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Summary 

Double-stranded DNA viruses package their genomes into pre-assembled protein capsids using 
virally-encoded ATPase ring motors. While several structures of isolated monomers (subunits) 
from these motors have been determined, they provide little insight into how subunits within a 
functional ring coordinate their activities to efficiently generate force and translocate DNA. Here 
we describe the first atomic-resolution structure of a functional ring form of a viral DNA packaging 
motor and characterize its atomic-level dynamics via long timescale molecular dynamics 
simulations. Crystal structures of the pentameric ATPase ring from bacteriophage asccφ28 show 
that each subunit consists of a canonical N-terminal ASCE ATPase domain connected to a 
‘vestigial’ nuclease domain by a small lid subdomain. The lid subdomain closes over the ATPase 
active site and engages in extensive interactions with a neighboring subunit such that several 
important catalytic residues are positioned to function in trans. The pore of the ring is lined with 
several positively charged residues that can interact with DNA. Simulations of the ATPase ring in 
various nucleotide-bound states provide information about how the motor coordinates sequential 
nucleotide binding, hydrolysis, and exchange around the ring. Simulations also predict that the 
ring adopts a helical structure to track DNA, consistent with recent cryo-EM reconstruction of the 
φ29 packaging ATPase. Based on these results, an atomistic model of viral DNA packaging is 
proposed wherein DNA translocation is powered by stepwise helical-to-planar ring transitions that 
are tightly coordinated by ATP binding, hydrolysis, and release. 
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Woodson et al., 2020). Hence, these residues likely 
function similarly in asccφ28.  

A number of additional postively charged residues 
from the N-terminal (ATPase) domain line the pore 
of the pentameric ring, namely Lys66, Lys92, 
Lys107, Arg110, and Arg128 (Fig. 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 packaging ATPases, suggesting a conserved 
function (Table S2). Indeed, it was previously 
shown that Arg101 from the bacteriophage P74-26 
packaging ATPase, analogous Arg110 in ascc�328, 
is absolutely necessary to bind substrate DNA 
(Hilbert et al., 2015, 2017), suggesting a direct role 
in DNA translocation. The position of this residue in 
the interior of the pore supports this assignment.  

Motor dynamics 

While the X-ray crystallographic structures 
described above provide valuable information 
regarding the tertiary and quaternary structures of 
a functional, DNA packaging motor, the structures 
were determined in the absence of nucleotide and 
DNA. As a result, insights into some of the most 
important mechanistic questions concerning the 
nature of force generation and the molecular basis 

of subunit coordination are limited. Thus, we 
employed long time-scale MD simulations to 
understand how ATP binding, hydrolysis, and 
product release are coordinated and coupled to 
DNA translocation. 

ATP binding and regulation of hydrolysis  

To understand how subunits around the ring bind 
ATP, and how this binding might modulate DNA 
gripping, we initially docked Mg2+-ATP into each  
subunit based on the structure of the BeF3-ADP-
bound phage P74-26 packaging ATPase (Hilbert et 
al., 2015), and positioned a 30-bp, B-form dsDNA 
in the central pore of the pentamer. The structure 
was equilibrated and its equilibrium dynamics were 
sampled via MD simulations for 2.4 �…s. Our 
simulation 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) 
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. 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 

Figure 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 γ- and 
β-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. 
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