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STRUCTURAL BIOLOGY

A viral genome packaging motor transitions between
cyclic and helical symmetry to translocate dsDNA

Michael Woodson'", Joshua Pajak?", Bryon P. Mahler®, Wei Zhao®, Wei Zhang*>, Gaurav Arya?,

Mark A. White'*, Paul J. Jardine**, Marc C. Morais'**

Molecular segregation and biopolymer manipulation require the action of molecular motors to do work by applying
directional forces to macromolecules. The additional strand conserved E (ASCE) ring motors are an ancient family
of molecular motors responsible for diverse biological polymer manipulation tasks. Viruses use ASCE segregation
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motors to package their genomes into their protein capsids and provide accessible experimental systems due to
their relative simplicity. We show by cryo-EM-focused image reconstruction that ASCE ATPases in viral double-
stranded DNA (dsDNA) packaging motors adopt helical symmetry complementary to their dsDNA substrates.
Together with previous data, our results suggest that these motors cycle between helical and planar configura-
tions, providing a possible mechanism for directional translocation of DNA. Similar changes in quaternary struc-
ture have been observed for proteasome and helicase motors, suggesting an ancient and common mechanism of
force generation that has been adapted for specific tasks over the course of evolution.

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 simulta-
neously as shell proteins assemble around the condensing genome.
This strategy is used by most enveloped RNA viruses such as alpha
viruses and flaviviruses (1-3). In a second strategy, an empty virus
capsid is first assembled, and the genome is then actively translocated
into this preformed container. This strategy is used by double-
stranded RNA (dsRNA) viruses (4, 5), some large single-stranded
DNA viruses (6), and many double-stranded DNA (dsDNA) viruses
such as herpes virus, pox virus, adenovirus, and all the tailed dsDNA
bacteriophages (7, 8). This second enapsidation strategy requires na-
scent viruses to 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 (7-9).

The molecular motors that power genome encapsidation are
some of the most powerful motors in nature capable of producing
forces in excess of 50 pN (10-13). For reference, myosin and kinesin
each operate at around 5 to 10 pN (14-16), the approximate magni-
tude 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 (17). Energy for packaging is provided by a virus-
encoded adenosine triphosphatase (ATPase) that converts chemical
energy released by adenosine 5’-triphosphate (ATP) binding and
hydrolysis into mechanical translocation of DNA (8, 9). These
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ATPases reside on the additional strand catalytic glutamate [addi-
tional strand conserved E (ASCE)] branch of the ancient and ubiq-
uitous P-loop nucleoside triphosphatase superfamily (18-20). Often,
arranged as homomeric rings, ASCE ATPases are typically involved
in polymer manipulation tasks (e.g., protein degradation, chromo-
some segregation, DNA recombination, DNA strand separation, and
conjugation) or in other molecular segregation tasks (21). Hence,
insights into the mechanism of viral DNA packaging will also illu-
minate the mechanistic principles of a broad class of molecular motors
responsible for basic biological partitioning processes.

Bacteriophage phi29 has emerged as a powerful experimental
system for investigating genome packaging motors, and develop-
ment of an efficient in vitro packaging system in phi29 has facilitated
interrogation via multiple experimental approaches (7, 22, 23).
Genetic, biochemical, and structural results show that the motor is
composed of three components (Fig. 1A) (7, 24): (i) a dodecameric
portal or connector protein [gene product 10 (gp10)] (25); (ii) a
pentameric ring of a phage-encoded structural RNA molecule (pRNA)
(25-29); and (iii) a pentameric P-loop ASCE ATPase ring motor
(gp16), analogous to the large terminases in other phage systems
that drive packaging (24, 25, 30, 31). The components assemble as
three coaxial rings at a unique vertex of the capsid, and the dsSDNA
genome is threaded through a continuous channel along their com-
mon central axis and into the viral capsid (Fig. 1A).

Biochemical and single-molecule analysis indicate that the pack-
aging motor operates in a highly coordinated manner (Fig. 1B)
(12, 17, 32, 33). The mechanochemical cycle is separated into two
distinct phases (Fig. 1B) (33). During the burst phase, four gp16
subunits sequentially hydrolyze ATP, resulting in translocation of
10 base pairs (bp) of DNA in four 2.5-bp steps (33). The role of the
fifth subunit is poorly understood, but it has been proposed to play
aregulatory role in aligning the motor with DNA for the next trans-
location burst (17, 34). No DNA translocation occurs during the
subsequent dwell phase when all five gp16 subunits release adenosine
5’-diphosphate (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 of exchange

10f13


mailto:mawhite@utmb.edu
mailto:jardine@umn.edu
mailto:mcmorais@utmb.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

‘ Burst phase ' &

%%@J&@@J&J&?

Fig. 1. The bacteriophage phi29 dsDNA packaging motor. (A) Cutaway side view of the bacteriophage phi29 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 (32)]. The top and bottom halves of the panel show the chemical and mechanical
transitions in the dwell phase and burst phases, respectively. The presumed mechanochemical state of the motor trapped by ATP-y-S is indicated by an asterisk.

is influenced by subunit interactions with DNA (35). Using altered
DNA substrates, additional single-molecule experiments indicate
that the motor makes two types of contact with the translocating
DNA (36). 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 nonspecific contacts during
the burst phase to actively translocate the DNA. It has also been shown
that DNA rotates 14° during each 10-bp translocation burst, likely
to maintain motor/substrate alignment. Last, 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 (17).

While extensive biochemical and single-molecule analysis have
provided a detailed kinetic scheme describing what happens during
packaging (Fig. 1B), the physical basis of force generation and sub-
unit coordination remain largely unknown. Visualizing the molecular
events that constitute the mechanochemical cycle requires structural
characterization of the motor at distinct points along this pathway.
Toward this end, the structure of phi29 particles stalled during DNA
packaging by the addition of the nonhydrolyzable substrate adenosine
5’-O-(3-thiotriphosphate) (ATP-y-S) was determined by cryo-electron
microscopy (cryo-EM). While the overall resolution of the recon-
struction was better than 3 A, the density corresponding to the in-
herently 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 A
for the portal to ~4.4 A 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 den-
sities. The resulting structure is the first complete near-atomic res-
olution structure of a viral dssSDNA packaging motor and shows that
the N-terminal domain (NTD) 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.

RESULTS

While cryo-EM has emerged as a powerful technique to obtain near
atomic resolution structures of large complexes (37, 38), it is still
challenging to resolve inherently flexible components (e.g., molecular
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motors) to high resolution. Further, properly reconstructing any
symmetry mismatches between the massive capsid and relatively
small motor is still nontrivial (4, 26, 29, 39-41). 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 reconstruc-
tions of the entire motor complex assembled on the procapsid (42).
To date, we have determined atomic resolution structures of nearly
every component of the phi29 packaging motor including the portal
(25), the prohead-binding domain of the pRNA (27), the pRNA
CCA bulge (43), part of the A-helix of the pRNA (27, 44, 45), the
N-terminal ATPase domain of gp16 (31), and, most recently, the
C-terminal vestigial nuclease domain of gp16 (46). Further, we
have been recently determining the full-length structure of a homolo-
gous packaging ATPase from a relative of phi29, bacteriophage
asccphi28 (47).

Cryo-EM reconstruction of particles stalled during

DNA packaging

Having completed the library of atomic resolution structures of phi29
motor components, we turned to single-particle cryo-EM to image
functional motors assembled on procapsids (fig. S1). Briefly, we in-
cubated 120-base pRNA proheads with gp16, phi29 genomic DNA,
ATP, and magnesium for approximately 5 min before stopping the
packaging reaction via addition of an excess of the nonhydrolysable
ATP analog ATP-y-S. This incubation period is long enough to allow
gpl6 to assemble on proheads and for functional motors to fully
package their genomic DNA substrates. The addition of ATP-y-S
serves two purposes: (i) It stabilizes packaged particles such that the
motor remains attached, and the DNA is retained in heads; and (ii)
it drives the motor toward a uniform, substrate-bound state. Pre-
sumably, addition of ATP-y-S arrests the motors near the end of the
dwell phase, when all five subunits are bound to substrate (or non-
hydrolysable substrate analog ATP-y-S), and the motor is poised to
enter the burst (Fig. 1B, double asterisk).

Procapsid structure

Particles were initially reconstructed assuming C5 symmetry. The
resulting map was of high quality (Fig. 2, A to C), as evidenced by
readily recognizable secondary structures and often clear and un-
ambiguous side-chain density (Fig. 2C). The overall resolution of
the map is ~2.9 A as estimated by “gold standard” Fourier shell
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Fig. 2. Reconstruction of particles stalled during packaging. (A) Side view of stalled-particle reconstruction, colored by cylindrical radius. Components of the packag-
ing 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 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 immuno-
globulin (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.

correlation (FSC) between independently processed half-datasets
(48, 49). Consistent with previous reconstructions of phi29 particles
(50, 51), the capsid appears to have pseudo-D5 symmetry that is
broken by the unique motor vertex at one end of the otherwise
T =3, Q=5 prolate icosahedral shell. The density for the capsid was
particularly good, nearly the entire length of the capsid protein den-
sity could be traced, and side chains were unambiguously positioned
(Fig. 2, C and D). Further details of model building and refinement
of the procapsid will be described elsewhere, but Fig. 2 (A to D)
shows the overall quality of the density corresponding to the pro-
tein shell.

Symmetry breaking: Portal structure

As would be expected, the density for the connector was initially
poor. Because of the symmetry mismatch between the dodecameric
connector and the fivefold symmetric vertex where it sits, imposing
C5 symmetry causes the portal to be incoherently averaged around
its 12-fold symmetry axis (29). Hence, to improve the density for
the portal protein, we used a variation of focused reconstruction
and symmetry breaking (Supplementary Materials) (29, 39, 41, 52).
This allowed us to obtain a near atomic resolution reconstructions
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of both the portal alone (Fig. 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. 2F).

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. 2, F and G). Major and minor
grooves were apparent with dimensions such as 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 correspond-
ing 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.

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
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(Fig. 2, E and F), it was unexpected 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. 2D) or to a previously published 12-A map (31). 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 interparticle
averaging during three-dimensional (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 re-
spect to the prohead portal.

To test this possibility, we repeated the symmetry-breaking pro-
cedure 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 den-
sity 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. 3; EMD-22441). While the resulting resolu-
tion was good, ~ 4.4 A overall as estimated by FSC (48, 49) and the
D99 criterion (53), density quality varied over the reconstructed
volume, and the NTD and associated DNA and pRNA were proba-
bly closer to ~6-A resolution and thus not high enough to identify
side chains/bases or trace the polypeptide/nucleic acid chain ab ini-
tio. Nonetheless, it was sufficient to clearly see secondary structural
elements in the ATPase and the major and minor grooves in the
DNA and pRNA. The phosphate backbone was still readily appar-
ent in the pRNA density and was now visible in most of the DNA
density as well. 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. 2, E and F, and fig. S2). While density in
the radial direction was well resolved, density in circumferential di-
rections 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 sus-
pect the latter to be true.

Building an atomic model of the motor

While the separate structures for the prohead binding and portions of
the A-helix domains (27, 44, 45) could be fit into their correspond-
ing densities (Fig. 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 use base-pairing patterns observed in the crystallo-
graphic 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
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Fig. 3. Cryo-EM reconstruction of the phi29 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 phi29 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.

crystal structure of the N-terminal ATPase domain [NTD; Protein Data
Bank (PDB) ID: 5SHD9] and our nuclear magnetic resonance (NMR)
structure of the C-terminal vestigial nuclease domain (CTD; PDB
ID: 6V1W) into their corresponding densities (Fig. 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 dsSDNA packaging ATPase
from bacteriophage asccphi28 (~45% similarity to gp16) (47). Fitted
structures were refined against their corresponding densities using
the real-space cryo-EM refinement module in PHENIX (53). After
initial refinement, the map was improved via local averaging over
equivalent subvolumes corresponding to the N- and C-terminal do-
mains 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 noncrystallographic
symmetry averaging in x-ray crystallography.

Gross features of the packaging motor
Several gross features of the motor structure are immediately appar-
ent upon an examination of the refined coordinates (Fig. 4; PDB ID:
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Fig. 4. Structure of the bacteriophage phi29 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 (54), 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.

7]QQ). First, the pRNA and ATPase are pentameric assemblies, de-
finitively resolving a long-standing controversy regarding the symme-
try of these components and refuting several reports of hexameric
assemblies (Fig. 4C) (7). Second, as previously reported (54), the
PRNA does not substantially interact with the portal but rather bas-
es in the pRNA E loop (U54, G55, and A56) interact with residues
in surrounding capsid protein E loops (GIn'"7, Lys''®, Asp'*!, and
Arg'? of one E loop and residue GIn'"’ of a neighboring E loop).
Also, consistent with previous results (31), the CTD sits above the
NTD and just below the portal where it is wedged between the
pRNA and the incoming DNA (Fig. 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 (55).

Both the N- and C-terminal domains appear to interact with in-
coming DNA (Figs. 3 and 4), again differing from results for T4 that
suggest that only the CTD interacts with DNA (55). In addition, all
five NTDs and CTDs appear to interact with DNA, in contrast to
previous results we reported that only one subunit contacts the
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DNA (35). 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. 3 and 4, B and
C). Hence, mechanisms requiring strict helical symmetry of B-form
DNA may need to be reevaluated.

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 and 5 and movie S1). The five NTDs
in the “helix” roughly wrap one turn (~10 bp) of dsDNA and are
thus arranged such that the two helices are approximately in regis-
ter about every ~2 bp. 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 and 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
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Fig. 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. 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 ST on remaining subunits are shown as colored rods and labeled along with their actual and ideal (parentheses) rotations. Transla-
tional 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.

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. In
addition, while all subunit NTDs contact the pRNA via a small
N-terminal helix, SI’s NTD makes an additional contact with the
pRNA via a small loop (Fig. 5E). This second anchor point may cause
S1’s position to deviate from helical symmetry.

Since both the CTD and pRNA are arranged as planar rings, one
question that arises is how the NTD can assume a helical arrange-
ment 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 third
contact with pRNA made by S1 described above, all subunits essen-
tially bind pRNA the same way. Instead, the pRNA changes confor-
mation to adapt to the helical arrangement of NTDs (Fig. 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
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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 lim-
ited to bending and flexing motions. Thus, to “raise” the position of
S1 to the top of the helix, the pRNA bends rather than simply short-
ening. As a result, in addition to positioning S1 closer to the portal,
it is also slightly displaced in a direction approximately perpendic-
ular to the fivefold 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. 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 fivefold axis, the NTD COM
is displaced as predicted (Fig. 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 dis-
placed as it adopts a helical structure. Hence, there is likely a com-
plex interplay between the NTD adopting a helical structure to
bind DNA and the deformation of DNA structure in response to
this binding.
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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. 3 to 5). Given the reso-
lution of the map, it is difficult to definitively catalog these residues,
but using a distance cutoff of 4 A to select residues that could poten-
tially 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 translo-
cation (36). The overall helical character of the NTD described
above is particularly apparent if one focuses on a single residue in
the motor pore. Figure 5B shows K56, which appears to track along
the 5'-3' strand of the dsDNA helix approximately every 2 to 2.5 bp.
Note that because of 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
with the opposite 3’-5" strand, consistent with its deviation from
strict C5 helical symmetry discussed above.

Intermolecular 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. 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 adja-
cent subunit. Because of deviations in the helical pitch and twist, the
orientation and the distance spanned by the linker arm are not uni-
form around the helix. The distance and orientation of the linker
seem 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. 4C and 6C). The density for the linker regions from the sub-
units 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 in-
creased 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
substantially 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. However,
S5’s linker is not part of this interface but instead is part of the inter-
face between subunits S5 and S4. Hence, the environment of S5’s
linker should be similar to the environments of the three preceding
subunits S4, S3, and S2. Nonetheless, similar to the top subunit, the
bottom subunit’s overall position and orientation deviate from the
stricter symmetry observed for the inner three subunits (Figs. 4C, 5C,
and 6C). This difference in position and orientation may account
for part of the increased flexibility observed for this region (see
also below).

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
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ATP. In this case, superimposing the structure of the bacteriophage
P74-26 DNA packaging ATPase complexed with substrate analog
ADP-BeF; (56) allowed positioning of substrate in active sites located
between two adjacent subunits, consistent with previous data (31).
In the middle three subunits (S2, S3, and S4), the nucleotide fits well
into otherwise unexplainable density. However, in the top and bot-
tom subunits (S1 and S5), there is no significant density corre-
sponding to the expected position of the nucleotide. In addition, the
linker arm closes over the active site and is thus positioned to re-
spond to ATP binding, hydrolysis, and product release (Fig. 6, A and B).
Density for the linker arm in S1 and S5 is poor, suggesting that nu-
cleotide 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 con-
tribute to a single active site, and each contributes to ATP binding
and hydrolysis (Fig. 6D). In the “cis”-acting subunit, ATP is posi-
tioned near the Walker A and B motifs that reside on loops con-
necting strands on one edge of the central B sheet of the ASCE fold,
consistent with previous results reported for phi29 and other
ATPases. ATP is further stabilized by positively charged residues con-
tributed in “trans” by an adjacent subunit. In particular, the ATPs
seem to be sandwiched between R146 and K105 (Fig. 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.
On the basis of 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 bio-
chemical experiments designed to report trans-acting activity (31, 35).
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 y-phosphate
of ATP (where nucleophilic attack occurs), whereas R146 is closer
to the adenine base and pentose sugar (Fig. 6D). Further, an arginine
residue equivalent to K105 in the thermophilic bacteriophage P74-26
was shown to function as the arginine finger (56). Hence, while
R146 likely does act in trans during nucleotide cycling, assigning it
the catalytic-trigger role of the arginine finger may be premature.
Single-molecule optical laser tweezer experiments suggest that the
R146 may play a role in nucleotide exchange (35), thus explaining
the reported transactivity while allowing for the possibility that
K105 could function as the catalytic “arginine” finger in gp16. Of
note, in 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. 6, B and D), consistent with potential roles in
coordinating either/both ATP hydrolysis and nucleotide exchange
in adjacent subunits.

DISCUSSION

Structural comparison of the phi29 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 sub-
strates bound indicated that most were assembled as planar hexameric
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Adenine
ring

Fig. 6. Domain linker and trans-acting residues. (A) Side view and (B) end-on view of adjacent subunits ST and S2, colored as in Figs. 6 and 7.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.

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 (57). Many of these structures
have a helical arrangement of subunits rather than a planar-ring
organization. On the basis of 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 it polymer substrate in a hand-over-hand, spiral escalator-
type mechanism (58-61).

Mechanism of translocation

Despite assembling as a pentamer rather than a hexamer, the results
presented here show that, similar to other ASCE ATPases, the
NTDs of the phi29 DNA packaging ATPase adopt a helical struc-
ture when engaged with their polymeric dsDNA substrate. Such an
arrangement suggests that phi29 might also use a hand-over-hand,
spiral escalator-type mechanism to propel its dssDNA into the pro-
capsid. While there are many attractive aspects of such a mecha-
nism for viral dsDNA packaging motors, there are also some
concerns. Primarily, the well-characterized dwell-burst behavior
observed for phi29 in single-molecule experiments does not natu-
rally 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, similar to the hexameric ASCE ATPases,
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the phi29 ATPase has also been observed in planar configurations
(24, 30). Similarly, our recently determined x-ray crystallographic
structures of the full-length packaging ATPase from the phi29 rela-
tive ascc-phi28 in various nucleotide-bound states are planar rings
in the absence of DNA (47).

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. 7 and movie S2). For simplicity’s sake, devia-
tions 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. 7
and the accompanying linked video.

The mechanochemical cycle begins when all five ATPase sub-
units 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 (57, 62). To optimally
engage its DNA substrate, the NTD adopts a helical arrangement
that is 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 to S5 to move a distance ap-
proximately equal to the rise of the NTD helix (~7 to 8.5 A), thus
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S1 fires and
releases DNA

S2-S5+ DNA
move up ~2.5 bp

S5
exchanges

52 fires and
releases DNA

S$3-S5+ DNA
move up ~2.5 bp

echanges ADP
for ATP

S5 moves down

Burst

S3 fires and
releases DNA

S4-S5+ DNA
move up ~2.5 bp

53 exchanges ADP
for ATP

$4-S5 move down

fires and
releases DNA

S5+ DNA
move up ~2.5 bp

52 exchanges ADP
for ATP

S5 fires
and
releases
DNA

S1 exchanges ADP
for ATP

$2-S5 move down

Dwell

Fig. 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 sym-
metry 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 PO, 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 procap-
sid (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.

bringing S2 into the same plane as S1. Further, since subunits S2 to
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 let go of the DNA,
and the $3 to 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 fur-
ther; 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 none-
theless be positioned to trigger hydrolysis in S5. Further, since the
motor reset requires that subunits S2 to 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.

Single-molecule experiments have shown that nucleotide exchange
occurs sequentially and is highly coordinated, with one subunit
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completing exchange of ADP for ATP before exchange in the next
subunit (Fig. 1B) (33, 35). 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. 7, bottom). In this path, as S5
comes into plane with SI 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 rebind 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 sub-
units sequentially drop down one position in the NTD helix, they
would be optimally aligned to bind to DNA as they rebind ATP and
increase their affinity for DNA. In contrast, if exchange occurred in
the opposite direction and S5 was 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
backward 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 re-
turned to the bottom of the helix. In this direction of exchange, S2
through S5 would all reach the optimal binding position at the same
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time, resulting in a zipper-like interaction between the NTD helix
and DNA, possibly providing a signal that the dwell has ended.

Reinitiation of the mechanochemical cycle

One question that remains is how the first hydrolysis event to initiate/
reinitiate the burst occurs. Hydrolysis in subunits S2 to S5 is cata-
lyzed 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
reestablished during the dwell, the linker domain in S1 markedly
changes its corientation to maintain interactions with S5 as S5
migrates to the bottom of the NTD helix (Fig. 6C). We propose that
as the S1 linker reorients and further closes over the active site of S1,
a glutamine (Q222) from the linker domain and an aspargine (N158)
become positioned to interact with the y-phosphate to catalyze
hydrolysis in cis (movie S3). 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 phi29-like packaging
ATPases, N158 is highly conserved among all ASCE ATPases,
supporting critical roles for these residues in the mechanochemical
ATP hydrolysis cycle.

A few gross features of the proposed mechanism are worth not-
ing. 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 mechanochemical cycle. In addition, ATP hydrolysis in one
subunit does not impose a force directly on DNA, but rather trans-
locates DNA by causing movement of adjacent DNA-bound sub-
units. 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 through-
out the entire burst phase. A similar mechanism was proposed on
the basis of single-molecule results (33) that predicted that 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 previ-
ously puzzling data. For example, the well-characterized dwell-burst
cycle (33) emerges naturally from a helix-to-planar mechanism; no
translocation occurs during nucleotide exchange as the motor walks
back down the NTD helix. In addition, this mechanism explains
how a five-subunit motor evolved to use a four-stroke cycle; only
four steps are required to convert a five-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 translation-
ally invariant position at the top of the helix, or S5, wherein hydro-
lysis of ATP is not coupled to DNA translocation. In addition, 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 bp.

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-A steps (33). Howev-
er, the translational components of the step-wise transformations to
superimpose adjacent subunits along the NTD helix (and thus the
motor step sizes) range from ~6 to ~7.5 A. 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
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ring. Despite these distortions, subunits S2 to S5 interact with DNA
approximately every 2 bp along the 3’-5’ strand, which is consistent
with single-molecule results (36). 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. In addition, our struc-
ture 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 (17). Hence, the
supposed discrepancies may not be as concerning as they seem.

The proposed mechanism also makes several testable predic-
tions. First, we would predict that a structure of the motor stalled
with ADP would show that the NTD is in a planar ring configura-
tion. Second, the mechanism predicts that the motor could also
package dsRNA, but the magnitude of the burst would reflect the
periodicity of A-form RNA. Further, we would predict that a struc-
ture of particles stalled while packaging dsRNA with a substrate an-
alog would show that the NTD adopts a helical arrangement more
complementary to an A-form RNA helix.

One question that arises for any proposed dwell-burst mecha-
nism is what prevents the DNA from sliding out of the head during
the dwell. Assuming that we are 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. In addition, lumi-
nal loops/structural motifs in the portal have been proposed to play
direct roles in DNA translocation (24, 63-66). However, in bacte-
riophage phi29, it has been shown that deleting these loops does not
affect packaging but rather destabilizes fully packaged heads (67).
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 sub-
units S2 to S5 interact with the 5'-3’ strand approximately every
2 bp at the end of the dwell/beginning or the burst, S1 is better posi-
tioned 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 posi-
tioned 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 inter-
act with DNA in both the helical and planar configurations, provid-
ing a means of holding DNA during the dwell.

In addition, 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 compact-
ed state. In addition, 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

100f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

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 associ-
ated 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 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,
but also 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 energeti-
cally 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 rebounded, the relative depths
of the energy wells associated with helical and planar arrangements
shift, and the motor traverses the oscillating energetic landscape,
much like how 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 (58-61).

METHODS

Production of packaging components

Bacillus subtilis 12A (sup-) host cells were infected with the phi29
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 ultracentrifugation using
sucrose gradients as previously described (68, 69). To ensure that
the pRNA associated with these particles was structurally and com-
positionally homogeneous, purified particles were first treated with
ribonuclease A to remove any attached pRNA and repurified as pre-
viously described (69). In parallel, 120 base pRNA was produced from
the plasmid pRT71 by in vitro transcription using T7 RNA poly-
merase and purified by denaturing urea polyacrylamide gel electro-
phoresis as previously described (70). The RNA-free proheads were
then reconstituted with uniform 120 base as previously described (69).
The genomic DNA-gp3 substrate and packaging ATPase gp16 were
prepared and purified as previously described (31, 68).

DNA packaging assay
The in vitro DNA packaging assay is based on a deoxyribonuclease
(DNase) protection assay and was performed as previously described
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(68, 69). 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 tris(hydroxymethyl)aminomethane-HCl magnesium salt (TMS)
buffer in 20 ul 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 DNase I (1 ug/ml final concentration)
and incubated for 10 min to digest the unpackaged DNA. An EDTA/
proteinase K mix was then added to the reaction mixture (25 mM
and 500 ug/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 the UVP Gel Documentation System.

ATPase assays

ATPase activity of prohead/gp16 (wild-type or mutant) motor com-
plexes was determined by measuring production of inorganic phos-
phate by the EnzChek Phosphate Assay Kit (Life Technologies) as
described previously (43). Briefly, a reaction mixture containing
reaction buffer {either kit buffer [50 mM tris (pH 7.5), 1 mM MgCl,,
and 0.1 mM sodium azide] or Tris-HCl magnesium (TM) buffer [25 mM
tris (pH 7.6) and 5 mM MgCl,]} and 0.2 mM 2-amino-6-mercapto-
7-methylpurine riboside) with proheads (4.2 nM) and gp16 (125 nM)
in 90 pl was preincubated at room temperature for 10 min in the pres-
ence of purine nucleoside phosphorylase (0.1 U). ATP was added to
1 mM to initiate the reaction and production of Pi measured in the
spectrophotometer at Az for 10 min.

Production of DNA packaging intermediates for cryo-EM

To generate the stalled DNA packaging intermediates for cryo-EM
reconstruction, packaging reactions consisting of DNA-gp3, RNA-
free proheads reconstituted with 120 base pRNA and gp16 were assem-
bled at 2x concentration (see above), and ATP was added to initiate
DNA packaging. Three minutes after ATP addition, ATP-y-S was
added to 100 uM (Roche) (ATP concentration is 500 M) and incu-
bated for 2 min. 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. 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 contribut-
ed by unpackaged DNA, 1 U of RQ DNase I (Promega) was added
and incubated at room temperature for 10 min. The sample was
placed on ice until grid preparation for cryo-EM imaging.

While enough gp16 was added to assemble functional motors on
every particle, the large number of unpackaged particles raised con-
cerns that motors on these particles were either not fully or proper-
ly assembled. Thus, the reaction mixture was loaded on a sucrose
gradient (with an excess of ATP-y-S included) to separate DNA-
filled particles from empty particles. The gradient band correspond-
ing to filled particles was dialyzed against TMS buffer supplemented
with ATP-y-S 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 par-
ticles 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
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had likely packaged but then lost DNA, they were nonetheless ex-
cluded from image processing to ensure that only functional motors
in the same state were reconstructed.

Cryo-EM grid preparation, data collection, image
processing, and model building

Approximately 3 pl of prohead particles stalled during packaging
(see above production of packaging intermediates for cryo-EM) was
applied to quantifoil 2 x 2 holey carbon grids before plunge-freezing.
Sample grids were flash-frozen in liquid ethane cooled to liquid
nitrogen temperatures on holey carbon grids using a vitrobot auto-
mated vitrification system from Thermo Fisher Scientific. Data were
collected on the Titan Krios microscope equipped with a summit K2
direct electron detector housed at the Electron Imaging Center for
Nanomachines at University of California, Los Angeles. The accu-
mulated electron dosage for each movie stack was ~40 e/A?. Sub-
sequent Contrast transfer function (CTF) correction (see below)
indicated a defocus range of ~0.5 to ~3.5 uM. Individual movie frames
were aligned with Motioncor2 (71), and particles were picked with
EMAN? (72). Subsequent image processing steps, including sym-
metry breaking and focused reconstruction, were carried using Relion
(73) and/or symmetry breaking scripts written for Relion (39) and
as implemented in Scipion (74) (Supplementary Materials). For the
DNA-filled particles discussed here, a total of 145,434 particles were
initially boxed and extracted (fig. S1). 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 par-
ticles to 12,526. Atomic models of the motor components were fitted
and/or manually built into their corresponding densities using COOT
(75) and refined using PHENIX (76). In the final refined model,
90.28% amino acid residues were in the preferred region of the
Ramachandran plot, with no 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 calcu-
lated from the refined structure and the cryo-EM map of the motor
vertex was ~0.63. Both the FSC between the model, the map, and the
d_model (76) indicated resolutions of ~4.33 A for the masked map.
For the unmasked map, the d_model resolution estimate was ~4.5 A
(fig. S1), whereas the FSC estimate was ~6.19 A, likely due to un-
modeled DNA and residual capsid protein in the unmasked map.
The focused reconstruction of the motor vertex and associated atomic
model of the pPRNA, ATPase, and DNA are deposited as EMD-22441
and PDB ID: 7JQQ, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/19/eabc1955/DC1

View/request a protocol for this paper from Bio-protocol.
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