled as functional rings on their respective procapsids. 

In the absence of procapsids, other packaging motors negligibly hydrolyze ATP, 

presumably since they are in monomeric form and therefore cannot efficiently bind or 

hydrolyze ATP (see also below). Additionally, the arrangement of the subunits is similar 

to the recent structure of the φ29 particles stalled during packaging [111], with the notable 

difference that the φ29 ATPase structure is helical rather than planar. Hence, the 

pentameric stoichiometry of gp11 observed here likely reflects a functional assembly 

during DNA packaging. 
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Figure 5.1: Quaternary and tertiary structure of the asccφ28 packaging ATPase. 
(A) Sequence of the packaging ATPase contains canonical ASCE motifs, such as the 
Walker A and Walker B motifs. (B) Structure of the pentamer (left), with a single 
subunit highlighted in gray and its lid subdomain highlighted in yellow is shown from 
side and end-on views (top and bottom panels, respectively). The lid subdomain 
mediates most of the inter-subunit contacts. The monomer in isolation (right) is color 
coded to match the motif classification in panel A, and is shown in two side views, from 
the exterior of the motor (top) and the interior of the lumen (bottom). 

5.3.3 Tertiary structure of gp11 

Individual subunits within the ring are organized into two globular domains connected 

by a linker domain, each of which is nearly identical to the corresponding domains of the 
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φ29 gp16 (Appendix B1) [111]. Like φ29 gp16, the N-terminal domain adopts the 

canonical ASCE ATPase fold, while the C-terminal domain is a “vestigial nuclease 

domain” [149]. The linker domain (residues 225 to 260) adopts a helix-loop-helix fold, 

again like φ29 gp16 and reminiscent of the lid subdomain identified in other ASCE 

ATPases such as AAA+ and helicases [1]. 

5.3.4 ATPase active site: cis- contributions  

While the three structures described here were determined in the absence of nucleotide, 

the active sites of ASCE ATPases are well characterized and can be accurately identified. 

In the solved structures, the ASCE ATPase active site is situated between two subunits, 

such that both subunits participate in catalysis. The cis-acting side of the ATP-binding 

interface resides on one edge of the central beta-sheet of the Rossmann fold and includes 

canonical Walker A (26-GGRGVGKT-33) and Walker B (142-YLVFD-146) motifs.  

Two distinct conformations of the Walker A motif are apparent in our crystal 

structures (Appendix B2). One conformation binds either a SO42- or PO43- ion in the 

canonical β-phosphate position. The ion forms hydrogen bonds with the backbone of the 

Walker A motif in lieu of a β-phosphate, typically provided by ATP or ADP, which 

explains why the Walker A backbone adopts a conformation similar to a typical 

nucleotide-bound ATPase configuration. However, because the structure was solved in 

absence of nucleotide or nucleotide analog, it lacks any interactions mediated by the α- 

and γ-phosphates, ribose sugar, or adenosine base. Thus, this structure likely represents 
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a conformation with mixed characteristics from both the apo and nucleotide-bound 

configurations.  

In contrast, the conformation observed in the iodine-bound structure shows that 

an iodine atom sits in a hydrophobic pocket that is occupied by Val30 in the other 

structures. As a result of displacing Val30, the Walker A motif adopts an extra helical turn 

in the phosphate-binding loop. This conformational change excludes the possibility of 

binding nucleotide since: 1) the side chain of Val30 is in the center of the active site, 

occluding nucleotide, and 2) the Walker A backbone amide groups are repositioned such 

that they can no longer hydrogen bond with the β-phosphate. Initially, we assumed that 

the nucleotide-blocking valine was an artifact of heavy atom derivatization. However, 

subsequent structural analysis and MD simulations indicated that the two conformations 

of this loop may reflect an ability to switch between nucleotide accepting and occluding 

conformations, providing a mechanism for regulation of ATP binding and ADP release 

(see below). 

5.3.4 ATPase active site: trans- contributions 

The trans-acting side of the subunit interface consists primarily of two helical segments 

(residues 129-139 and 161-178) that reside on the side of the central Rossmann fold 

opposite the cis-contributing elements. These helices position polar- and positively-

charged residues in the ‘neighboring’ active site that contribute to ATP binding and 

hydrolysis, as well as to phosphate and ADP release (Fig. 5.1). Notably, Arg177 is 
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positioned in the active site of all three crystal structures. Arg177 in asccφ28 corresponds 

to Arg146 in the φ29 ATPase, which had previously been identified as a trans-acting 

arginine finger [24,26]. Arginine fingers are ubiquitous in ring ATPases and are generally 

believed to catalyze ATP hydrolysis by stabilizing the transition state [170]. However, the 

side chain of Arg177 is not optimally positioned to coordinate the expected position of the 

γ-phosphate of ATP (Appendix B2). Thus, for Arg177 to act as the arginine finger and 

catalyze hydrolysis in trans, the interface would require significant rearrangements.  

A different positively charged residue, Lys133, is better positioned to interact in 

trans with the expected position of the γ-phosphate of ATP (Appendix B2). Such 

interaction would require significantly fewer structural rearrangements. Further, Lys133 

corresponds to the arginine finger identified in the bacteriophage P74-26 packaging 

ATPase51, indicating that Lys133 may function as a “lysine finger.” We note that the use 

of a lysine to catalyze hydrolysis in trans instead of the “traditional” arginine finger has 

been observed in both RecA [170] and DnaC [171] ATPases, and thus there is precedence 

for a lysine finger in ATPase ring motors. 
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Figure 5.2: ATP-binding poses predicted from MD simulations. (A) Active ATP-
binding pocket contains canonically predicted interactions. The cis-acting (yellow) 
subunit’s Walker A motif backbone NH groups bind the β-phosphate, Lys32 binds the 
β- and γ-phosphates, and Thr33 chelates Mg2+. Downstream of the Walker A motif, 
Phe34 and Asn35 function as the Q-motif, and bind the adenosine with help from N-
terminal gate Phe8. The Walker B motif Asp146 and catalytic Glu147 isolate a single 
water molecule, which chelates Mg2+ (green sphere). Residues donated in trans from 
the neighboring subunit (green) also participate in ATP-binding. Notably, Lys133 is 
seen interacting with the γ-phosphate and Ser134 chelates Mg2+. (B) Inactive pose 
maintains many of the same interactions as the active pose, with a few key differences. 
Arg177 is now donated in trans to interact with the γ-phosphate, while Lys133 interacts 
with catalytic Glu147 away from the γ-phosphate. This interaction is stabilized by cis-
acting Arg55. 

5.3.5 Phosphate binding and regulation of hydrolysis 

To further understand how subunits around the ring bind ATP, and how this binding 

might modulate DNA gripping, we performed long timescale MD simulations of the 

ATPase ring. For the starting structure, Mg2+-ATP was positioned into each subunit 

according to the structure of the BeF3-ADP-bound phage P74-26 packaging ATPase [24]. 

Additionally, a 30-bp, B-form dsDNA was placed in the central pore of the pentamer. The 

structure was equilibrated and its equilibrium dynamics were sampled via MD 

simulations for 2.4 μs. The simulations predicted that Mg2+-ATP binds to the cis-acting 

side of the inter-subunit active site via canonical interactions with the Walker A motif: 1) 
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the β-phosphate of ATP forms several hydrogen bonds with the backbone nitrogens of 

the Walker A motif; 2) the critical P-loop Lys32 coordinates the β- and γ-phosphates; and 

3) Thr33 chelates the Mg2+ ion (Fig. 5.2A). The cis-acting Walker B motif residues engage 

in similar conserved canonical interactions: 1) Asp146 chelates the Mg2+ ion through a 

water molecule, and 2) Asp146 hydrogen bonds to the Walker A Thr33, which has been 

previously predicted to be a key interaction that helps close the active site as part of the 

tight-binding transition [79,110].  

While the cis-acting interactions were expected, the simulations further predicted 

that the trans-acting residues donated from the neighboring subunit form a tight hydrogen 

bonding network with the cis-acting Walker motifs that is centered around the γ-

phosphate (Fig. 5.2A). Trans-acting Lys133 interacts with the γ-phosphate of ATP, 

consistent with Lys133 functioning analogously to “arginine fingers” described in other 

systems. Such an interaction would help polarize the P-O bond, and stabilize the negative 

charge on the transition state [18]. Further, the residue immediately downstream of 

Lys133, Ser134, chelates the Mg2+ ion in trans. This lysine-serine pair is distinct from SRC 

motifs found in many AAA+ motors that contain an arginine finger [172]. In the AAA+ 

SRC motif, the serine residue is upstream of the trans-acting catalytic residue and does not 

chelate Mg2+. Thus, to the best of our knowledge, our structure and simulations predict a 

new motif for trans-activated catalysis in ASCE enzymes.  
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The simulations also predicted that the cis-acting Walker B catalytic Glu147 

hydrogen bonds to this trans-acting Ser134. The consequence of these interactions is a tight 

hydrogen bonding network centered around a single water molecule. The hydrogen 

atoms of this caged water hydrogen bond with the oxygens on the Walker B 146-DE-147 

carboxylate groups, whereas the oxygen atom chelates the Mg2+ ion. Such a configuration 

would polarize electron density onto the oxygen atom. Hence, the water molecule is 

primed for deprotonation by Glu147, with the resulting nucleophilic hydroxide ion poised 

for attack at the γ-phosphate as described above. It is interesting to consider the 

conservation of the DE pair in light of our structures and simulation; the geometry of the 

active site ensures that the glutamate is positioned such that deprotonation leaves the lone 

pair of electrons on the nucleophilic hydroxide pointing directly at the phosphate target. 

If the positions of Asp and Glu were switched, the hydroxide ion would not be optimally 

oriented for nucleophilic attack. Indeed, DE switch mutations in viral packaging ATPases 

typically abrogate ATPase activity [26,99]. 

In addition to the hydrolysis-competent active site described above, our 

simulations suggests that the binding interface can also adopt an “inactive” conformation. 

This conformation positions the catalytic Glu147 carboxylate group away from the γ-

phosphate and towards cis-acting Arg55. We also found that while Ser134 still chelates 

Mg2+ in trans in the inactive conformation, Lys133 no longer interacts with the γ-phosphate 

and instead interacts with Glu147, helping Arg55 stabilize the inactive pose of the binding 
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interface. The resulting interaction between Glu147 and Arg55 is analogous to the 

“glutamate switch” interaction found in AAA+ enzymes, and is indicative of a binding 

interface that is catalytically incompetent [173]. In these other systems, the glutamate 

switch regulates the timing of hydrolysis, thus we suspect a similar role in viral DNA 

packaging motors. Indeed, a similar interaction is found in crystal structures of the φ29 

and Sf6 packaging ATPases with bound nucleotide (Appendix B3). 

5.3.6 Adenosine binding and control over active site accessibility 

The adenosine base of ATP binds similarly in both the “inactive” and “active” interfaces 

(Fig. 5.2A,B). An aromatic residue immediately downstream of the canonical Walker A 

motif, Phe34, π-stacks with the adenosine base. The adenosine forms bidentate hydrogen 

bonds with the next residue, Asn35. A pairing of an aromatic residue followed by a 

carboxamide has been previously identified as the “Q motif” in DEAD-box RNA helicases 

and viral packaging ATPases [174]. The pair’s function was implicated in binding the 

adenosine ring in the λ phage packaging ATPase [17].  

On the other side of the adenosine base, the N-terminal loop repositions itself so 

that Phe8 π-stacks on the side of the adenosine opposite of Phe34. This contrasts with the 

position of the N-terminal loop in the crystal structure, which positions Phe8 farther away 

from the Walker A motif. Thus, the N-terminal loop forms a gate that can either open to 

allow nucleotide exchange, or close to tightly bind ATP. Similar π-stacking sandwiches 

flanking either side of adenosine have been observed in solved structures of other 
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ATPases, such as E. coli MutS and the Human Catalytic Step I Spliceosome [175,176]. This 

suggests that similar active-site gating mechanisms may be present in other ring ATPases. 

In the closely related bacteriophage φ29, the N-terminal loop makes critical contact with 

pRNA [111]. Although gp11 was solved in absence of pRNA, the positions of all pRNA-

contacting residues are conserved. Thus, in φ29-like phages, pRNA may play a role in 

nucleotide binding/release by affecting the position or dynamics of the gate motif. 

5.3.7 ADP release is promoted by a trans-acting arginine 

The ATP-bound MD simulations described above show how individual subunit interfaces 

can bind and hydrolyze ATP. As revealed by SMFS studies, after all five ATPs have been 

hydrolyzed during the DNA translocating burst, the motor coordinates exchange of ADP 

for ATP in a sequential and interlaced manner [12]. To begin to understand the atomistic 

basis of these events, we simulated the structure of gp11 with ADP bound in each active 

site. The system was equilibrated with bound ADP and its equilibrium dynamics were 

simulated for at least 2.4 μs. Over this long sampling period, we were able to capture the 

initial steps of ADP-release. The α- and β-phosphates of ADP detached from the Walker 

A phosphate-binding motifs, while adenosine interactions were maintained. Importantly, 

release of the β-phosphate by the Walker A Lys32 was observed to be concomitant with 

interaction of the β-phosphate with the trans-acting Arg177 (Fig. 5.3). Thus, our 

simulations indicate that this arginine functions to promote nucleotide exchange, rather 

than as the canonical catalytic arginine finger. This observation provides atomistic 
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explanation for recent SMFS observations that suggested a role for the analogous φ29 

gp16 Arg146 in nucleotide exchange [19].  

 

Figure 5.3: ADP-release is promoted by a trans-acting exchange residue. ADP 
unbinding is characterized by dissociation of the γ-phosphate from the cis-acting 
Walker A Lys32 (interaction shown left panel) and concomitant association (time-
evolved distance shown middle panel) of the γ-phosphate to trans-acting Arg177 
(interaction shown right panel), which is implicated as being the exchange residue. 
Residues interacting with the adenosine (Phe8, Phe34, Asn35, shown unlabeled) largely 
maintain their interactions, acting as a pivot to remove the phosphates from the binding 
pocket. The cis-acting Lys32 and trans-acting Arg177 are shown as spheres and are 
labeled. The cis-acting enzyme is light blue, and the trans-acting enzyme is green. 

After the phosphates were released from the Walker A motif, the Walker A 

backbone amide groups repositioned such that they could no longer bind the β-phosphate 

of ATP/ADP. This prevented ADP from accessing energetically favorable hydrogen 

bonding with the Walker A motif, reducing overall nucleotide affinity and likely 

precipitating complete dissociation of ADP from the active site. While our simulations 

were longer than typical MD simulations, they were not long enough to predict diffusion 

of ADP into solution. Nonetheless, we were interested in understanding further structural 

rearrangements that might occur upon complete dissociation of ADP. Thus, we 

performed additional simulations to probe the conformation and dynamics of a 4-ADP-
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bound, 1-apo subunit motor by removing the partially-unbound ADP described above 

from the system. We observe that the apo subunit’s Walker A motif backbone continued 

to rearrange, and finally positioned the Walker A Val30 in the “blocking” pose observed 

in the iodine crystal structure described above. This phenomenon has been characterized 

in myosin, where propensity of the Walker A motif to adopt a pose that is not receptive 

to β-phosphate hydrogen bonding is reported to be a predictor of ADP release rates [177]. 

Thus, the simulations suggest that this pose may not be an artifact caused by iodine 

binding, but rather may be a mechanism that regulates ADP release and subsequent ATP 

binding. 

5.3.8 Positively-charged residues line the DNA pore 

The crystallographic structures show that the pore through which DNA translocates is 

lined with several positively charged residues (Appendix B4). In the C-terminal domain, 

Lys332 and Lys336 point directly toward the channel lumen, and are thus well positioned 

to interact with DNA. A slight rotation of the C-terminal domain relative to the N-terminal 

domain would cause these side chains to rotate out of the channel center and position 

Lys333, Lys334, and Lys366 in the lumen. Hence, both sets of residues may play a role in 

the packaging process, though in different stages of the mechanochemical cycle. This 

possibility is supported by the cryo-EM structure of φ29 particles imaged during 

packaging, which showed that residues approximately equivalent to Lys333, Lys334, and 

Lys366 interact with the substrate DNA during the dwell phase, presumably to prevent 



 

121 

DNA slippage while the motor resets and exchanges ADP for ATP [111,149]. Hence, these 

residues likely function similarly in asccφ28.  

The N-terminal (ATPase) domain also donates positively charged residues into the 

pore of the pentameric ring, namely Lys66, Lys92, Lys107, Arg110, and Arg128 (Fig. 5.1). 

While N-terminal domain-DNA interactions will be described in greater depth below, it 

is worth noting that these residues are well-conserved among other viral packaging 

ATPases, suggesting a conserved function (Table B1). Of note, asccφ28 Arg110 in is the 

only strictly conserved positively charged residue in all solved dsDNA viral packaging 

ATPases (Table B1).  It was previously shown that the analogous Arg101 from the 

bacteriophage P74-26 packaging ATPase is absolutely necessary to bind substrate DNA 

[24,25] suggesting a direct role in DNA translocation. The position of this residue in the 

interior of the pore supports this assignment. 

5.3.9 DNA-ATPase interactions depend on nucleotide-bound state 

It is well known that the affinity for biopolymer substrates in ring ATPases depends on 

whether the ATPase active site is empty or if it has ATP or ADP bound. However, the 

structural basis for these changes in affinity is poorly understood. Thus, to assess the 

motor’s nucleotide-dependent affinity for substrate DNA, we systematically compared 

the DNA-binding residues from the ATP- and ADP-bound simulations described above 

(which included DNA in the pore). To complete the comparison, we performed equivalent 

2.4 μs simulations of an apo pentamer with substrate DNA positioned in the pore. We 
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observed that both the orientation of the positively-charged residues and the overall shape 

of the pore depend on nucleotide occupancy of the ATPase interfacial active sites.  

 

Figure 5.4: Pore geometry is modulated by nucleotide occupancy. Pentamer 
complex simulated in apo, ATP-bound, and ADP-bound states with substrate DNA 
(not shown for easier visualization) as Richardson diagrams (top row) and space-filling 
representations (bottom row). In the Richardson diagrams, the five Arg110s are shown 
as spheres to highlight their contribution towards DNA gripping in the ATP-bound 
state. The pore is less constricted in the apo and ADP-bound states than the ATP-bound 
state. 

Amongst the positively charged residues located in the lumen, we find that 

Arg110 is the most directly affected by nucleotide occupancy (Fig. 5.4). In the all-apo 

simulation, all but one Arg110 lay flat along the interior of the pore, and do not interact 

strongly with DNA. Similarly, in the ADP-bound simulation, all of the Arg110s lay flat 
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against the pore. On the other hand, when all five interfaces are bound with ATP, Arg110 

is re-positioned into the pore as “prongs” that help grip DNA tightly. Thus, it appears that 

the presence of the γ-phosphate of ATP actuates the DNA-gripping signal, as has been 

predicted in viral packaging ATPases [178]. This observation helps explain why an 

arginine at this position is highly conserved and provides new insight into the general 

phenomenon of ATP-dependent increase in motor affinity for biopolymer substrates. 

5.3.10 Lid subdomain flexibility provides molecular basis of 
force generation and motor reset 

To quantitatively characterize the dynamics of the asccφ28 packaging ATPase obtained 

from our equilibrium MD simulations, we performed principal component analysis 

(PCA) coupled with root-mean-square fluctuation (RMSF) calculations on the alpha 

carbons of every residue in the gp11 ring in the different nucleotide bound states. RMSF 

provides us with a measure of how flexible a residue or motif is, while PCA allows us to 

understand whether flexibility is correlated as concerted motion along a specific direction 

or if the motion is essentially random (Figs. 5.5 & Appendix B5). 

Our analysis shows that the apo state is characterized by highly flexible N-

terminal gate and lid subdomains. Flexibility of the lid subdomain can be attributed to the 

coils connecting the lid subdomain to the N- and C-terminal domains. Thus, the helix-

loop-helix motif of the lid subdomain moves as a rigid body, allowing it to maintain inter- 

subunit contacts with, and impart force on, its neighboring subunit.  
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Upon ATP binding, the simulations predict that both the N-terminal gate and the 

lid subdomains lose flexibility, and that the first principal component of motion is a 

rotation of the lid subdomain towards the ATPase active site (Appendix B5). Because the 

lid subdomain largely mediates inter-subunit contacts, lid subdomain rotation would pull 

two subunits closer together, enabling trans-acting catalysis; the mechanistic implications 

of this rotation are described below. In contrast, the ADP-bound state on average is 

characterized by a highly flexible N-terminal gate motif, but a rigid lid subdomain. 

However, the subunit wherein we observe ADP-release has a concerted rotation of the lid 

subdomain away from the ATPase active site (Appendix B5). This again suggests that ATP 

binding/ADP unbinding causes rotation of the lid subdomain. The dynamics described 

above in the pentamer simulations are echoed by similar dynamics observed in short-

timescale simulations of a single subunit in the apo, ATP-bound, and ADP-bound states, 

which show that nucleotide binding rotates the lid subdomain over the ATPase active site. 
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Figure 5.5: Flexibility of subunits is modulated by nucleotide occupancy. (Left 
column) Motif identity chart is reproduced at the top for easy reference. Averaged root-
mean-square fluctuations (RMSF) of the ATPase alpha carbons over 2.4 μs of MD 
simulations are plotted. The standard error of the mean is shaded in each plot. Beneath 
the plots, the average RMSF value is coded to the radius of a worm-representation of 
the enzyme, which is color coded to the sequence. Thicker radius indicates higher 
flexibility. The apo state has a significantly more flexible lid subdomain than the ATP- 
or ADP-bound monomers. (Right column) Intra-subunit inter-residue distances are 
calculated in the apo, ATP-, and ADP-bound simulated states. The results from each of 
the five subunits are averaged. The standard deviations of the average are plotted as 
heatmaps, indicating structural variation across subunits within the pentamer. The 
ATP- and ADP-bound monomers have a band of high standard deviation in the lid 
subdomain (residues ∼225–245), indicating that although each lid subdomain is rigid, 
they are in different poses. This band is muted in the apo state, indicating that the 
average positions of the lid subdomains are roughly equivalent, despite their 
flexibility. These observations correlate well with the asymmetry of the ATP- and ADP-
bound pentamers, and the symmetry of the apo pentamer, given that the lid subdomain 
mediates most of the inter-subunit contacts. 
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To identify other regions of the protein that might be affected by lid subdomain 

rotation, we calculated intra-subunit residue-residue pairwise distances for all five 

subunits and plotted the standard deviation of the average distance (Fig. 5.5). High 

standard deviation of average residue-residue distances indicates that the relative 

positions of residues vary across the five subunits; low standard deviation indicates 

structural homogeneity. The region of highest-standard deviation observed in the ATP- 

and ADP-bound simulated states corresponds to the lid subdomain. Likewise analysis of 

the three crystal structures shows that most of the variance is concentrated in the lid 

subdomain (Appendix B6). There is a second band of significant variation, which 

corresponds with the trans-acting lysine finger and its adjacent residues (residues 130-133) 

(Fig. 5.5, Appendix B8). Thus, not only does the lid subdomain directly contact trans-

acting residues (Fig. 5.1), this analysis further indicates that the lid subdomain can 

modulate the positions of the key catalytic trans-acting residues. In summary, nucleotide-

actuated rotation of a subunit’s lid subdomain can rearrange the motor’s overall 

quaternary structure and finely tune the position of trans-acting catalytic residues for 

appropriate function.   

5.3.11 Helix tracking in viral DNA packaging ATPases 

We recently solved the structure of the φ29 packaging ATPase attached to the prohead 

and stalled during packaging [111]. This asymmetric cryo-EM reconstruction showed that 

the N-terminal domains of the ATPase ring adopt a helical conformation as each subunit 
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tracks the substrate DNA. However, the crystal structure of asccφ28 gp11 ring reported 

here shows no such helicity in the N- or C-terminal domains. Likewise, the above MD 

simulations do not predict that the ATPase ring adopts a helical conformation. We suspect 

that we do not observe helicity in the crystal structures due to lack of substrate DNA 

imparting helicity. Lack of helicity in the MD simulations is likely attributable to 

interactions between the N- and C-terminal domains that result in a large activation 

energy barrier between extended and compact conformations. Thus, this transition may 

be kinetically infeasible to sample on the microsecond timescale of our simulations.  

To remove this barrier, we simulated a pentamer ring composed of truncated 

monomers which contain only the N-terminal and lid (sub)domains (residues 1-260) (Fig. 

5.6A). Similar truncations in AAA+ systems have helped reveal biologically relevant 

helical conformations in cryo-EM structures [32,33]. MD simulations of the truncated 

ATPase assembly suggested that the motor can transition between planar and helical 

arrangements, such that each subunit interacts with the helical phosphate backbone of 

one strand of DNA (Fig. 5.6B). The helical arrangement of the Arg110s agrees with both 

the placement of an analogous DNA-gripping residue observed in the cryo-EM structure 

of φ29 [111], and SMFS experiments that showed the motor primarily tracks along a single 

strand of DNA [13].  To test if this propensity of ATPase domains to track DNA could be 

a general feature of viral packaging ATPases, we simulated pentamer assemblies of the 

P74-26 and D6E packaging ATPases constructed in silico. Again, our simulations 
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predicted that these structures transition from the starting planar ring configuration to a 

helical configuration (Appendix B8). Furthermore, the simulated structures of the three 

systems (asccφ28, P74-26, and D6E) fit well into the cryo-EM reconstruction of the φ29 

motor stalled with ATP analog [111] (Fig. 5.6C). 

 

Figure 5.6: Predicted helicity of asccφ28 ATPase domains. (A) Initial set up of 
the asccφ28 NTD ring with DNA in the pore, prior to MD simulation. Initially, all five 
Arg110s are in a planar ring. (B) The predicted configuration after MD simulation. The 
five Arg110s adopt a helical pitch complementary to DNA, primarily tracking one 
strand of DNA. The Arg110s approach the phosphates differently: the lower three 
subunits (cyan, green, yellow) track ‘above’ the dark gray strand every two base pairs. 
The remaining two subunits (red, blue) fit into the minor groove and contact the dark 
gray strand from ‘below’, while also interacting with nucleobases. (C) The MD 
simulated asccφ28 NTD ring was fit into the cryo-EM reconstruction of φ29 stalled 
during packaging. The asccφ28 ring is shown as Richardson diagrams, DNA as sticks, 
and the model of φ29 NTDs built into the reconstruction as a translucent surface. 
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5.4  Discussion 

An emerging feature of ring ATPases is that subunits in the ‘ring’ arrange themselves as 

a helix as they track their biopolymeric substrates [27,32,34,37,43]. Of particular relevance, 

a cryo-EM structure of φ29 stalled during packaging showed that its packaging motor 

adopts a helical pitch complementary to the double-stranded DNA substrate [111]. Based 

on this observation and the well-characterized behavior in SMFS studies [11,12,14,179], it 

was proposed that φ29-like packaging motors transition between helical and planar states 

to translocate DNA. While the SMFS data identified the intermediate states that define the 

mechanochemical cycle and the cryo-EM structure documented the helical end state of 

the cycle, these data only tell half the story. The structures and simulations described here 

tell the other half of the story by documenting the structure of the planar end state and 

revealing the molecular basis of the conformational changes that drive the 

mechanochemical cycle. 

5.4.1 Helical-to-planar ratchet mechanism 

Based on the results presented here, we propose a mechanism for viral DNA packaging 

where the motor ratchets between extended helical and compressed planar configurations 

to translocate DNA (Fig. 5.7). In this model, the transition from the helical to planar states 

drives DNA translocation during the burst phase, while the transition back from the 

planar to the helical state resets the motor during the dwell phase. 
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Mechanism of force generation: As depicted in Fig. 5.7K, ATP binding drives two 

competing effects. The predominant effect is increased affinity for DNA, resulting in the 

N-terminal domains adopting a helical configuration complementary to the helical 

phosphate backbone (Fig. 5.6). The competing effect of ATP binding is lid subdomain 

rotation over the active site (Fig. 5.5 and Appendix B5); because the lid subdomain is 

bound to a neighboring subunit (Fig. 5.1), this effect would drive subunits into the planar 

configuration if not for the interaction with the helical DNA. The tension between the two 

effects is resolved when a subunit hydrolyzes ATP and thus releases its grip on DNA; no 

longer constrained by its interaction with DNA, the lid subdomain of the adjacent ATP-

bound neighbor can now rotate, bringing both subunits into a planar configuration. Since 

the ATP-bound subunit(s) maintains grip of DNA, this results in a discrete stepping of the 

DNA past the hydrolyzing subunit, through the ring and into the procapsid. Thus, 

resolution of the competing effects of ATP binding provides the basis of force generation 

and DNA translocation. 

Events in the burst phase: Our detailed description of the mechanochemical cycle 

starts when all five subunits are ATP-bound and therefore in the helical configuration 

(Fig. 5.7A). The subunit at the top of the helix (S1) hydrolyzes first and releases its grip on 

DNA, allowing its ATP-bound neighbor to rotate its lid subdomain and bring both 

subunits into a planar configuration (transition between Fig. 5.7A to 5.7B). Since the 

remaining subunits (S2–S5) have yet to hydrolyze ATP, they continue to grip DNA such 



 

131 

that ~2.5 bp of DNA are translocated into the procapsid. Upon planar alignment of the 

two N-terminal domains, the trans-acting lysine finger of the now-ADP-bound subunit is 

positioned to trigger hydrolysis in the adjacent ATP-bound subunit (Fig. 5.7K; 14A). 

Hydrolysis at this subunit initiates the next translocation step, as the hydrolyzing subunit 

releases grip of DNA, and lid subdomain of the ATP-bound adjacent subunit rotates, 

bringing both subunits into plane and translocating DNA as in the previous step 

(transition between Fig. 5.7B to 5.7C). This pattern of hydrolysis at one subunit 

coordinating force generation of the adjacent subunit permutes around the ring until all 

N-terminal domains are in the planar configuration (Fig. 5.7C-E). The result of one 

complete helical-to-planar transition is translocation of ~10 bp, or one helical turn, of DNA 

in four substeps. Thus, the helical-to-planar transition coordinated by sequential ATP 

hydrolysis constitutes the burst phase of the mechanochemical cycle. 

Events in the dwell phase: Once the motor is in the planar configuration, the final 

hydrolysis event would not translocate DNA (transition between Fig. 5.7E to 5.7F). 

However, hydrolysis at the final subunit (S5) is needed to release DNA, such that the 

motor can step back down DNA during the reset. Additionally, single-molecule studies 

have shown that the fifth, non-translocating hydrolysis event plays a coordination role 

[12]. Thus, the final hydrolysis event likely coordinates the initiation of nucleotide 

exchange (Fig. 5.7F). The final subunit, whose N-terminal domain is now in plane with 

the N-terminal domain of the subunit that began the translocation burst (S1), donates its 
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trans-acting arginine exchange residue to promote nucleotide exchange in the first subunit 

(transition between Fig. 5.7F to 5.7G; Fig. 5.3). Because DNA was translocated one helical 

turn, by DNA’s translational symmetry, the subunit that began the burst (S1) is now 

positioned to reengage a DNA phosphate one helical turn below its last bound position. 

This highlights the importance of critical electrostatic contacts every helical turn of DNA 

observed in SMFS experiments [13].  

After ATP binds at the first subunit, it reengages DNA, locking its N-terminal 

domain in place. Then its trans-acting arginine exchange residue promotes nucleotide 

exchange in the adjacent subunit (S2) (transition between Fig. 5.7G to 5.7H). Unlike the 

first subunit, the next subunit is misaligned with the helical DNA phosphate backbone. 

However, upon ADP release but before ATP binding, the subunit passes through the apo 

state where the lid subdomain is flexible (Fig. 5.5). This flexibility allows the subunit’s N-

terminal domain to re-access the position where it is aligned with DNA (Fig. 5.7L). 

Because ATP binding and DNA binding are coupled (Fig. 5.4), this realignment would 

promote binding of ATP and tight binding of DNA, locking the N-terminal domain in 

place. As each subunit’s N-terminal domain samples the environment in the apo state, its 

Walker A motif may adopt the nucleotide-blocking conformation to prevent immediate 

ADP rebinding or premature ATP binding (Appendix B2). This process permutes around 

the ring until the motor resets to the five ATP-bound helical configuration that began the 
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cycle (Fig. 5.7H-A). Thus, the planar-to-helical transition coordinated by sequential 

nucleotide exchange constitutes the dwell phase of the mechanochemical cycle. 

Initiation of the burst phase: As described above, the first hydrolysis event occurs 

at the sheared interface, in the subunit closest to the capsid (S1 in Fig. 5.7A). As observed 

in Woodson et al. [111], the unique arrangement of this subunit’s lid subdomain as it 

reaches down to maintain contact across the sheared interface in the ATP-bound helical 

configuration positions a glutamine in its lid subdomain close to the γ-phosphate of ATP. 

Hence, the glutamine may now be poised to catalyze hydrolysis in cis. In asccφ28, there 

are three potentially equivalent residues, Asn250, Lys252, and Asn254 that could function 

similarly. Thus, the motor likely initiates the burst phase when the ring adopts a fully 

helical configuration at the end of the planar-to-helical reset. 
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Figure 5.7: Helical-to-planar ratchet mechanism of DNA translocation. (A–J) 
Complete mechanochemical cycle. Subunits S1-S5 are labeled 1–5 in (A). During the 
burst phase (A–E), ATP-bound subunits (red) sequentially hydrolyze ATP. Hydrolysis 
in a subunit causes a pair of N-terminal domains (NTD) to become planar, translocating 
DNA. At the end of the burst, all subunits are ADP-bound (orange). During the dwell 
phase (F–J), ADP is sequentially exchanged for ATP, causing the planar NTD ring to 
return to the helical configuration. Helical-repeat-contacts of DNA (cyan) are marked 
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by dashed lines. (K) Detailed schematic of the molecular events that coordinate the 
stepwise helical-to-planar transition. Initially, the two subunits’ NTD are ATP-bound, 
engaged with DNA, and helical. Hydrolysis and product release at the upper subunit 
relax its grip on DNA, allowing the other subunit’s lid subdomain to rotate, bringing 
the NTDs into a planar configuration, translocating DNA, and aligning the two 
subunits for the next hydrolysis event. (L) Detailed schematic of the molecular events 
that coordinate the stepwise planar-to-helical transition. After ADP-release is 
promoted by the trans-acting exchange residue, the now apo subunit (white) is flexible, 
and can track down the helix prior to ATP-binding, which causes the subunit to engage 
DNA, locking the subunit in place. 

5.4.2 Convergence with single-molecule results 

It has been inferred from SMFS data that the homologous φ29 packaging motor couples 

inorganic phosphate departure to DNA translocation [10]. However, this does not 

necessarily imply that phosphate departure provides the energy to drive the force-

generating conformational changes in the motor. In our proposed model, ATP-binding 

creates tension between lid subdomain rotation, promoting planarity, and interactions 

with DNA, promoting helicity. Hydrolysis and phosphate departure resolve this tension 

by releasing a subunit’s grip on DNA. This allows the ATP-binding energy stored within 

the neighboring strained lid subdomain to be converted into force exerted on the DNA. 

In this way, sequential phosphate departure serves as a trigger to initiate each stepwise 

movement of DNA.  

Further, our mechanism also explains the physical basis of four translocation steps 

within the context of a motor with five subunits; only four steps are required to convert a 

pentameric helix into a planar ring. The last hydrolysis event (Fig. 5.7E) would not 

translocate DNA but coordinates nucleotide exchange, consistent with SMFS [12]. 
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Additionally, the step size of the motor is set by the rise of the N-terminal domain helix 

and rotation of the lid subdomain, rather than the periodicity of DNA. In fact, SMFS 

experiments have recently shown that the motor produces three 0.85 nm substeps during 

translocation of dsDNA, DNA/RNA hybrids, and dsRNA, despite varying helical 

parameters across these substrates [179]. However, the fourth substep size is significantly 

shorter while packaging dsRNA compared to dsDNA. The abbreviated fourth substep 

enables the motor to maintain registry along the shorter helical pitch of dsRNA, again 

arguing that the overall burst size is coupled to realignment of the first subunit with the 

phosphate backbone. Thus, while the overall planar-to-helical transition is coupled to the 

helical pitch of the translocated substrate, the sizes of individual substeps depend 

primarily on interactions between subunits. By extension, our model thus helps 

rationalize how the motor translocates non-integer (2.5 bp) step sizes as has been 

demonstrated by SMFS [11], and accommodates sequence-dependent variability of DNA 

geometry. 

5.4.3 Comparison to models proposed for other ring ATPase systems 

Two other compelling translocation models have been proposed based on reported helical 

structures: “filament treadmilling” [43] and “hand-over-hand” models [30]. While there 

are differences between the models stemming from different geometries of FtsK-like and 

AAA+ assemblies, the basic proposed translocation mechanism is the same. In both cases, 

ATP hydrolysis and product release at one end of the ATPase domain helix cause that 



 

137 

subunit to disengage from the biopolymeric substrate. Subsequent ATP binding at the 

other end of the helix causes that subunit to engage the substrate. The net result is 

translocation of the biopolymer relative to the spiral.  

A defining feature of φ29-like DNA packaging mechanochemistry is the biphasic 

burst-dwell cycle [11,12] which is incompatible with both the filament treadmilling and 

hand-over-hand models. Because each step is rotationally symmetric to the previous step, 

these models are inherently continuous with no obvious symmetry breaking required to 

begin or end the burst phase. Another asymmetric feature is the presence of a non-

translocating hydrolysis event [12]. In contrast, these key features naturally emerge from 

our helical-to-planar ratchet model. Compaction of the ring from the helical to planar 

configuration is the translocation burst (Fig. 5.7A-E), while extension of the ring from the 

planar to helical configuration is the nucleotide-exchange dwell (Fig. 5.7F-J). The last 

hydrolysis event when the motor is planar cannot translocate DNA, thus explaining a 

non-translocating hydrolysis event. This type of mechanism may also explain the burst-

dwell behavior of the polypeptide-translocating ClpX proteosome machinery [180] and 

can serve as a general framework for any ring systems that are shown to exhibit burst-

dwell dynamics.  

Nonetheless, despite the differences in overall mechanisms, there seem to be 

similarities in the core components. To summarize: in all cases, ATP hydrolysis causes a 

subunit to disengage from the translocated substrate, substrate is translocated by the 
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remaining ATP-bound subunits and rebinding of ATP causes subunits to reengage 

substrate. Further, in both our helical-to-planar ratchet and the hand-over-hand model, 

the repositioning of subunits is accomplished by rotation of the lid subdomain of a subunit 

coupled to ATPase activity. Thus, these alternative models could be considered as 

variations of an underlying mechanistic theme. 
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6. Viral DNA packaging ATPases utilize a glutamate 
switch to couple ATPase activity and DNA translocation 

This chapter has been adapted from my publication in PNAS [178]. I was first author of 

the manuscript and performed all the computational investigation. I largely derived the 

proposed model. In order to properly convey the body of work, to show that my 

simulations were predictive of experimental results, and to justify the proposed model, I 

have left all results presented in the original manuscript, including those results found by 

my experimental collaborators. I emphasize that the division of labor in this work is such 

that I am claiming to have produced solely the computational and interpretative results 

and I do not claim to have produced the experimental results. The accompanying 

appendix to this chapter is Appendix C.  

6.1 Introduction 

Many double-stranded DNA viruses use powerful ATPase motors to package their 

chromosome into preformed viral capsids [4–6,96]. These motors convert energy from 

ATP binding and hydrolysis into mechanical work to overcome large internal forces that 

oppose DNA confinement. Viral DNA packaging ATPases have two primary domains: 

the N-terminal domain (ATPase domain) and the C-terminal domain (which performs 

endonuclease activity in some viral packaging systems) [3]. Based on sequence alignments 

of the ATPase domain, viral packaging ATPases are classified as members of the 

Additional Strand, Conserved Glutamate (ASCE) superfamily of P-loop NTPases [1]. 

Other related ASCE families include AAA+ (ATPases Associated with diverse cellular 
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Activities) and ABC (ATP Binding Cassette) transporter proteins [2,181]. A common 

feature among ASCE enzymes is the presence of a P-loop/Walker A (WA) and Walker B 

(WB) motifs which bind ATP and catalyze hydrolysis, respectively [79,105]. The feature 

that distinguishes ASCE enzymes from other superfamilies of ATPases is the presence of 

a conserved glutamate residue downstream of the WB motif that is necessary for catalytic 

activity [2,24,78]. Like most ASCE systems, viral packaging ATPases assemble as 

oligomeric rings that thread their biopolymer substrate through their central pores [21,26]. 

Recently solved pentameric ring complexes of viral ATPases from the asccφ28 and φ29 

bacteriophages show that the ATPase active site is located at the inter-monomer (or inter-

subunit) interface [111,150]. Residues donated in trans promote events such as catalysis 

and nucleotide exchange, thus ensuring coordinated activity around the ATPase ring.  

Coordinated activity of ATPase subunits has been extensively studied using 

single-molecule optical tweezers experiments [12]. A key finding of these experiments is 

that all five subunits bind ATP prior to sequential and ordinal hydrolysis. Thus, the 

subunits must first bind ATP in a catalytically incompetent pose so as not to hydrolyze 

out of turn. There are at least two possible ways this can occur: 1) either the phosphates 

of the ATP substrate are misaligned upon initial binding and later align with catalytic 

residues to trigger hydrolysis, or 2) one or more catalytic residues of the active site are 

misaligned upon initial binding and later align to catalyze hydrolysis. The second of these 

alternatives is supported by the experimental observation that ATP-bound subunits grip 
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DNA tighter than ADP-bound subunits [10,24,182]. From this it can be inferred that the 

γ-phosphate of ATP is properly positioned to actuate a DNA-gripping signal, but the 

active site is not aligned to catalyze hydrolysis. In further support of the second 

alternative, we have recently proposed a cyclic helical-to-planar model of DNA 

translocation whereby trans-acting residues are misaligned for hydrolysis in the ATP-

bound helical conformation of the ATPase ring [150]. As subunits transition to the planar 

ring conformation during DNA translocation, these trans-acting residues align one 

interface at a time to catalyze hydrolysis, resulting in the ~2.5 bp DNA translocation 

substeps observed in single-molecule experiments. 

The combination of a catalytically incompetent ATP-binding pose and 

simultaneous dependence on the γ-phosphate to actuate substrate gripping is not unique 

to viral packaging ATPases among the ASCE superfamily. This combination is also found 

in the AAA+ subfamily of ASCE enzymes. AAA+ motors coordinate these two tasks with 

an intramolecular mechanism known as the “glutamate switch.” In these systems, the 

glutamate switch is either a positively-charged Arg/Lys or a polar Gln/Asn/Thr/Ser, and 

is proposed to thwart ATP hydrolysis by holding the catalytic glutamate residue in an 

“inactive pose” until an external signal is received [173]. We note that it has also been 

observed that the apo-state Walker A motif can adopt an “inactive pose” by occluding the 

β-phosphate binding site [150,177]. However, this inactivation which affects nucleotide 
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binding is distinct from the glutamate switch inactivation, which affects the Walker B 

motif catalytic glutamate.  

A key discriminator between the inactive and active poses are the χ1 and χ2 

dihedral angles of the catalytic glutamate side chain. If the (χ1, χ2) dihedral angles point 

the catalytic glutamate’s carboxylate group towards ATP, then the pose is considered to 

be active. Conversely, if the (χ1, χ2) dihedral angles point the catalytic glutamate’s 

carboxylate group towards the glutamate switch residue, the pose is considered to be 

inactive [173]. A survey of AAA+ protein PDB structures in ATP- and ADP-bound states 

revealed tight clustering of (χ1, χ2) dihedral angles around the active and inactive poses, 

principally separated by an approximate 120o difference in χ2 (Fig. 6.1). Further, 

mutagenesis studies that targeted the glutamate switch residue showed that the glutamate 

switch participates in a signaling pathway between the ATPase active site and biopolymer 

substrate gripping residues. When the glutamate switch is mutated to an alanine residue, 

substrate-binding no longer upregulates ATPase activity [183,184].  

Here we show that viral DNA packaging ATPases have adapted a glutamate 

switch residue as part of a signaling pathway that tightly couples ATP-binding to DNA 

gripping and ATP hydrolysis to DNA release. This coupling thus enables the overall 

coordinated activity of the motor necessary for efficient, processive translocation of DNA. 
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Figure 6.1: Schematic of glutamate switch. (A) PDB structures of ATPases in 
ATP and ADP-bound states show that the catalytic glutamate residue side chain 
dihedrals can be clustered and classified into “inactive” or “active” poses. Data 
reproduced from Zhang and Wigley [172]. (B) Depiction of these two poses. In the 
inactive pose, the catalytic glutamate’s carboxylate group points away from ATP and 
toward a glutamate-switch residue; in the active pose, the catalytic glutamate’s 
carboxylate group points toward ATP to help catalyze hydrolysis. The phosphates of 
ATP are labeled, and Mg2+ is depicted as a green sphere. 

6.2 Simulation methodology 

For accompanying experimental methodology performed by my collaborators, please 

reference the publication in PNAS [178]. 

6.2.1 Structure preparation for simulations 

Initial structures for packaging ATPases were taken from their respective PDB 

depositions: P74-26 (4ZNI, apo; 4ZNL, ATP-analog-bound) [24], Sf6 (4IDH apo; 4IEE, 

4IFE, ATP-analog- and ATP-bound) [23], φ29 (5HD9, ATP-analog bound, ATP-analog not 

resolved) [26], and asccφ28 [150]. Simulations of the ADP-bound P74-26 structure start 

from the solved crystal reported herein (PDB: 7KS4). Mutant proteins were generated in 

silico by replacing side chains with rotamers chosen from the Dunbrack rotamer library 

[97] via swapaa in UCSF Chimera [98]. Because the C-terminal domain does not directly 



 

144 

interact with the ATPase active site during packaging, the C-terminal domains of the Sf6 

and asccφ28 packaging ATPases were truncated to reduce system size and computational 

cost; structures of P74-26 and φ29 only contain the ATPase domain. 

6.2.2 Simulation methodology  

All-atom molecular dynamics (MD) simulations were performed with a 2 fs time step 

integrator in the AMBER16 and AMBER18 packages using the Amber ff14SB force field 

[52] to describe protein interactions. The SHAKE algorithm was used to constrain bonds 

connecting hydrogen atoms to heavy atoms. Simulations were performed with GPU-

accelerated sampling utilizing the particle mesh Ewald summation to correct for long-

range interactions [64]. All proteins were centered in an octahedral periodic box with 

minimum 14 Å of padding. The box was filled with explicit solvent using the TIP3P model 

for water. ATP parameters were taken from the AMBER parameter database [102]. Each 

system was subjected to 300 steps of steepest descent and conjugate gradient energy 

minimization. Systems were heated slowly from 100 K to 310 K over the course of 100 ps 

in the canonical (NVT) ensemble. Then each system was equilibrated for 100 ns in the 

isobaric-isothermal (NPT) ensemble at 1 bar before free-energy sampling was performed. 

The Monte Carlo barostat and the Langevin thermostat were used to control pressure and 

temperature. 
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6.2.3 Free-energy calculations 

We used the combined approach of umbrella sampling (US) and the weighted histogram 

analysis method (WHAM) to calculate the two dimensional free-energy landscapes. The 

(χ1, χ2) angles of the catalytic glutamate residue were harmonically restrained with spring 

constant k = 30 kcal/mol/rad2 to windows spanning the range of the desired reaction 

coordinates. Because most of the distinction between active and inactive poses manifests 

as change in the χ2 variable, we separated χ2 windows by 7o, and χ1 windows by 20o to 

ensure ample sampling along the primary reaction coordinate. To hold an ATPase in the 

“pre-tight-binding” pose, the Walker A arginine side chain dihedral angles were 

restrained by the same harmonic potential. Each window was simulated for 3 ns and data 

points were collected every 100 fs. The potential of mean force was calculated using 

wham-2d [185], as described by Kumar et al. [71]. To estimate the error in our calculations, 

we randomly split our sampling windows into three sub-windows and calculated free-

energy landscapes from each set of sub-windows. From these independent landscapes, 

we calculated the standard error of the mean at each grid-point. In general, the error in 

our calculated free-energy landscapes ranges 0.01–0.1 kcal/mol. 

6.2.4 Mutual information calculation 

To predict signaling pathways connected to the glutamate switch, we calculated the 

mutual information (MI) of the side chain and backbone dihedral angles with every other 

residue in the protein. We used the Enspara package [186] to calculate the CARDS 
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(Correlation of All Rotameric and Dynamical States; [77]) from 1 μs-long equilibrium 

simulations, saving frames every 25 ps. The holistic correlation I  between two residues 

X and Y is defined to be 𝐼 (𝑋, 𝑌) = 𝐼 (𝑋, 𝑌) + 𝐼 (𝑋, 𝑌) + 𝐼 (𝑋, 𝑌) +  𝐼 (𝑋, 𝑌). That is, 

CARDS calculates MI from concerted structural changes 𝐼 (𝑋, 𝑌) (a side chain/backbone 

dihedral angle in one residue that influences a side chain/backbone angle in another), 

structural changes that promote/hinder conformational disorder 𝐼 (𝑋, 𝑌) + 𝐼 (𝑋, 𝑌) (a 

side chain/backbone dihedral angle in one residue that allows another residue to become 

flexible, and vice versa), and concerted conformational disorder 𝐼 (𝑋, 𝑌) (flexibility in 

one residue correlating with flexibility in another residue). We then performed a target 

site analysis, which aggregates all the mutual information with respect to an inputted 

target site. The calculated target mutual information was normalized by the highest 

mutual information calculated for a single residue-residue pair and then input into PDB 

files as the temperature factor for visualization. 

6.3 Results 

6.3.1 Study design 

To establish that viral DNA packaging ATPases utilize a glutamate switch to couple ATP-

binding and DNA-gripping, it is necessary to show that:  

1. The catalytic glutamate residue can be stable in either the “active” or “inactive” 

rotamer state. 
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2. Stability of the catalytic glutamate in the “inactive” state can be attributed 

primarily to a single residue (namely, the glutamate switch).  

3. The glutamate switch can relay a bound-ATP signal to DNA-gripping 

residues.  

To demonstrate 1, we carried out atomistic molecular dynamics (MD) simulations of four 

different packaging ATPases and calculated the two-dimensional free-energy landscapes 

of their putative catalytic glutamate with respect to its (χ1, χ2) rotamer dihedral angles in 

different nucleotide-bound states. We assumed that if a glutamate switch were present, 

we would observe computed free-energy minima corresponding roughly to the “active” 

and “inactive” clusters seen experimentally (Fig. 6.1). To demonstrate 2, we generated in 

silico mutants of the ATPases targeting the putative glutamate switch and re-computed 

the free-energy landscapes. From how the landscapes changed with respect to the type of 

mutation, we could infer the ability of the wild-type residue to function as a glutamate 

switch. To rule out that the tight-binding transition positions multiple residues that each 

contribute a little energy towards the cumulative catalytic glutamate free-energy 

landscape, we also considered ATPases held in a “pre-tight-binding” pose. To 

demonstrate 3, we calculated mutual information from microsecond long MD 

simulations. Mutual information (MI) is a metric that quantifies correlation between two 

parties, in this case protein residues. From this correlation, we infer communication. If the 

glutamate switch mediates the signaling pathway, we would expect the glutamate switch 
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to have high MI – and thus high communication – with both the ATPase active site and 

DNA gripping residues. 

While we performed computational studies on four viral packaging ATPases to 

generalize our predictions, we chose to experimentally test a subset of these ATPases. 

Specifically, our simulations predict that a helical motif between the ATPase active site 

and DNA-gripping residues shifts in the presence of ATP, but not ADP. Thus, we solved 

the structure of the P74-26 packaging ATPase bound with ADP to compare against the 

previously reported ATP-analog bound structure [24]. Additionally, to interrogate the 

signaling pathway in an actively packaging assembly, we simultaneously characterized 

the ATPase activity and DNA translocation activity of mutant φ29 ATPases. This allowed 

us to determine if a mutant introduced in the signaling pathway would decouple these 

two otherwise tightly-coupled activities. 

6.3.2 Nucleotide affects the rotameric state of the catalytic glutamate 

Available crystal structures of the Sf6, φ29 and asccφ28 packaging ATPases show that the 

predicted ASCE catalytic glutamate residues point their carboxylate group away from the 

ATPase active site and towards analogous arginine residues (Appendix C1). This is 

observed in the Sf6 crystal structures solved with either ATP or ATP-analog. Because this 

type of interaction is indicative of a glutamate switch mechanism in AAA+ proteins (Fig. 

6.1), the crystal structures are the first indication that these arginine residues may act as 

glutamate switches.  
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Free-energy landscapes calculated for the proteins in the apo state show that the 

catalytic glutamate has two free energy minima, which correspond to the identified 

inactive and active rotamer states. In general, there is preference for the inactive pose 

(Appendix C2). This contrasts with the preference of an isolated glutamate residue in 

solution, which prefers the active pose (Appendix C3), suggesting that neighboring 

residues influence the catalytic glutamate’s preference for the inactive pose in the apo 

ATPases.  

Free-energy landscapes calculated for the φ29 (Fig. 6.2A,B), Sf6 (Fig. 6.2C,D), and 

asccφ28 (Fig. 6.2E,F) ATPases in the ATP-bound and ADP-bound states show that the 

catalytic glutamate’s rotameric state varies with the presence or absence of the γ-

phosphate of ATP. In the ATP-bound state, the catalytic glutamate prefers the active pose, 

pointing its carboxylate group towards ATP (Fig. 6.2A,C,E). In the ADP-bound state (Fig. 

6.2B,D,F), the global free-energy minimum of the catalytic glutamate changes to prefer the 

inactive pose, pointing its carboxylate group towards the putative glutamate switch 

arginines. This indicates that the presence of the γ-phosphate of ATP is necessary and 

sufficient to induce local conformational changes that stabilize the catalytic glutamate 

residue in the active pose. We note that the Walker A arginine residue moves into the 

binding pocket upon ATP-binding and moves out of the binding pocket in the absence of 

the γ-phosphate. We have previously reported that this conserved Walker A arginine in 

phage λ functions analogously to the “sensor II motif” arginine found in AAA+ enzymes, 
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whose role is to sense the presence of the γ-phosphate and induce further conformational 

changes [78]. The results presented here further support this assignment.  

We also investigated the packaging ATPase from the P74-26 thermophilic phage. 

This ATPase does not contain an analogous glutamate switch arginine as in Sf6, φ29, and 

asccφ28 packaging ATPases described above. Instead, it contains an asparagine residue 

which we suspected could act as the glutamate switch due to its similar position relative 

to the catalytic glutamate, despite significant divergence in local tertiary structure (Fig S5). 

Indeed, the catalytic glutamate (χ1, χ2) free energy landscape in the P74-26 ATPase also 

varies with the presence or absence of the γ-phosphate of ATP (Fig. 6.2G,H). In the ATP-

bound state, the catalytic glutamate is only stable in the active pose (Fig. 6.2G). In the 

ADP-bound state, a metastability emerges in the inactive pose (Fig. 6.2H). This 

metastability is also found in the apo state of the P74-26 ATPase (Appendix C2). While 

preference is not swapped between active and inactive like in the other three ATPases 

above, we note that this difference is perhaps expected because the P74-26 ATPase uses a 

polar residue for the glutamate switch as opposed to the positively charged residues in 

the φ29, Sf6, and asccφ28 ATPases. Thus, the nucleotide-bound state can be discriminated 

by the ATPase through the interaction between the catalytic glutamate and glutamate 

switch residues. 
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Figure 6.2: Viral DNA packaging ATPase catalytic glutamates pose is modulated 
by bound nucleotide. (Left column) Two-dimensional free-energy landscapes of the 
catalytic glutamate (χ1, χ2) dihedral angles from the φ29 (A), Sf6 (B), asccφ28 (C), and 
P74-26 (D) packaging ATPases predict that the catalytic glutamate adopts an active pose 
upon ATP tight binding. Structures taken from MD simulations representing these 
poses are shown. For the φ29, Sf6, and asccφ28 ATPases, the inactive pose is 
metastable; for the P74-26 ATPase, the inactive pose is unstable. (Right column) Free-
energy landscapes of the catalytic glutamate (χ1, χ2) dihedral angles from the φ29 (E), 
Sf6 (F), and asccφ28 (G) packaging ATPases with bound ADP predict that upon 
phosphate release, the catalytic glutamate adopts an inactive pose and points toward a 
putative glutamate-switch residue. In the case of P74-26 (H), while the active pose is 
still the preferred state, the inactive pose becomes metastable and thus shows response 
to the absence of the γ-phosphate; this effect could be amplified from neighboring 
subunit interactions in the oligomeric state. Contour lines represent poses with 
constant free energy in units of kcal/mol. For error analysis, reference Appendix C4. 
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6.3.3 A single residue is the glutamate switch 

To determine the role of the ATP tight-binding transition on the rotameric state of the 

catalytic glutamate, we calculated the catalytic glutamate (χ1, χ2) free-energy landscapes 

of the φ29, Sf6, and P74-26 packaging ATPases in the “pre-tight-binding” conformations, 

where ATP is present but the ATPase active site has not yet adapted to its presence. These 

pre-tight-binding poses are characterized by the WA arginine pointing out of the binding 

pocket and an increased distance between the WA and WB motif backbones (Appendix 

C6), based on our two previous studies of tight-binding conformational changes [78,79]. 

We find that for φ29 (Fig. 6.3A) and Sf6 (Appendix C7), the catalytic glutamate prefers the 

inactive pose prior to the ATP tight-binding transition. In the case of P74-26 (Fig. 6.3C), 

the metastability of the catalytic glutamate’s inactive position is strengthened. However, 

it remained unclear whether the preference for the inactive pose of the catalytic glutamate 

could be attributed solely to its interaction with the putative glutamate switch residue, or 

if ATP tight binding induces multiple small conformational changes that cumulatively 

modulate the catalytic glutamate’s preference. Thus, we repeated the above calculations 

with catalytic glutamate mutant ATPases φ29 R53(L/K) and Sf6 R51(L/K). Leucine was 

chosen as a variant to remove the charge group from the putative glutamate switch 

residue while maintaining a similar bulk to the WT arginine. Lysine was chosen as a 

second variant in the hope that it would weaken, but not abrogate, its hold on the catalytic 

glutamate residue, so that the mechanism could be probed experimentally. Under the 
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same conditions, where the WT catalytic glutamate prefers the inactive pose, the RK 

mutants’ catalytic glutamate also preferred the inactive pose (Appendix C7). However, 

under these conditions the RL mutants’ catalytic glutamate preferred the active pose 

(Fig. 6.3B, Appendix C7). Thus, the positive charge donated by the arginine residue is 

necessary to hold the catalytic glutamate in the inactive pose prior to the ATP tight-

binding transition, and the arginine is thus assigned to be a glutamate switch residue.   

Because the WT P74-26 packaging ATPase potentially uses a polar residue as its 

glutamate switch and the inactive pose is predicted to be metastable, it offers a unique 

opportunity to probe the effects of potentially strengthening, rather than weakening, the 

glutamate switch’s interactions with the catalytic residue. Thus, we chose to study the 

Q72K mutant to see if the change from polar to positively charged would cause the 

catalytic glutamate free-energy landscapes to be similar to other packaging ATPases. 

Indeed, the introduction of a positive charge in the P74-26 glutamate switch position 

strengthens the catalytic glutamate’s preference for the inactive pose compared to the WT 

(Fig. 6.3D). In total, our free-energy landscapes calculated for mutant ATPases enable us 

to assign these residues as glutamate switches. 



 

154 

 

Figure 6.3: Point mutations are sufficient to nullify or amplify the glutamate-
switch behavior. (Left column) Free-energy landscapes of the catalytic glutamate’s (χ1, 
χ2) dihedral angles of wild-type ATPases in pre-tight-binding pose. For φ29 (A), the 
inactive pose is preferred, and for P74-26 (B), the inactive pose is metastable. (Right 
column) Free-energy landscapes of the catalytic glutamate’s (χ1, χ2) dihedral angles of 
glutamate-switch mutants in pre-tight-binding poses. For φ29 (C), the R53L mutant 
swaps preference from the inactive WT pose to the active pose, demonstrating that the 
charge carried by glutamate switch Arg53 is necessary to maintain inactivity prior to 
the tight-binding transition. On the other hand, P74-26 mutant Q72K (D) turns the 
metastable inactive pose into a globally stable pose, showing that adding positive 
charge to the polar glutamate switch Gln72 can amplify the hold of the glutamate 
switch on the catalytic glutamate. Thus, φ29 Arg53 and P74-26 Gln72 are both identified 
as glutamate-switch residues. All contour lines represent poses with constant free 
energy in units of kcal/mol. Reference Appendix C7 for error analysis as well as φ29 
R53K, Sf6 WT pre-tight-binding, Sf6 R51L, and Sf6 R51K free-energy landscapes. 

6.3.4 ATP binding triggers DNA gripping through a helical motif 

To probe the relationship between ATP tight-binding and DNA interaction, we performed 

microsecond-long equilibrium MD simulations of ATP- and ADP-bound ATPases. In all 

cases, a helical motif between the ATPase active site and proposed DNA-gripping 

residues rotates upon ATP binding (Fig. 6.4). In the recently-solved cryo-EM structure of 

the φ29 stalled during packaging [111], Lys56 directly contacts the DNA phosphates. 
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Lys56 is part of the rotated helical motif and is only a few residues downstream of the 

glutamate switch Arg53. Our simulations predict that relative to the ADP-bound state, 

ATP binding moves Lys56 (Fig. 6.4A) such that it would be donated into the pore of the 

ATPase ring. This suggests that the response of the catalytic glutamate and glutamate 

switch to ATP-binding is coupled to key residues believed to participate in DNA binding. 

For both the Sf6 (Fig. 6.4B) and asccφ28 (Fig. 6.4C) ATPases, our simulations predict that 

shifting the helical motif also repositions nearby proposed DNA-gripping motifs in a 

neighboring beta-hairpin through steric interactions. Thus, shifting this helical domain 

signals nucleotide occupancy to DNA-gripping residues. We note that it has not been 

experimentally determined which residues of the Sf6 packaging ATPase grip DNA. 

However, there are similar backbone shifts in Sf6 Arg82 as in its analog P74-26 Arg101, 

which has been demonstrated to grip DNA [25].   

To test these predictions, we determined the crystal structure of the ADP-bound 

P74-26 packaging ATPase to a resolution of ~1.9 Å, using the same procedure used earlier 

for determining its apo and ATP-bound structures [24]. Our structure of the P74-26 

ATPase bound to ADP appears nearly identical to the apo state (Fig. 6.4D); in contrast, the 

ATP-analog-bound state exhibits a pronounced displacement in the helical motif 

partitioning the ATPase active site from the DNA-gripping residues. Therefore, we infer 

that the presence of a γ-phosphate actuates the conformational change, in agreement with 

our computational predictions in the φ29, Sf6, and asccφ28 packaging ATPases. We note 
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that the P74-26 ATPase is unique among the four ATPases studied here, as its glutamate 

switch is within this helical motif itself and not adjacent to the motif as in the φ29, Sf6, 

and asccφ28 ATPases; this difference in position may be related to the difference in the 

appearance of a polar residue as opposed to a positively charged residue in the glutamate 

switch position. 

 

Figure 6.4: Displacements in a helical motif partitioning the ATPase active site 
and DNA-gripping residues in the ATP-bound conformation relative to the ADP-
bound conformation. (A–C) MD simulations predict that a helical motif in the φ29 (A), 
Sf6 (B), and asccφ28 (C) ATPases in ATP-bound (red) and ADP-bound (orange) 
conformations move in response to the γ-phosphate of ATP. (D) Experimentally 
determined structures of the P74-26 ATPase in ATP-bound (red), ADP-bound (orange), 
and apo (gray) conformations shows that this helical motif is only displaced in the ATP-
bound state. In all cases, movement of this helical motif results in movement of DNA-
gripping residues, suggesting a possible signaling pathway that promotes DNA 
gripping upon ATP binding. In all cases, the catalytic glutamate and glutamate switch 
are shown as sticks, and the active site is highlighted in yellow; DNA-gripping residues 
are also shown as sticks and are labeled. 

6.3.5 Defining and testing the signaling pathway 

To better understand the mechanism by which nucleotide occupancy is signaled through 

the helical motif and to the DNA-gripping residues, we carried out mutual information 

(MI) calculations. In particular, we calculated the MI between the rotamer/backbone 
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dihedral angles of the identified glutamate switch residue and all other residues in each 

protein using the CARDS (Correlation of All Rotameric and Dynamical States) method 

[77]. We found that in the simplest case of φ29 (where the primary DNA-gripping residue 

is located within the helical motif), the glutamate switch has high MI with both the 

catalytic glutamate and the predicted DNA-gripping motifs (Fig. 6.5, Appendix C8). In 

the other cases (where the primary DNA-gripping residue neighbors, but is not part of 

the helical motif), the glutamate switch has high MI with both the catalytic glutamate 

residue and the N-terminal of the rotated helical motif and the DNA-gripping residues 

have high MI with at least one residue in the helical motif. However, the glutamate switch 

and DNA-gripping residues do not have high MI with each other. We note that whereas 

CARDS can capture both direct MI (between residues i and j) and indirect MI (residue i 

interacting with residue j by way of residue k), it relies on correlating rotamer and 

backbone dihedral angles. Because of this dependence on dihedral angles, the target-site 

analysis may not necessarily predict high MI between two residues i and j if residue i 

induces a cartesian translation of j by changing backbone dihedral angles of residues j-1 

and j+1. Thus, we assert that the two target-site analyses that predict that the glutamate 

switch and DNA-gripping residues both have high MI to different parts of the same 

helical motif still indicates communication between the two residues.  
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Figure 6.5: MI calculated from MD simulations predicts a signaling pathway 
consistent with predicted and observed structure changes. (Upper Right) MI of each 
residue in the φ29 packaging ATPase calculated with respect to the glutamate switch 
Arg53. Red indicates high MI; blue indicates low MI. The glutamate switch has high 
MI with catalytic Glu119 and Glu58, which is part of the helical motif rotated during 
ATP binding (Fig. 6.4). Lys56, which is experimentally known to grip DNA, is situated 
in the loop between Arg53 and Glu58. Thus, the catalytic Glu119 response to ATP/ADP 
can be signaled to DNA-gripping Lys56 by way of Arg53 and Glu58. (Upper Left) MI 
of each residue in the P74-26 ATPase calculated with respect to the glutamate switch 
Gln72. The glutamate switch has high MI with both the catalytic Glu150 and the helical 
motif rotated during ATP binding (Fig. 6.4). (Lower Left) MI of each residue with the 
DNA-gripping Arg101 shows high MI with a bulky residue in this same helical motif. 
Putting together these MI calculations, a signaling pathway connecting the ATPase 
active site and DNA-gripping residues is derived (Lower Right). Similar pathways can 
be derived for asccφ28 and Sf6 ATPases (Appendix C7). 

To test our computational predictions, we experimentally characterized select 

mutant enzymes predicted to disrupt the signaling pathway. For this purpose, we chose 

the φ29 system, which is one of the most well-developed packaging systems among those 
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studied. Importantly, assays for this system can be performed on motors that are actively 

packaging DNA into viral procapsids. This allows for separate and simultaneous 

measurements of ATPase activity and DNA translocation activity. Thus, it is an ideal 

system to study the coupling between the ATPase active site and DNA gripping residues. 

We found that changes to the glutamate switch residue itself either do not affect overall 

function (R53K) or abrogate function altogether (R53L), which may be due to slight 

changes in protein folding leading to defective oligomerization (Fig. 6.6). We also 

interrogated the signaling pathway without disturbing the glutamate switch residue. Our 

MI calculations predicts that the glutamate switch Arg53 interacts through Glu58 to 

regulate the position of DNA-gripping Lys56 (Fig. 6.5). Thus, we speculated that E58A 

would be a viable variant to disrupt the signaling pathway. Molecular dynamics 

simulations of an ATP-bound E58A variant predicts that its DNA-gripping Lys56 is 

positioned similarly to the apo state in WT (Fig. 6.6). Thus, we predicted that the E58A 

variant may not competently bind DNA despite not changing any DNA-gripping residue. 

We then separately characterized the ATPase activity and packaging activity of an E58A 

variant and found that while the ATPase activity of the E58A variant is at near-WT levels, 

the DNA translocation activity is drastically reduced. This is ostensibly because the motor 

can no longer grip DNA tightly in response to ATP-binding (Fig. 6.6). The experimentally 

observed decoupling of ATPase activity and DNA translocation supports the 
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computational assignment that the glutamate switch signals DNA-gripping Lys56 

through Glu58 in the φ29 packaging ATPase. 

 

Figure 6.6: φ29 E58A mutant breaks the signaling pathway between ATPase 
active site and DNA-gripping Lys56. (Left) WT φ29 in ATP-bound (red) and apo (gray) 
conformations obtained from MD simulations predict that actuation of the catalytic 
Glu119 in response to ATP binding transmits a signal through Arg53 and Glu58 to 
displace Lys56 and better grip DNA (Fig. 6.5). MD simulation of ATP-bound φ29 E58A 
mutant predicts that the DNA-gripping Lys56 is in a similar pose as the apo state, 
despite the actuation of the catalytic Glu119. This suggests that Glu58 is necessary to 
couple ATP binding to DNA gripping. (Right) Experimental ATPase and packaging 
assays of WT φ29 and select mutants. Glutamate-switch mutant R53K is similar to the 
WT, whereas R53L abrogates both packaging and ATPase activity, likely due to folding 
or assembly defects. On the other hand, mutant E58A competently binds and 
hydrolyzes ATP but cannot package DNA, as would be expected if Glu58 is necessary 
to signal the ATP-binding event to DNA-gripping residues. 

6.4 Discussion 

Recently, our work on determining atomic-resolution structures of the pentameric 

packaging ATPase complexes of asccφ28 and φ29 led to the derivation of a helical-to-

planar ring model of viral DNA translocation [111,150]. A key tenet of this model is that 

ATP hydrolysis and subsequent product release in one subunit do not directly translocate 

DNA. Rather, product release causes the hydrolyzing subunit to lose its grip of DNA, 
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which allows the neighboring ATP-bound subunit to rotate about its strained lid 

subdomain and drive DNA past the hydrolyzing subunit and into the capsid (Fig. 6.7, 

center panel). After the translocation event, planar alignment of the ATP-bound subunit 

with its now ADP-bound neighbor allows residues from the ADP-bound neighbor to be 

donated in trans to catalyze hydrolysis. This coordinated series of events then proceeds 

sequentially and ordinally around the ring.  

The assertion that release of inorganic phosphate caused a subunit to lose grip of 

DNA is supported by experimental evidence showing that the ADP-bound state does not 

grip DNA as tightly as the ATP-bound state [10,24,182], and by computational predictions 

showing that the ADP-bound state does not donate positively-charged residues into the 

pore of the pentamer as well as the ATP-bound state [150]. However, the exact mechanism 

that coupled the presence of the γ-phosphate of ATP to DNA binding was unclear. The 

glutamate switch mechanism detailed above fills this crucial gap in knowledge. Because 

the glutamate switch signaling pathway is coupled with conformational changes of the 

catalytic glutamate residue, it is uniquely positioned to respond to the presence and/or 

absence of the γ-phosphate of ATP. Further, consistent with glutamate switches found in 

AAA+ enzymes, the pathway is found to signal key substrate-gripping residues in all viral 

packaging ATPases examined here.  
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Figure 6.7: Glutamate switch coordinates sequential DNA packaging during the 
helical-to-planar ring transition burst phase. (Top) Simplified depiction of the helical-
to-planar ring model proposed in Pajak et al. [148]. Initially all five subunits are ATP 
bound (red) and their N-terminal ATPase domains are helically arranged. ATP 
hydrolysis and phosphate release causes the N-terminal ATPase domains, which are 
now all ADP bound (orange), to collapse to a planar arrangement, driving DNA by one 
helical turn into the capsid. Each subunit is shown as two circles representing the N- 
and C-terminal domains connected by a line representing the lid subdomain. DNA is 
shown as a transparent rectangle, and the contact between the lowest subunit and DNA 
is highlighted as a solid bar to guide the eye; in the end, the next repeat of DNA is 
represented with a dashed contact. (Bottom) Detailed depiction of events regulated by 
the glutamate switch. Two of the five subunits are highlighted. Initially in the helical 
arrangement, both subunits are ATP bound (red subunits; ATP shown as three cyan 
circles), which positions both catalytic glutamate residues in the active pose and signals 
DNA-gripping residues to grip DNA (signaling pathways are identified by labeled 
dashed lines). After hydrolysis, in the upper subunit 2, its catalytic glutamate returns 
to the inactive pose and signals DNA release. When the ADP-bound (orange subunit; 
ADP shown as two cyan circles) subunit 2 releases DNA, the strained lid subdomain of 
subunit 1 rotates and brings its ATPase domain in plane with subunit 2. This 
translocates DNA by ∼2.5 bp into the procapsid. Upon alignment, transacting residues 
(lightning bolt) donated from subunit 2 are able to catalyze hydrolysis in subunit 1. 
This mechanism propagates around the ring to ultimately translocate DNA ∼10 bp, or 
one helical turn, into the procapsid. 



 

163 

In the context of our helical-to-planar ring model [111,150], the glutamate switch 

can send either an “on” or a “off” signal to the DNA-gripping residues (Fig. 6.7). Upon 

ATP tight-binding, the catalytic glutamate residue points its carboxylate group towards 

the γ-phosphate of ATP and away from the glutamate switch residue. This sends the “on” 

signal to the DNA-gripping residues, moving them into the pore to tightly grip DNA. 

Although the cis-acting catalytic glutamate residue is properly aligned for hydrolysis at 

this point (subunit 1, Fig. 6.7), the trans-acting catalytic residues of the neighboring 

subunit (subunit 2, Fig. 6.7) are not aligned, and therefore subunit 1 holds ATP in a 

catalytically incompetent pose. After subunit 1 translocates DNA, subunit 2’s trans-acting 

catalytic residues align, and hydrolysis is catalyzed in subunit 1. Subsequent release of the 

inorganic phosphate from subunit 1 points its catalytic glutamate’s carboxylate group 

towards the glutamate switch residue. This interaction sends the “off” signal to subunit 

1’s DNA-gripping residues, so that subunit 1 loses grip of DNA and the process repeats 

around the ring.  

Our results demonstrate that, in viral DNA packaging ATPases, the primary 

function of the glutamate switch is to communicate ATP binding and hydrolysis to DNA-

gripping residues and not to hold the catalytic glutamate in an inactive pose. This allows 

the motor to conform its quaternary structure to the helical substrate in a nucleotide-

dependent manner. This raises the question as to the glutamate switch’s function in AAA+ 

motors. It was thought that the glutamate switch’s primarily role was to hold the catalytic 
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glutamate inactive [173]. Recently, many AAA+ motors have also been solved as helical 

rings that track their substrate in the ATP-bound state, with ADP-bound or apo subunits 

losing grip of substrate and not conforming to the overall helical pitch of the AAA+ ring 

[32,34,37]. Thus, we posit that AAA+ motors may also utilize glutamate switches to 

ultimately translocate their substrate by modulating interaction between a subunit and 

substrate coupled to ATPase activity. 
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7. Molecular Mechanisms of DNA Translocation by FtsK 

This chapter is adapted from my most recent manuscript, which will be deposited on 

bioRxiv shortly. I was motivated by a recent structure and mechanism proposed in Jean et 

al. [43] to investigate molecular mechanisms that may be conserved in both viral 

packaging ATPases and other ASCE ring translocases. I am first author of the manuscript, 

performed all simulations and analysis, and wrote the manuscript.  

7.1 Introduction 

Many vital biological tasks, such as viral DNA packaging, protein degradation, and 

chromosome segregation are completed by translocating ring ATPase motors that thread 

the biopolymer substrate through their central pores [1,5,32,39,105]. These motors convert 

the energy from ATP binding, hydrolysis, and product release into mechanical work [3]. 

To ensure that this work is productive towards manipulating the biopolymer substrate, 

translocating ATPase motors have evolved mechanisms to coordinate activities of 

individual subunits, such that the assembly functions as a cohesive unit [18,78,183]. These 

mechanisms help all aspects of motor function; the motor must ensure that ATP is not 

prematurely hydrolyzed, ensure that subunits are tightly gripping substrate before 

applying force, and ensure that resetting subunits are not tightly gripping substrate as 

they move in the direction opposite translocation. The individual coordination 

mechanisms add together to create an exquisite network of intermediate states whose 

associated kinetics have been characterized for some ring ATPases by single-molecule 
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force spectroscopy [12,180,187]. However, from single-molecule experiments alone it is 

difficult to infer the underlying molecular mechanisms that drive force-generation or 

coordination.  

To this end, researchers have utilized cryogenic electron microscopy (cryo-EM) to 

reconstruct structures of a number of assemblies actively translocating their substrates, 

including the bacteriophage φ29 DNA packaging motor [111], katanin [31], 26S 

proteosome [34], Lon protease [35], Vps4 [188], and FtsK [43]. Despite varying topologies 

and evolutionary divergences, each structure shows that the ATPase domains of actively 

translocating assemblies adopt helical arrangements as they engage with the biopolymer 

substrate. This strong conservation of quaternary structural arrangement, in addition to 

conservation of functional motifs (such as arginine fingers [18] and Walker motifs [85]), 

implies that there may be underlying mechanisms common to all translocating ring 

ATPase assemblies.  

Among the aforementioned systems, the FtsK system is unique as it is the fastest 

DNA translocase currently known [42,189]. Thus, insights into the mechanisms that 

regulate and coordinate translocation in FtsK could provide general insights into 

regulation and coordination in a broad class of ring ATPases. The FtsK translocase 

machinery is a homo-hexameric ring of ATPase subunits, where each subunit can be 

further subdivided into domains. The α- and β-domains form the main translocase motor 
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(called FtsKαβ), where the β-domains are the ATPase domains and DNA is translocated 

from the β-ring towards the α-ring. 

Recently, Jean et al. [43] solved the structure of FtsKαβ actively translocating 

double-stranded DNA. From this structure and additional biochemical evidence, they 

proposed a translocation model whereby a single hydrolysis event triggers simultaneous 

conformational changes in every subunit. Briefly, hydrolysis causes a subunit to 

disengage from DNA, permitting the ATP-bound subunits to compact their α-/β-

domains, translocating DNA. At the same time, ADP release and ATP binding in a 

different subunit causes that subunit to tightly grip DNA. These hydrolysis and 

nucleotide exchange events occur ordinally around the ring. While the domain-level 

movements are strongly supported by the structural data and agree with previous 

biophysical characterization, the static structure offered little insight into the molecular 

interactions that give rise to such a mechanism. In particular: what is the driving force of 

subunit compaction during translocation? How do subunits lose/gain registry with DNA 

based on nucleotide occupancy? What mechanisms promote ordinal nucleotide 

exchange? 

To address these types of questions we use molecular dynamics (MD) simulations 

to probe the molecular interactions that govern DNA translocation by FtsKαβ. We 

advance the previously proposed model by predicting specific molecular-level 

mechanisms that couple DNA gripping to ATP binding, subunit compaction to 
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nucleotide-occupancy, and additional trans-acting residues that may help promote 

ordinal ATPase activity. While the overall mechanism differs from those proposed for 

other systems [30,150], these common functional elements appear to be conserved across 

a broad class of molecular motors. 

7.2 Methodology  

7.2.1 Structure preparation 

Initial structures were taken from the model built into the cryo-EM reconstruction of 

FtsKαβ during translocation (PDB: 6T8B). ATP-γS was manually changed to ATP. 

Missing loops (e.g., residues ~570-585) were modeled using MODELLER [100], using the 

high-resolution crystal structure of FtsKαβ (PDB: 2IUU) a constraint. Monomer 

simulations were started by isolating specific subunits from the hexameric complex: ATP-

bound simulations started with an isolated ATP-bound subunit, and ADP-bound 

simulations started with an isolated ADP-bound subunit. The apo state simulations 

started from an ATP-bound subunit where Mg2+-ATP was manually removed from the 

binding pocket, hence, any differences predicted between ATP-bound and apo 

simulations are a direct result of nucleotide occupancy and not initial structures. 

7.2.2 Hexamer simulation methodology 

Equilibrium simulations of the hexameric complex were initialized in the AMBER18 

simulation package prior to running on the Anton 2 supercomputer [65]. The protein 

interactions were described using the AMBER ff14SB force field [52], and DNA was 
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described using the OL15 modifications [190]. ATP and ADP parameters were taken from 

the AMBER parameter database [102]. The hexamer and DNA assembly was centered in 

a cubic box of TIP3P water with 12 Å padding. Counter ions were added to make the 

system charge neutral, and then additional salt was added to reach 150 mM concentration. 

The systems were subjected to 300 steps of steepest descent and conjugate gradient energy 

minimization. The systems were equilibrated using the GPU-accelerated pmemd module 

in AMBER18 [64] as follows. The SHAKE algorithm was used to constrain bonds 

connecting hydrogen atoms to heavy atoms, and a 2-fs integration timestep was used to 

propagate the equations of motion. The systems were heated slowly from 100 K to 310 K 

over the course of 100 ps in the canonical (NVT) ensemble. Then the systems were 

equilibrated in the isobaric-isothermal (NPT) ensemble at 310 K and 1 bar using the Monte 

Carlo barostat and Langevin thermostat. Finally, the hexamer system was simulated for 

3.6 μs in the NPT ensemble on the Anton 2 supercomputer using the Nose-Hoover 

thermostat and MTK barostat, with a 2.5-fs integration timestep. 

7.2.3 Monomer simulation methodology 

Because it has been shown that the TIP3P water model under-predicts protein-water 

interactions, and thus promotes compact states, we were concerned that monomer 

systems may be more susceptible to this bias without the constraints of neighboring 

subunits and DNA. We chose to describe monomer systems with the recent AMBER 

ff19SB force field [53] with the OPC water model [60], which strengthens the protein-water 
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interactions and stabilizes extended states. The systems were centered in octahedral 

periodic boxes with OPC water molecules and 14 Å padding. The systems were energy-

minimized and equilibrated as described above. Duplicate simulations were performed 

of each system diverging at the heating stage of equilibration. Production simulations 

were run for 1 μs each, and trajectories were saved every 25 ps. 

7.2.4 Metadynamics simulation methodology 

Well-tempered metadynamics simulations were performed using PLUMED [191] as 

interfaced with the AMBER18/AMBER20 simulation packages. The collective variables 

were chosen to be the rise and twist angles described earlier. Starting structures were 

taken from equilibrium MD simulations described after 500 ns of sampling. Gaussian hills 

were deposited every 500 integration timesteps with initial heights of 1.5 kJ/mol and a 

bias factor of 15. For the monomer-DNA complex system, we used multiple-walker 

metadynamics with twelve walkers exploring the collective variable space. Metadynamics 

simulations were considered converged when all the collective variable space had been 

sampled and free energy landscapes had asymptotic behavior with respect to number of 

hills included in the calculations. 

7.2.5 Post-simulation analysis 

Principal components of motion were calculated using the ProDy [103] module in VMD 

[104]. Mutual information was calculated using the CARDS method [77] implemented in 

the Enspara package [186] using frames from both duplicate simulations, for a total of 2 
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μs of sampling saved in 80,000 frames for each nucleotide-bound state. Target site analysis 

was used to isolate the mutual information to locations of interest, as discussed in the 

results. VMD [104] and UCSF ChimeraX [192] were used for visualization. The Julia 

language [193] was used to create plots. 

7.3 Results 

7.3.1 ATP-binding signals DNA-gripping in loop II of the β-ring 

To investigate the conformational changes induced by bound nucleotide that give rise to 

DNA translocation, we performed duplicate microsecond long MD simulations of subunit 

monomers in the apo, ATP-, and ADP-bound states. By understanding how an individual 

subunit responds to bound nucleotide, we can better understand how an assembly of 

subunits may respond to hydrolysis at a single subunit.  

These MD simulations highlight two conformations of the ATPase active site that 

discriminate between bound nucleotides. In the ATP-bound simulations, the catalytic 

glutamate (Glu596) points its carboxylate group towards the bound nucleotide, poised for 

catalytic activity (Fig. 7.1A). However, in the apo and ADP-bound simulations, Glu596’s 

carboxylate group instead hydrogen bonds with the phosphosensor motif (Thr630 and 

Gln631) (Fig. 7.1B). A result of the interaction between Glu596 and Thr630/Gln631 is a 

decreased distance between the backbone of the two motifs, bringing DNA-gripping loop 

II Arg632 closer to Asp599 (Fig. 7.1C). In the ATP-bound simulations, Arg632 is predicted 

to point away from the surface of the protein, such that it can engage with substrate DNA 



 

172 

(Fig. 7.1A); in the apo and ADP-bound simulations Arg632 is flush against the surface of 

the protein interacting with Asp599 and would not engage with substrate DNA (Fig. 7.1B). 

 

Figure 7.1: ATP-binding causes FtsK loop II to grip DNA. (A) ATP-bound 
conformation predicted from MD simulations. The Walker A motif (P-loop) is orange, 
Walker B motif is blue, the sensor motif is white, DNA gripping loop II Arg632 is cyan, 
Asp599 is dark red, and residues that π-stack with adenosine are tan. (B) ADP-bound 
conformation predicted from MD simulations. Arg632 is held by Asp599 and cannot 
grip DNA. The approximate position of DNA is indicated. (C) In absence of the γ-
phosphate of ATP, catalytic Glu596 interacts with the sensor motif (Thr630-Gln631), 
bringing Arg632 closer to Asp599. (D) Mutual information cluster extracted from MD 
simulations. The catalytic Glu596 has high MI with residues predicted to coordinate 
the γ-phosphate, and the MI decays across the Walker A motif binding pocket. Thus, 
this coordination primarily senses the γ-phosphate and alters the conformation of 
Arg632 to either grip DNA or ungrip DNA. 
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The dependence of the catalytic glutamate on the presence/absence of the γ-

phosphate of ATP to control DNA-gripping is reminiscent of the “glutamate switch” 

found in AAA+ enzymes [173,183]. We have previously predicted via mutual information 

extracted from MD simulations that viral DNA packaging enzymes also use a glutamate 

switch to couple ATPase and DNA packaging activities; this prediction was corroborated 

by functional mutagenesis [178]. Thus, we also extracted mutual information from our 

FtsK simulations using the CARDS (Correlation of All Rotameric and Dynamical States) 

method [77] to see if a similar connection is predicted in FtsK. Our simulations predict 

that the catalytic glutamate residue has high mutual information with several residues 

that are expected to coordinate the γ-phosphate of ATP (Fig. 7.1D). Additionally, this 

mutual information extends to Asp599, Gln631, and Thr630, which can control the 

position of Arg632. This supports the hypothesis that nucleotide-occupancy is sensed by 

the catalytic residues and relayed to loop II DNA-gripping residues. In sum, our 

simulations predict a feasible mechanism for how FtsK regulates its grip on DNA that is 

consistent with other translocating ATPases.   

7.3.2 Rotations of the α- and β-domains are the primary modes of 
motion 

We calculated the principal components of motion from our monomer simulations and 

found that the dominant predicted principal component is a rocking of the β-domain 

relative to the α-domain (Fig. 7.2A). This is perhaps expected, since the two domains are 
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connected by a flexible linker and this type of motion was proposed to translocate DNA 

based on structural evidence [43]. 

However, while monomer dynamics can provide insights into the preferred 

modes of motion of a subunit, these motions may be altered by the interactions with 

neighboring subunits and DNA. Thus, in addition to our monomer simulations we also 

performed a long timescale MD simulation of the hexameric assembly with DNA. We find 

that the simulation predicts that subunit motions are coordinated based on their 

association with DNA. The four subunits that grip DNA behave cooperatively, whereas 

the two subunits not engaged with DNA move oppositely (Fig. 7.2B). Thus, maintaining 

helical registry with DNA allows subunits to cooperate in order to translocate DNA.  

To further investigate if substrate DNA is necessary to promote coordinated 

motions of subunits, we performed a MD simulation of the hexamer assembly with no 

DNA in the pore. This simulation predicts that the ring begins to open at the interface 

where the last DNA-tracking subunit meets the first subunit out of registry with DNA 

(Fig. 7.2C). This suggests that interaction with DNA is necessary to stabilize the 

quaternary structure of the ATPase assembly, and that the system stress is concentrated 

at the interface where subunits first lose registry with DNA. Thus, it is possible that DNA 

also plays a regulatory role in its own translocation, by providing stabilizing interactions 

in the ATPase ring. 
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Figure 7.2: Principal components of motion om FtsK. (A) The first principal 
component of motion predicted from monomer simulations in the ATP-, ADP-bound, 
and apo states. After aligning trajectories to the α-domain, the first principal 
component is rocking of the β-domain. This motion has been proposed to be the 
translocation mechanism. (B) The first principal component predicted in the hexamer 
simulation with DNA. (C) The first principal component predicted in the hexamer 
simulation without DNA. 

Next, we investigated the principal modes of motions of individual subunits 

within the hexamer. Our simulations predict that the principal components of motion of 

individual subunits are also a rocking motion of the α-/β-domains. However, the first 

principal component of motion also encompasses a shear between the α-/β-domains. This 

intuitively makes sense; if the α-/β-domains can both contact DNA, they must also twist 

relative to each to maintain registry with the helical phosphate backbone of DNA. 
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Based on this observation, we will define two collective variable angles: twist and 

rise (Fig. 7.3A). These angles describe the separation between DNA-gripping motifs in the 

α-/β-domains (rise) and the shearing between these two motifs (twist). We then projected 

our hexamer simulation onto the twist and rise collective variables and found that there 

is a smooth, continuous distribution of states sampled by the hexamer (Fig. 7.3B). The 

most twisted and risen subunits are the ATP-bound subunits, which track the helical DNA 

substrate. The less twisted and risen subunits are the ADP-bound subunits, which are 

largely not constrained by interaction with substrate DNA. This suggests that extended 

states are stabilized by interaction with DNA. 
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Figure 7.3: Collective variables that characterize FtsK motion. (A) The rise angle 
describes the separation of DNA-gripping helices in the α- and β-domains. The twist 
angle describes the shearing between these helices. (B) Subunit conformations 
sampled in the hexamer simulation with DNA projected on the twist and rise angles. 
DNA-tracking subunits (green, cyan, red, orange) form a continuous distribution. 
Subunits that do not grip DNA (purple, black) do not necessarily follow this trend, as 
they are not constrained by interaction with DNA. 

7.3.3 Nucleotide binding drives a subunit into a compact state 

The force-generating step of the FtsK mechanism remained unclear: does association of a 

subunit with DNA at the bottom of the β-ring push all other subunits and drive DNA 

towards the α-domain? Or does hydrolysis compact the subunit at the top of the β-ring, 

pulling the rest of the subunits with it? 
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To further probe the force-generating step, we calculated free-energy landscapes 

in the rise and twist collective variable space using well-tempered metadynamics. Our 

calculations predict that both ATP- and ADP-bound subunits prefer a compact 

conformation, as observed at the top of the β-ring (Fig. 7.4A). On the other hand, the apo 

state subunit has a relatively broad collective variable space available with little energetic 

penalty (Fig. 7.4A). In other words, the nucleotide-bound states are predicted to be rigid 

and compact, whereas the apo state is predicted to be flexible. 

Based on our hexamer simulations, we wondered how interaction with DNA 

could affect this free-energy landscape. Thus, we likewise calculated the free-energy 

landscape of an ATP-bound subunit complexed with DNA. We found that interaction 

with DNA stabilizes twisted and risen conformations (Fig. 7.4A). The breadth of this free-

energy minima agrees well with the states sampled by ATP-bound monomers in our 

hexamer simulation (Fig. 7.3B). Thus, the interaction energy gained from protein-DNA 

interactions stabilizes ATP-bound subunits in twisted and risen conformations. 

Lastly, to determine how nucleotide affects the conformation of the monomer, we 

extracted mutual information from our MD simulations. We chose to perform the target 

site analysis relative to the flexible linker (or hinge) connecting the α-domain to the β-

domain, reasoning that controlling the linker between the domains could provide a means 

to control the relative orientations of the two domains. We find that this hinge has high 

mutual information to residues involved in binding the adenosine ring (e.g., His675 and 
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Phe695) and the α-/β-phosphates (e.g., the Walker A motif/P-loop) (Fig. 7.4B). Notably, 

there is little mutual information shared with the Walker B motif, which primarily 

responds to the presence/absence of the γ-phosphate of ATP. Thus, the shared 

information is likely coordinated by both ATP and ADP alike, explaining why both 

nucleotides drive compaction.   

 

Figure 7.4: Free-energy and mutual information calculations predict that 
nucleotide compacts FtsK subunits. (A) Free-energy landscapes in the twist-rise 
collective variable space calculated by well-tempered metadynamics. In the nucleotide-
bound states, the compact state (low rise) is the global free-energy minimum. In the apo 
state, while the compact state is the global minimum, the collective variable space is 
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much more accessible, with metastabilities emerging in twisted and risen 
conformations. DNA stabilizes twisted and risen conformations in the ATP-bound 
state as the subunit tracks the helical phosphate backbone. The calculated free-energy 
minimum corresponds well with the states sampled in by DNA-gripping subunits in 
the hexamer simulation (Fig. 7.3B). 

7.3.4 The geometry of the β-ring promotes ordinal catalytic activity 

Based on the solved cryo-EM reconstruction of actively translocating FtsKαβ, the highest 

probability state of the motor is half occupied with ATP-analog and half occupied with 

ADP. During translocation, subunits must release ADP in order to bind ATP. Nucleotide 

exchange presumably occurs at the subunit at the bottom of the ATP-bound β-ring helix; 

the next subunit to engage substrate DNA. This implies that the motor has evolved 

mechanisms that selectively promote ordinal ADP-release in that subunit and not the 

other two ADP-bound subunits.  

Our MD simulation of the hexameric assembly with substrate DNA sheds light on 

one possible mechanism. At this interface (and only this ADP-bound interface) additional 

trans-acting residues interact with the bound ADP (Fig. 7.5A). Specifically, we find that 

Arg548 is predicted to interact with the phosphates of ADP, and Asn549 with the 

adenosine base (Fig. 7.5B). These interactions serve to destabilize the interactions between 

ADP and cis-acting residues, thus potentially promoting ADP release and subsequent 

ATP binding. 

These interactions between Arg548/Asn549 and the neighboring subunit’s ADP 

are selectively enforced by the geometry of the ring. The residues are donated by the most 

extended ATP-bound subunit at the bottom of the β-ring. Because the extension is not a 
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simple linear translation, but rather is accomplished by rotating the β-domain relative to 

the α-domain, there is a secondary effect which kicks the perimeter of the subunit higher 

up and towards the neighboring subunit (Fig. 7.2A). Thus, a subunit binding ATP and 

engaging with DNA at the bottom of the β-ring helix positions Arg548 to act as an 

exchange residue, promoting ADP release and ensuring ordinal nucleotide exchange. 

A similar mechanism could potentially ensure ordinal ATP hydrolysis events. In 

the solved cryo-EM reconstruction, the canonical arginine finger (Arg620) is near to the γ-

phosphate of ATP in every ATP-analog-bound subunit. Hence, it is not readily apparent 

why hydrolysis would only occur in the subunit towards the top of the β-ring helix and 

not the other two ATP-bound subunits. In our MD simulation, Arg548 is also able to 

transiently interact with the γ-phosphate of ATP in addition to the canonical arginine 

finger interaction (Fig. 7.5C,D). Further, our PCA results show that this donation is the 

primary mode of motion at the hydrolyzing interface (Fig. 7.2B).  Thus, we propose that 

this second arginine residue may also play a catalytic role in addition to the canonical 

arginine finger to help ensure ordinal ATP hydrolysis activity. 
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Figure 7.5: Interactions of Arg548 with nucleotide suggest trans-acting role. (A) 
Predicted distance between the guanidine carbon of Arg548 and the α-phosphate of 
ADP in the neighboring subunit. Arg548 only interacts closely with the α-phosphate 
of the subunit next in line to exchange ADP for ATP. (B) A depiction of this interaction. 
The canonical arginine finger, Arg620, is also shown. (C) Predicted distance between 
the guanidine carbon of Arg548 and the γ-phosphate of ATP in the neighboring 
subunit. (D) The close interaction predicted ~1.5 μs is depicted. Arg548 can interact with 
the γ-phosphate along with the canonical arginine finger Arg620. 

7.3.5 Distortion of the α-domain may help promote DNA translocation 

Whereas the β-ring forms a partial helix as subunits track substrate DNA, the α-ring is 

planar and thus cannot track substrate DNA. In the cryo-EM reconstruction, the α-ring is 

essentially a symmetric hexamer (Fig. 7.6A). This arrangement is similar to viral DNA 

packaging ATPases, where the ATPase domain forms a helix as they track DNA, but the 

C-terminal domain remains a planar ring connected to the portal assembly [111]. This 
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planar ring had been previously proposed to act as an aperture that guides the positioning 

of DNA through the pore and promotes high processivity in the FtsKαβ assembly [43]. 

 In our hexameric simulation, we find that the α-ring can distort to promote more 

DNA gripping residues to contact DNA (Fig. 7.6B). Notably, the hydrolyzing subunit at 

the top of the β-ring helix rotates its twist angle to promote new contacts with the DNA 

phosphates through Lys386 and Arg390, in addition to the contacts made by Lys377 and 

Arg380 observed in the cryo-EM reconstruction (Fig. 7.6C). The geometry of the DNA-

gripping motif of the α-domain is such that Lys377/Arg380 grip one strand of DNA, while 

Lys386/Arg390 grip the other, similar to how loop I and loop II in the β-domain grip 

opposite strands. Additionally, because this subunit is the most compacted, these 

additional contacts compete for phosphate grip with the loop I DNA-gripping lysine 

(Lys657). Thus, as hydrolysis causes this subunit to lose registry with DNA in loop II (Fig. 

7.1), compaction of this subunit can exchange grip between loop I and the α-domain. We 

note that the transient behavior of the interactions between Lys386/Arg390 and DNA in 

the simulation, and the fact these interactions are not observed in the class-averaged cryo-

EM reconstruction, suggest that the interactions may represent a transition state that helps 

the β-domain completely lose grip of DNA before resetting back down the helix. In this 

way, handing off grip of DNA from the β-domain to the α-domain coupled to ATPase 

activity and subunit compaction is a plausible mechanism by which the motor translocates 

DNA. 
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Figure 7.6: The α-ring can deform to promote DNA-binding. (A) The cryo-EM 
reconstruction (PDB: 6T8B) shows that the α-ring is symmetric around substrate DNA. 
Two α-domain motifs are shown as spheres, Lys377/Arg380, which interacts with DNA, 
and Lys386/Arg390, which does not. (B) The α-ring predicted from MD simulation 
distorts, such that the ADP-bound subunit at the top of the β-ring helix can grip DNA 
with both α-domain motifs. These interactions are shown in (C). The geometry of the 
α-domain allows the subunit to track both strands of DNA. The new interactions of 
Lys386/Arg390 may compete with the grip of loop I Lys657 in the β-domain, allowing 
the subunit to lose grip of DNA in the β-domain before resetting to the bottom of the 
helix. 

7.4 Discussion 

A plethora of ring ATPase systems have recently been solved, and researchers have 

proposed many models of coordination and translocation. However, it is often difficult to 

elucidate mechanisms from structure alone. For instance, nearly-identical structures of the 

ClpXP machinery led researchers to propose two completely different translocation 

mechanisms [194]. To avoid such pitfalls, it is beneficial to consider which attributes of 
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the proposed model are system-specific, and which are conserved in general? As such, we 

will outline proposed mechanisms that may be specific to FtsK-like molecular motors and 

then contextualize these results in the field of translocating ring ATPases. 

7.4.1 An outline of proposed FtsK-like mechanisms 

The work presented herein expands upon the model proposed in Jean et al. [43]. In this 

model, simultaneous conformational change occurs around the ring, coupled to ATP 

hydrolysis at the top of the β-ring and nucleotide exchange at the bottom of the β-ring.  

These conformational changes cycle the overall assembly configuration one subunit 

around the ring (Fig. 7.7). However, several fundamental questions remain about the 

molecular basis of these events. Our results allow us to address these questions by 

proposing specific molecular mechanisms that coordinate activities across subunits and 

generate force necessary to translocate DNA. 

We begin our description of the model at the configuration solved in Jean et al. 

[43]. In this configuration, three ATP-bound subunits’ β-domains track DNA substrate. 

Despite nucleotide driving subunits into a compact conformation (Fig. 7.4), the extended 

subunits at the bottom of the β-ring helix twist and rise (Fig. 7.3) to track the double-

stranded DNA substrate. At the top of the β-ring helix sits the hydrolyzing subunit; ATP 

hydrolysis signals DNA-gripping loop II to disengage with DNA (Fig. 7.1, Fig. 7.7). 

Because this subunit is the most compacted, DNA-gripping loop I comes into direct 

contact with the α-ring, passing DNA grip from the β-domain to the α-domain (Fig. 7.6). 
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Thus, hydrolysis and compaction causes the subunit at the top of the β-ring helix to lose 

registry with substrate DNA in its β-domain.  

At the other end of the β-ring helix, ADP-release is promoted in trans by an ATP-

bound subunit due to the unique geometry of this interface (Fig. 7.5, Fig. 7.7). During the 

transient apo state, this subunit becomes highly flexible (Fig. 7.4A), allowing it to extend 

to the bottom of the β-ring helix, potentially promoted by nascent interactions with DNA 

phosphates. Subsequent ATP binding causes this subunit to engage tightly with DNA, 

stabilizing it at the bottom of the β-ring helix. The net effect of a subunit losing registry 

with DNA at the top of the helix and a subunit gaining registry with DNA at the bottom 

of the helix is a compaction of the remaining ATP-bound subunits, translocating DNA 2 

base-pairs towards the α-ring. 
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Figure 7.7: Overall mechanochemical cycle of DNA translocation by FtsK. The 
overall mechanochemical model is based off the one proposed in Jean et al. [43]. Here, 
dynamic information taken from MD simulations is used to flesh out the individual 
steps in the cycle. In the center, the conformational changes of the hexameric complex 
are depicted. Subunits are labeled “T” if they are ATP-bound, “D” if they are ADP-
bound, “T/D” if that subunit hydrolyzes ATP to ADP, and “D/T” if that subunit 
exchanges ADP for ATP. Trans-catalyzed ATP hydrolysis and nucleotide exchange are 
shown by a lightning bolt and star, respectively. Contacts with DNA (gray circle) are 
shown as sticks. In the top panel, the ATP-bound subunits are depicted. Signals sent 
from the bound nucleotide to Loop I and the flexible hinge are shown as dashed lines. 
For simplicity, the multiple DNA contacts in Loop I, Loop II, and the α-domain are 
shown as singular prongs. In the bottom panel, ADP-bound subunits are shown, and 
the “D/T” subunit is shown as passing through the transient apo state. In the top and 
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bottom panels, some DNA phosphates are shown as circles colored orange if they were 
in registry with the subunit and gray if they were not. These phosphates guide the eye 
to DNA translocation as a single subunit begins at the bottom of the ATP helix (green); 
works its way towards the top while remaining in registry with and translocating DNA 
(cyan, red); passes grip from the β- to the α-domain during ATP hydrolysis (orange); 
and to resets to the bottom of the β-domain helix while the subunit is not engaged with 
DNA (purple and gray), finally realigning with the phosphate backbone and beginning 
the cycle over again (green). 

7.4.2 Overall conserved features of translocation 

The fundamental elements of the proposed mechanism are:  

1. Nucleotide-binding drives two competing effects: strong interaction with DNA 

substrate forcing subunits into a helical configuration, and driving compaction of 

a subunit. Helicity driven by interaction with DNA wins the competition. 

2. ATP hydrolysis causes a subunit to disengage with substrate, removing the 

constraint of tracking substrate DNA. 

3. Translocation occurs when the remaining ATP-bound subunits (and hence, DNA-

gripping subunits) compact, generating force to translocate DNA. 

Despite different aesthetic appearances of the models, these features are strikingly similar 

to the fundamental features in the helical-to-planar model proposed for viral DNA 

packaging ATPases [111,150,179]. Additionally, many AAA+ have been proposed to 

utilize a “hand-over-hand” model of substrate translocation [33,35]. In this model, ATP-

bound subunits form a helical pitch as they track the biopolymer substrate. Hydrolysis at 

one end of the helix disengages a subunit from the substrate, and that substrate begins to 

reset to the other side of the helix. Translocation is accomplished by the remaining ATP-
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bound subunits shifting their positions as they maintain grip with the biopolymer 

substrate. Thus, it may be possible that these models are converging to the same 

fundamental aspects outlined above, and that differences emerge as system-specific 

constraints modulate the overall mechanism. 

7.4.3 Differences in the models and discriminating between them 

While there may be mechanisms common to all translocating ring ATPases, each system 

has a unique evolutionary history and system-specific optimizations that must be 

considered. For example, we will contrast the FtsK model to the viral DNA packaging 

helical-to-planar model.  

The pore of the hexameric FtsKαβ assembly is larger than dsDNA, such that some 

subunits do not engage with DNA. This allows for FtsKαβ subunits to reset from one end 

of the helix to the other during translocation without fighting against the translocated 

DNA. Thus, this mechanism is continuous as subunits are free to both translocate and 

reset simultaneously. On the other hand, viral DNA packaging ATPase rings are 

pentameric assemblies when attached to procapsids and actively translocating DNA, 

likely maintaining symmetry with the unique fivefold vertex of the capsids at which they 

assemble [25,111,125]. The pore of the pentameric ATPase assembly is roughly the same 

diameter as dsDNA. Thus, any subunit resetting from one end of the helix to the other 

would have to fight against the translocated DNA. Accordingly, viral packaging ATPases 

have adapted burst-dwell packaging dynamics [11,12,179]; DNA is translocated one 
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helical turn in during a quick burst that is followed by prolonged dwells wherein no DNA 

is translocated as the entire motor resets. Partitioning translocation and motor reset phases 

ensures that each subunit is moving in the same direction and subunits do not compete 

against each other. Based on these observations, we propose that pore-size and single-

molecule dynamics can be used as discriminating whether a motor assembly utilizes a 

FtsK-like or a helical-to-planar translocation mechanism. 

A second difference is the topology of the connector motif. In AAA+ and viral 

packaging ATPases, the connector between the globular N-terminal (ATPase) domain and 

C-terminal domains is a helical lid subdomain. Further, the lid subdomain mediates a 

large amount of inter-subunit interactions [32,150]. In the helical-to-planar model and 

hand-over-hand models, rotation of the lid subdomain was proposed to be the force-

generating mechanism [30,150]. On the other hand, the connector between the α-/β-

domains of the FtsK assembly is a short coil and does not interact with neighboring 

subunits. This difference is perhaps related to the overall goals of viral packaging 

ATPases/AAA+ and FtsK-like motors. Viral packaging ATPases/AAA+ motors often must 

produce high forces to accomplish their tasks, such as packaging DNA to near crystalline 

density inside of a viral capsid [6], or disassembling microtubules [31]. A subunit being 

able to leverage neighboring subunits via the lid subdomain may help these motors 

generate high forces. On the other hand, FtsK-like motors do not translocate DNA against 

high forces but do translocate DNA an order of magnitude faster than viral packaging 
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ATPases. Hence, FtsK-like motors may have adapted to favor mechanisms that promote 

fast activity rather than those that generate high forces. Thus, the topology of the linker 

and the force produced may be means to discriminate between mechanisms. 

Lastly, hydrolysis is controlled by distinct means. In FtsK-like assemblies, 

hydrolysis is catalyzed in trans by two subunits that are helically offset from each other 

[43]; viral DNA packaging ATPases are proposed to catalyze hydrolysis upon a planar 

alignment of two subunits [111,150]. The difference in interfacial geometry at the time of 

ATP hydrolysis manifests in the location of the canonical arginine finger. In viral 

packaging ATPases, the arginine finger is shifted relative to FtsK-like ATPases [1,24,111], 

such that it is positioned close to the γ-phosphate of ATP when two subunits are planar. 

Thus, the position of the putative arginine finger may also be a means to discriminate 

between translocation models. 
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8. Unfinished and future work 

In this final chapter, I will outline projects I did not have time to finish and projects that 

have yet to be started. I wrote most of my plans for future work into a collaborative NIH 

R01 for my adviser, Gaurav Arya, to continue our work with professors Paul Jardine 

(University of Minnesota) and Marc Morais (University of Texas Medical Branch) after I 

graduate.  

8.1 Dissecting the φ29 packaging motor assembly 

In our Science Advances [111] manuscript, we detailed the cryo-EM reconstruction of the 

φ29 packaging ATPase stalled during packaging. To complement this structural work, I 

performed long-timescale simulations of the entire packaging complex (packaging 

ATPase, substrate DNA, structural pRNA, and connector).  

8.1.1 Methodology 

Simulations of the entire packaging assembly were performed on the Anton 2 

supercomputer. The AMBER ff14SB [52] force field was used to describe protein 

interactions, OL3 and OL15 modifications [190] to describe RNA and DNA, respectively. 

Hydrogen mass repartitioning was employed to enable the use of a 5-fs integration 

timestep for computational efficiency. In general, the systems were ~650,000 atoms, and 

were simulated for 1 microsecond of sampling. To further investigate specific interactions, 

subsystems were isolated (e.g., one ATPase and accompanying pRNA). These systems 

used the latest AMBER ff19SB [53] and OPC water [60] combination. 
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8.1.2 φ29 packaging ATPase-DNA interactions 

The MD simulations predict unique aspects of DNA interaction not observed in the 

medium-resolution cryo-EM reconstruction. For instance, it is predicted that the C-

terminal domains of the more extended subunits can rotate, such that they do not interact 

with DNA strongly (Fig. 8.1). This would allow DNA to be translocated into the viral 

procapsid easier, as the motor would not have to overcome additional friction arising 

from C-terminal domain interactions. However, as the subunits compact, the C-terminal 

domain rotates and interacts with DNA-gripping residues in the N-terminal domain. This 

would allow the motor to grip DNA with the C-terminal domains while the N-terminal 

domains reset during the dwell phase, ensuring that packaged DNA does not slip back 

out of the procapsid. This hand off between N-/C-terminal domain contacts is reminiscent 

of the hand off between FtsK α-/β-domains shown in Fig. 7.6, suggesting a common role 

of planar processivity rings. This rotation will need to be characterized in more detail, 

such as using free energy calculation (US-WHAM) to determine the relationship between 

domain rotation and extension of subunits and the energetics of the transition. 
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Figure 8.1: C-terminal domain rotation of extended subunits in the φ29 
packaging motor. (Left) the most compacted subunit donates positively charged 
residues from the C-terminal domain (blue) into the major groove of DNA, potentially 
gripping DNA while the N-terminal domains reset during the dwell phase. A critical 
DNA gripping loop in the N-terminal domain (red) interacts with the C-terminal 
domain and does not grip DNA. (Right) The most extended subunit donates the N-
terminal domain DNA gripping loop (red) into the minor groove of DNA. 
Simultaneously, the C-terminal domain rotates such that positively charged residues 
do not interact strongly with DNA.  

8.1.3 The role of the pRNA and its CCA bulge  

MD simulations predict that, in addition to the C-/N-terminal domain contacts with 

pRNA observed in the cryo-EM reconstruction, the subunits can form a third interaction 

with the pRNA CCA bulge at the C-/N-terminal domain interface (Fig. 8.2A,B). It has been 

shown that the CCA bulge is critical for DNA packaging [133], so this interaction may be 

critical for motor function. Further, this contact is asymmetric around the motor, occurring 

more frequently in compacted subunits than extended subunits. Thus, it could potentially 
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help generate force during compaction, or regulate activity in another way. To investigate 

this, I performed multiple simulations of a monomer with its accompanying pRNA and 

simulations of the pRNA assembly in absence of other components. These simulations are 

promising, generating several hypotheses of the role(s) of the CCA bulge. For instance, 

simulations of the gp16 monomer with pRNA predict that the monomer can slide in and 

out of place, stabilized by contacts between the C-terminal domain and CCA bulge (Fig. 

8.2D,E). The simulations of the pRNA ring predict that the pRNA splays outwards prior 

to motor assembly, acting as antennae to capture the gp16 packaging ATPase out of 

solution (Fig. 8.2F,G). Together, these results suggest that the CCA bulge may be critical 

for motor assembly. 

 Additionally, simulations predict that bases of pRNA can compete with ATP/ADP 

adenosine for binding in the ATPase domain (Fig. 8.2C). Because the pRNA contacts both 

the viral procapsid and the packaging ATPase active site, this suggests a role in pRNA 

potentially conveying headful packaging information to modulate ATP/ADP binding 

kinetics, as observed experimentally in single-molecule force experiments [14].  
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Figure 8.2: Multiple roles of pRNA predicted from simulation. (A) ATPase-
pRNA contacts from the cryo-EM reconstruction do not show contacts between the 
ATPase and CCA bulge of pRNA. (B) MD simulation predicts that this contact occurs 
more frequently in compacted subunits, suggesting a potential role in force-generation 
by promoting compact states. (C) A base of pRNA displaces the adenosine of bound 
ATP, suggesting that the pRNA may be responsible for slowed kinetics upon head 
filling. (D and E) Simulation of a monomer with pRNA predicts that the monomer can 
slide along the pRNA, and the C-terminal domain can interact strongly with the CCA 
bulge (panel D). (F and G) Simulation of the pRNA pentamer predicts that the pRNA 
splay outwards, exposing the CCA bulge. These results suggest that the CCA bulge 
may help recruit monomer gp16 from solution during motor assembly. 
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8.1.4 Force-generation and the role of the linker domain 

Based on our prior work, we suggested that the lid subdomain rotation may be the force-

generating step of viral DNA packaging. To investigate this, I performed free-energy 

calculations of the extension/compaction of a monomer subunit in the presence and 

absence of pRNA via US-WHAM. The initial path was generated with both Steered MD 

and Nudged Elastic Band; the initial paths generated by these techniques do not 

significantly differ. To isolate the role of the linker domain, I also calculated the same free 

energy of a construct with a deleted linker domain. My initial calculations predict that it 

is easier to extend the apo subunit than the ATP-bound subunit (Fig. 8.3, top). This agrees 

with our prediction that the motor resets from compact to extended in the apo state. 

Preliminary calculations of the construct with no linker domain predicts that the energetic 

penalty for extension beyond ~3.9 nm is due to stretching of the linker domain. 
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Figure 8.3: PMFs of extension/compaction of the packaging ATPase. (Top) Apo 
and ATP-bound PMFs are plotted, predicting that ATP binding drives a subunit 
towards a compacted state, which is the proposed force-generating step. (Bottom) PMF 
calculated of a construct with a deleted linker domain predicts that breaking N-/C-
terminal contacts is the main energetic barrier prior to ~3.9 nm expansion. 
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 8.1.5 Future work on the φ29 packaging ATPase 

One aspect of motor function that needs to be better characterized is the conformational 

change of the Walker A motif that can block/accept nucleotide. We proposed that this 

change prevents premature nucleotide binding prior to motor reset, but how this is 

communicated between DNA-gripping residues and the Walker A motif remains obscure. 

An important caveat is that this event is folding of a helical motif, and most force fields 

over-predict helical affinities. This is particularly evident in the presence of TIP3P water. 

Thus, the simulations likely over-predict helicity. Further, sampling of the transition may 

require including the neighboring subunit to occlude the binding pocket from solvent, 

such that secondary structure stabilities driven by protein-water interactions are more 

controlled.  

 Another hypothesis is that the motor senses the pressure of high head-filling via 

the pRNA, and the pRNA conveys this information to the ATPase to modulate ATP/ADP 

binding kinetics. To investigate this, one could potentially simulate the motor assembly 

with a pseudo-pressure (i.e., a resistive force applied to substrate DNA and connector), 

and then investigate if signaling pathways connecting the ATPase to the connector are 

upregulated relative to equilibrium simulations.  

 One final hypothesis worth noting is the necessity of the trans-acting exchange 

residue. Because we propose that ADP release occurs at a planar interface, whereas ATP 

binding occurs at a helically offset interface, the binding and unbinding pathways are 
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likely distinct. Thus, one could simulate ligand binding/unbinding at both planar and 

helically offset interfaces and characterize the differences in pathways.   

8.2 The T4 packaging ATPase, and the role of C-terminal 
domain rotation 

In addition to φ29-like packaging motors, I also worked on the T4 packaging ATPase. 

While an initial low-resolution cryo-EM reconstruction [21] suggested that the T4 

packaging motor has opposite polarity compared to φ29-like packaging motors (i.e., the 

N-terminal domain contacts the portal, and the C-terminal domain grips DNA). However, 

I found it unlikely that the T4 packaging motor could drastically diverge from other viral 

packaging motors, and so I began working on building a model of the T4 packaging 

ATPase that is consistent with all of our other structural, biochemical, and simulated data. 

Simulation of this model predicts that the T4 packaging ATPase also forms a helical pitch 

as subunits track DNA (Fig. 8.4). Further, the C-terminal domain rotates towards the 

substrate DNA; despite lacking experimental evidence, a similar motion was previously 

proposed by Hilbert et al. [25] to perform endonuclease activity upon headful packaging. 

To further investigate this, one could characterize the free energy of C-terminal domain 

rotation. 
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Figure 8.4: Model of T4 DNA packaging motor. (A) The constructed model of 
the T4 packaging motor. One subunit is colored according to (sub)domains. (B) After 
MD simulation, DNA gripping residues form a helical pitch spanning one major 
groove of DNA, suggesting commonality with φ29-like packaging motors. (C) After 
MD simulation, one subunit’s (red) C-terminal domain rotates towards the DNA, 
forming a “four-pronged-star” structure. This suggests motion that occurs as the C-
terminal domain performs endonuclease activity upon headful packaging.  
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8.3 Investigating common mechanisms of AAA+ translocation 
using katanin 

To further unify the translocation mechanisms of ring ATPases, I also investigated the 

katanin system as a representative example of AAA+ proteins. Katanin forms a helical 

assembly and harvests energy from ATP binding and hydrolysis to disassemble 

microtubules [32]. While katanin subunits have multiple domains, the main translocation 

assembly is an ATPase domain and lid subdomain. It has been proposed that lid 

subdomain rotation is the force-generating step [31].  

Mutual information calculated via the CARDS method [77] from MD simulated 

data predicts that the catalytic glutamate has high mutual information with peptide-

gripping residues (Fig. 8.5), but not with the lid subdomain. This is consistent with my 

results for viral DNA packaging ATPases and FtsK alike. This suggests that the katanin 

motor may use the presence/absence of the γ-phosphate of ATP to modulate its grip on 

substrate, similar to FtsK and viral packaging ATPases.   

I used well-tempered metadynamics [73] to calculate the free-energy landscape 

describing the transition between the “upper” and “lower” states, which was proposed to 

be the force-generating step [31]. In the apo state, the energy landscape is largely 

accessible; ATP binding confines the subunit in a specific subset of states. This is consistent 

with my predictions that the apo state of viral DNA packaging ATPases and FtsK are 

flexible, whereas ATP-bound states are rigid. However, my initial choice of collective 

variables (RMSD to each end state) is hard to interpret physically, and thus these 
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calculations should ideally be repeated using other collective variables that physically 

describe the transition between the two states.  

Lastly, MD simulations of the entire hexamer complex predict specific interactions 

driven by the adenosine ring of ATP. In the presence of ATP, the lid subdomain closes 

around the binding pocket, similar to my predictions for viral packaging ATPases. 

Additionally, this conformational change affects inter-subunit interactions, suggesting 

that lid subdomain rotation driven by adenosine binding can modulate the quaternary 

structure of the assembly, and be the force-generating step. One could further investigate 

this by calculating the free energy of lid subdomain rotation of a subunit within the 

hexameric complex.  
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Figure 8.5: Katanin preliminary results converge with viral packaging ATPases 
and FtsK. (A) Mutual information calculated targeting the catalytic glutamate residue 
shows high communication with peptide-gripping residues, but not with the lid 
subdomain. (B) Free-energy landscapes predict that ATP binding confines the subunit 
into a specific region of collective-variable space, whereas the apo subunit is flexible. 
(C) A hexamer simulation predicts that ATP/ADP causes the lid subdomain to rotate by 
promoting salt-bridging interactions around the adenosine ring (orange subunit). This 
conformational change is signaled to the neighboring subunit (orange subunit 
interacting with gray subunit).  
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9. Conclusions 

Perhaps the single most important contribution of this dissertation towards the broader 

field of ATPase mechanochemistry is the proposed helical-to-planar model of viral DNA 

packaging. Thanks to the work presented herein, for the first time there exists a model 

that explains the most important features of viral DNA packaging (e.g., burst-dwell 

kinetics, four translocation steps from a five-member motor, etc.). Importantly, the 

proposed model also makes residue-specific, imminently testable predictions. The first 

prediction of the model that we validated was the glutamate switch mechanism; there are 

many more which need to be studied. In the end, this dissertation presents a guide for 

how to combine computational modeling with experimental methods to better 

understand the mechanochemistry of biological motors. Future studies on viral packaging 

ATPases will need to consider the helical-to-planar mechanism to guide interpretation 

and hypothesis generation alike, and future studies on ASCE assemblies in general will 

benefit from considering the tenets of the mechanism.  
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Appendix A 

 

Figure A1: (A-C) Backbone root mean square deviation (RMSD) for apo 
simulations of T4 (A), P74-26 (B), and Sf6 (C) show that the secondary structures of each 
packaging ATPase remain stable throughout the course of the simulations. (D-F) 
Backbone RMSD for ATP-bound simulations of T4 (D), P74-26 (E), and Sf6 (F) also 
show stable secondary structure throughout the simulations. All RMSD values in (A-
F) are plotted at intervals of 250 ps. (G-I) Representative structures of ATP-bound LT4 
(G), P74-26 (H), and Sf6 (I) from each ATP-bound simulation are superimposed about 
their ATPase domains to show commonality across predicted ATPase active site 
geometry. The ATPase domain of each structure has sub-Angstrom backbone RMSD 
values from its counterparts, suggesting that all simulations converge to common 
structure. 
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Figure A2: Distances between these two residues measured from three 
independent simulation runs of apo T4 (A), P74-26 (B), and Sf6 (C). Distances measured 
from ATP-bound simulations of T4 (D), P74-26 (E), and Sf6 (F). In all three packaging 
ATPases, the average distance observed in ATP-bound simulations is larger than that 
in the apo simulations (compare A to D, B to E, C to F). Corresponding WA arginine–
lid glutamate distances observed from the available crystal structures are reported as 
“PDB code: value.” 
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Figure A3: Distances between these two residues measured from three 
independent simulation runs of apo T4 (A), P74-26 (B), and Sf6 (C). Distances measured 
from ATP-bound simulations of T4 (D), P74-26 (E), and Sf6 (F). In all three packaging 
ATPases, the average distance observed in ATP-bound simulations is smaller than that 
in the analogous apo simulations (compare A to D, B to E, C to F). ATP-bound Sf6 
simulation run 3 (F) predicts that the R24-E119 interaction breaks midway through the 
simulation, which is accompanied by a simultaneous increase in E119 to γ-phosphate 
distance, highlighting the need for the stabilizing WA arginine interaction to properly 
position the catalytic glutamate within the binding pocket. Corresponding WA 
arginine–catalytic glutamate distances observed from the available crystal structures 
are reported as “PDB code: value.” An asterisk next to the PDB code indicates that the 
crystal structure is of a mutation involving one of the residues; 3CPE and 2O0H are 
both of a D255E/E256 double mutant. 
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Figure A4: Residues are colored according to root mean square (RMS) 
fluctuations, with red indicating least mobile residues and blue the most mobile 
residues. Arrows represent the direction and magnitude of the motion of each residue 
based on the most dominant, first principal component. (A) PCA of apo Sf6 simulation 
shows little concerted motion of the circled lid domain. (B) PCA of the first 10 ns ATP-
bound Sf6 simulation shows concerted motion of the lid domain towards the ATPase 
active site, consistent with the principal component found in ATP-bound T4 
simulation. (C) PCA of the last 10 ns of ATP-bound Sf6 simulation shows little 
subdomain motion, indicating that the lid subdomain is stable in the closed 
conformation once the rotation is complete. 
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Figure A5: Distances between the carboxylate group of catalytic glutamate and 
the γ-phosphate group of ATP computed from all independent simulation runs for 
each of the three WT packaging ATPases: T4 (A), P74-26 (B), and Sf6 (C). All simulations 
predict consistent distances for hydrolysis. Corresponding distances from published 
crystal structures are reported; an asterisk next to the PDB code indicates that the crystal 
structure is of a mutation involving one of the residues. Simulation run 3 of ATP-bound 
Sf6 (C) predicts an increase in distance concomitant with the loss of R24-E119 
interaction, highlighting the need for the stabilizing WA arginine interaction. 
Distances between the carboxylate and γ-phosphate groups for mutants T4-E256D (D) 
and P74-26-E150D (E), designed to mimic the mutant λ-E179D studied experimentally. 
In both simulated cases, the residues changes increase the distance between the 
carboxylate and γ-phosphate groups, potentially explaining the hindered rate of ATP 
hydrolysis observed experimentally with λ. 
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Figure A6: (A) Distance between the functional groups of the Walker A arginine 
toggle (R162) and catalytic glutamate (E256) obtained from WT T4 MD simulations. (B) 
Distance between the functional groups of the Walker A arginine toggle (R39) and 
catalytic glutamate (E150) obtained from the WT P74-26 MD simulations. This distance 
is observed to increase in our current MD simulations of the DN mutants in both T4 
(C) and P74-26 (D). Our current simulations also show that this distance is not as 
affected by the DE mutation for both T4 (E) and P74-26 (F). 
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Figure A7: (A) WT structures of T4 and the T4 D255N structure are 
superimposed about their ATPase domains (also called the NI subdomain in TerLT4 
literature). (B) WT structures of P74-26 and the P74-26-D149N are superimposed about 
their ATPase domains. The lid subdomain, which is the helix-turn-helix motif, rotates 
towards the ATP binding pocket upon nucleotide binding. This rotation is less 
pronounced in DN mutant simulations of the same timescale, indicative of aberrant 
tight-binding transition kinetics. 

 

 

Figure A8: (A) MD simulations of ATP-bound WT T4 maintain a large distance 
between the ε-amino group of K166 and the carboxylate group of WT D255. (B) MD 
simulations of ATP-bound T4 D255E mutant show a new interaction formed between 
the mutated WB D255E residue and the critical K166. This is consistent with the 
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available crystal structure of a T4-D255E/E256D double mutant (PDB: 2O0H), where the 
distance between D255E and K166 is observed to be 3.50 Å. 

 

Figure A9: (A) Results from simulations of WT T4. (B) Simulations of T4 D255E 
mutation shows a larger distance between the catalytic E256 and γ-phosphate compared 
to the WT protein, which could explain the impaired rate of hydrolysis observed 
experimentally in λ D178E. 
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Appendix B 

 

Figure B1:  Superimpositions of the φ29 gp16 and asccφ28 gp11 domains show 
nearly identical structures, as expected based on their 45% sequence similarity. 
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Figure B2: Two crystals show that the Walker A motif varies helical content. 
Extra helical content (A) places Val30 in the binding pocket occluding nucleotide 
occupancy, and less helical content (B) points Val30 away from the binding pocket. This 
allows a sulfate ion to mediate interactions in the P-loop normally mediated by the β-
phosphate of ATP/ADP. (C) A zoomed-out view of two neighboring subunits, shown 
in gray and rainbow. (D) Zoom in on the active site shows that the trans-acting Lys133 
is considerably closer to the cis-acting catalytic Glu147 than trans-acting Arg177 is; from 
this alone it can be inferred that the lysine acts as a lysine finger, as it is better situated 
to interact with the γ-phosphate of ATP near the catalytic Glu147. 
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Figure B3: The catalytic glutamate is observed to be inactive in the Sf6 and φ29 
crystal structures. The Sf6 and φ29 packaging ATPases are shown as Richardson 
diagrams, and zoomed into the ATPase active site. The catalytic glutamate is shown as 
sticks, pointing its carboxylate away from ATP and towards a conserved arginine 
residue also shown as sticks, reminiscent of the glutamate switch mechanism found in 
other AAA+ enzymes. 

 

Figure B4: (A) An end-on view of the gp11 pentamer crystal structure shows that 
the interior of the pore is lined with positive electrostatic surface potential. (B) A cut 
away view of the pentamer shows a positive band of electrostatic potential runs along 
the length of the monomer, creating a DNA-gripping strip. Two neighboring subunits 
are shown as cyan Richardson diagrams. 
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Table B1: Conservation of positively charged residues located in the pore. The 
top row highlights positively charged residues found in the pore of the asccφ28 

packaging ATPase, situated such that they can interact with substrate DNA. 
Superimposing solved ATPases onto the asccφ28 structure, residues proximal in 

cartesian space (not necessarily sequence space) are identified. 

phi28 Lys66 Lys92 Lys107 Arg110 Arg128 
phi29 n/a n/a Lys81 Arg83 Lys56 
Sf6 Arg63 n/a Gln81 Arg82 Asn101/Asn102 
T4 Lys204 Lys83/Arg84 Lys94/Arg95 Lys223 n/a 
P74-26 n/a n/a n/a Arg101 Arg132 
D6E Lys87/Arg88 Arg96 Lys98 Arg101 Lys123 
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Figure B5: The first principal component of alpha-carbon motion for all five 
subunits in the apo, ATP-bound, and ADP-bound states. We find that the lid 
subdomain of the apo state has seemingly no correlation, suggesting that stochastic 
fluctuations dominate. In the ATP-bound state, the lid subdomain rotates towards the 
ATPase active site, particularly evident in subunits which maintain the Q-motif 
interaction with the adenosine base. In the ADP-bound state, the lid subdomain of the 
subunit which unbinds ADP rotates away from the ATPase active site. These principal 
components are evidence that nucleotide occupancy and binding actuate lid 
subdomain rotation. 



 

219 

 

Figure B6: Variability in crystal structures. (Top row) The three solved crystal 
structure show large standard deviations in positions of the lid subdomain and trans-
acting lysine finger. This indicates that the lid subdomain rotation can be used to 
position the lysine finger of a neighboring subunit. (Bottom row) the crystals are not 
regular pentagonal structures, rather, they are oblong. This indicates that deviations in 
the lid subdomain, which mediated most inter-subunit contacts, can be used to change 
the structure’s quaternary structure. 
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Figure B7: (A) The pentamer in the presence of ATP and substrate DNA. Arg101 
binds to DNA in the pore, and Arg139 interacts in trans to coordinate the γ-phosphate 
of ATP. These agree with biochemical data showing Arg101 is necessary to grip DNA, 
and Arg139 catalyzes hydrolysis in trans. On the right these interactions are shown in 
isolation for easier visualization. The binding pocket where Arg139 is best positioned 
to catalyze hydrolysis is circled. (B) Zooming in on a single binding pocket, where 
Arg139 is best positioned to catalyze ATP hydrolysis, we find that all the expected 
interactions are maintained based on prior monomer simulations and ATPase 
enzymology. (C) The ATP at this active site was removed and the structure was 
simulated in a 4-ATP-bound, 1-apo state. At the apo interface, the pentamer shears to 
form a helical pitch, highlighted in this before and after view. (D) The predicted helical 
arrangements of the P74-26 and D6E packaging ATPases are depicted. Each subunit is 
shown as a transparent surface. The centers of mass of each subunit are depicted as 
hard spheres to show the right-handed helical arrangement descending from the blue 
to cyan subunits. DNA-gripping residues are shown as spheres, to show their 
coordination with the substrate DNA, whose phosphate backbone is a dim gray ribbon. 
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Appendix C 

 

Figure C1: Crystal structures of the φ29, asccφ28, and Sf6 packaging ATPases 
show that the catalytic glutamate residue points away from ATP (shown for clarity) and 
towards analogous arginines. 

 

Figure C2: Two-dimensional free-energy landscapes of apo conformations. (Top 
row) We find that the Sf6 and φ29 ATPases are stable in the inactive conformation, 
whereas the P74-26 ATPase has a metastability. This is attributed to differences in 
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glutamate switch residues – Sf6 and φ29 use positively-charged arginine residues, 
whereas P74-26 uses a polar glutamine residue. (Bottom row) Standard error in the 
mean for each of the above calculations, obtained from randomly dividing the umbrella 
sampling data into three subsets. In extreme cases where the standard error is very large 
due to lack of sampling at the very edges, we capped the plotted standard error at 2 
kcal/mol. 

 

Figure C3: Two-dimensional free-energy landscapes of a single glutamate 
residue in solution. (Left) Schematic of simulation set up, with a single glutamate 
residue and We find that the energetic minimum for a single glutamate residue 
capped with an acetyl group on the N-terminus and n-methylamide on the C-terminus 
in a truncated octahedral periodic box. (Middle) The two-dimensional free-energy 
landscape of the glutamate shows preference for the active pose. Thus, any preference 
for inactive pose found in enzymes is a result of interactions with other residues in 
the enzyme. (Right) Standard error in the mean of the calculated free-energy 
landscape, calculated by randomly dividing the umbrella sampling data into three 
subsets. 
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Figure C4: Error analysis of nucleotide-bound free-energy landscapes. (Top) 
The asccφ28 free-energy landscape E is large, next to three smaller free-energy 
landscapes. The smaller free-energy landscapes were calculated by randomly dividing 
the umbrella sampling data into three subsets. These three free-energy landscapes were 
then used to calculate the standard error in the mean of the reported free-energy 
landscapes. (Below) Standard error in the mean for each free-energy landscape, 
calculated likewise. At the edges, where sampling is poor, the standard error can be 
large and is capped at 2 kcal/mol for visualization. Such capping does not affect the 
conclusions of the study, as the conclusions rely on comparing areas with low standard 
error. In general, we find that the standard error in our calculations ranges between 
0.01–0.1 kcal/mol. 
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Figure C5: Three-dimensional alignment suggests Gln72 is a glutamate switch 
in the P74-26 packaging ATPase. The P74-26 packaging ATPase is aligned with the 
crystal structure of PspF bound with ATP (PDB: 2C96) based on their Walker A motifs. 
Upon alignment, P74-26 Gln72 is positioned similarly to PspF Asn64, which is one of 
the original glutamate switch residues identified. Thus, we considered that P74-26 
Gln72 may also be a glutamate switch residue. 

 

Figure C6: Characterizing tight-binding in the φ29 packaging ATPase from 
equilibrium MD simulation. Despite the φ29 crystal structure not containing the lid-
subdomain, the tight-binding transition can still be characterized by the distance 
between Walker A (WA) and Walker B (WB) motif backbones. Upon tight-binding of 
the WA and WB motifs, the distance between the catalytic Glu119 and glutamate switch 
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Arg53 increases, releasing the glutamate switch’s hold of the catalytic glutamate. This 
release is accompanied by an increased distance between DNA-gripping Lys56 and 
Glu119 (from the black to the gray line), representing the donation of Lys56 farther into 
the pore to grip DNA. Umbrella sampling of the “tight-binding pose” starts from a 
frame taken between 800 and 950 ns, and umbrella sampling of the “pre-tight-binding” 
pose starts from a frame taken between 100 and 150 ns. 

 

Figure C7: Two-dimensional free-energy landscapes of mutants assign the role 
of the glutamate switch to a single residue.  (Top) Standard error in the mean for free-
energy landscapes. The standard error was calculated by randomly dividing the 
umbrella sampling data into three subsets. At the edges, the plotted standard error was 
capped at 2 kcal/mol for visualization purposes. (Bottom) We find that, in pre-tight-
binding conformations, glutamate switch RK does not affect preference for the 
inactive pose, whereas swapping RL swaps preference from the inactive pose to the 
active pose. Thus, the positive charge on the conserved arginine is necessary to hold 
the catalytic glutamate residue inactive, and the arginine is a glutamate switch. 
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Figure C8:  Signaling pathways for asccφ28 and Sf6 predicted by CARDS 
mutual information.  For asccφ28 we find that the glutamate switch residue has high 
mutual information with both the catalytic glutamate and a second glutamate residue 
in the partitioning helical motif (upper left panel), much like what we observe for φ29. 
Like P74-26, the partitioning helical motif can then push on a DNA-gripping arginine 
(upper right panel), allowing the enzyme to position the DNA-gripping arginine in 
response to ATP-binding. For Sf6, we find that the glutamate switch has high mutual 
information with both the catalytic glutamate and an aspartate in the partitioning 
helical motif, allowing the enzyme to position this helix based upon ATP-binding. 
Though the DNA-gripping residues of the Sf6 ATPase are not experimentally verified, 
we note that there is a glutamine residue with high mutual information to the 
glutamate switch in the same position as φ29 Lys56, which is known to grip DNA 
(lower left panel). An arginine analogous to the DNA-gripping residue in asccφ28 has 
relatively low mutual information with residues outside of its own motif, but does 
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share information with a bulky hydrophobic residue in the partitioning helix situated 
between the glutamate switch and accompanying aspartate; this could indicate moving 
the helix acts sterically to position the DNA-gripping arginine (lower right panel). 
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