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ABSTRACT: The motors that drive double-stranded DNA (dsDNA) genomes into viral capsids are among the strongest of all
biological motors for which forces have been measured, but it is not known how they generate force. We previously proposed
that the DNA is not a passive substrate but that it plays an active role in force generation. This “scrunchworm hypothesis” holds
that the motor proteins repeatedly dehydrate and rehydrate the DNA, which then undergoes cyclic shortening and lengthening
motions. These are captured by a coupled protein−DNA grip-and-release cycle to rectify the motion and translocate the DNA
into the capsid. In this study, we examined the interactions of dsDNA with the dodecameric connector protein of bacteriophage
ϕ29, using molecular dynamics simulations on four different DNA sequences, starting from two different conformations (A-DNA
and B-DNA). In all four simulations starting with the protein equilibrated with A-DNA in the channel, we observed transitions to
a common, metastable, highly scrunched conformation, designated A*. This conformation is very similar to one recently reported
by Kumar and Grubmüller in much longer MD simulations on B-DNA docked into the ϕ29 connector. These results are
significant for four reasons. First, the scrunched conformations occur spontaneously, without requiring lever-like protein motions
often believed to be necessary for DNA translocation. Second, the transition takes place within the connector, providing the
location of the putative “dehydrator”. Third, the protein has more contacts with one strand of the DNA than with the other; the
former was identified in single-molecule laser tweezer experiments as the “load-bearing strand”. Finally, the spontaneity of the
DNA−protein interaction suggests that it may play a role in the initial docking of DNA in motors like that of T4 that can load
and package any sequence.

■ INTRODUCTION

Some of the most important pathogenic viruses have double-
stranded DNA (dsDNA) genomes. As just one example, the
herpes viruses infect a wide variety of tissues and cause diseases
such as chicken pox, shingles, retinitis, infectious mono-
nucleosis, and oral and genital lesions. A critical step in viral
maturation is the packaging of the dsDNA genome into a
preformed procapsid. If we understood the packaging
mechanism, this might offer opportunities for the design of
novel antiviral drugs.
dsDNA bacteriophages comprise ideal model systems for

investigating genome packaging, since they are small and
simple, and because biophysical and structural studies are more
advanced for these viruses than for the pathogenic viruses.1−4

The capsids of these viruses assemble spontaneously, nucleating
around a complex of portal proteins at one vertex of the

growing icosahedric (derived from an icosahedron) structure.
The portal complex includes an ATP-driven motor that then
pumps the genome into the preformed procapsid. Figure 1
shows the structure of ϕ29, as determined by a combination of
X-ray crystallography and cryo-electron microscopy (cryo-
EM).5 ϕ29 resembles other dsDNA bacteriophages, in that it
has a pentameric ATPase and a dodecameric portal connector,
but it is the only known virus of this class that also contains
RNA, the pentameric pRNA. (There is no standard
nomenclature among structural virologists, and the ϕ29
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ATPase and connector correspond to the terminase and portal
proteins, respectively, in T4 and other bacteriophages.)
DNA packaging is resisted by electrostatic DNA−DNA

repulsions,6−13 elastic deformations of the double helix,6,9−14

and the conformational entropy cost of packaging the
semiflexible dsDNA into a small space,12,13,15 although the
latter is offset by the favorable entropy change of solvent
release.16 Single-molecule laser tweezer experiments have
shown that the dsDNA phage motors are among the strongest
of all biological motors for which forces have been
measured,17,18 generating tens of piconewtons of force. While
many models have been put forward for the mechanism of
force generation19−31 (and see refs 3 and 4 for reviews), there is
not yet any general agreement in the structural virology
community on how these motors convert the energy of ATP
hydrolysis into the mechanical energy of dsDNA packaging.
Almost all existing models are protein-centric, in that they

assume that some part of the protein grips the DNA, and that
the chemical cycle generates conformational changes in the
proteins that move the DNA forward with lever-like motions.
Such models often use “ATPase” and “motor” as synonyms,
treating the DNA as a passive substrate and assuming that the
ATPase has the lever arm that is responsible for DNA
translocation. In contrast, one model has argued that the tunnel
loop of the portal protein is the force-generating element.30

This view was challenged by the observation that deletion of
the entire 18-residue tunnel loop has little effect on the
efficiency of DNA packaging but that it impairs DNA retention
in the mature virus.32 While it is logical to assume that lever-like
protein motions generate translocation, there is no direct
evidence that this is how these motors actually work, or that
DNA is a passive substrate.
Two models suggest an active role for DNA conformational

changes in the process of force generation. Lindsay Black and
his collaborators proposed that DNA is “translocated by a
compression and release mechanism”,19 which they later called
DNA “crunching” by the motor.21 Their proposal was
supported by fluorescence energy transfer (FRET) experi-
ments,21 and by the observation that intercalating agents are
driven out of the DNA during packaging.33 We recently
proposed an alternative explanation of the FRET experiments,
and different roles for the protein and DNA conformational
changes.31 Whereas the Black model implies lever-like protein
motions that crunch the DNA (the figures in those papers3,19,21

show protein levers that act directly on the DNA), we proposed

that the protein closes on the DNA, stripping solvent from it,
and that this dehydration drives DNA from the B-form to the
A-form.31 A-DNA is the form of the molecule at low water
activity, and it is shorter than B-DNA by about 23%.34,35 This
shrinkage is the same reported in the FRET experiments.21 We
proposed that the shrinking and elongation of DNA through
cyclic transitions between the B- and A-forms are coordinated
with a protein−DNA grip-and-release cycle, driving the DNA
forward into the capsid. Rather than being “crunched” by the
motor, the DNA “scrunches”. (In the work reported here, we
will argue that the scrunched form of the DNA is not the
canonical A-DNA conformation but an even shorter form,
which we designate A*.) The scrunchworm cycle is shown in
Figure 2.

Although the Black model3,19,20 and our model31 propose
different origins for the conformational changes in DNA, they
both suggest that these conformational changes are intimately
connected to force generation; to our knowledge, no other
models propose an active role for the DNA.
In the absence of high-resolution structures for the ATPase

and connector proteins in situ at each stage of the chemical
cycle, with DNA inside the channel, we cannot know if different
protein conformations drive the DNA into different con-
formations and, if so, what those are. In this paper, we describe
investigations into this issue.
We know that protein−DNA affinity depends on a match

between the conformations of the two molecules; i.e., DNA
conformation responds to protein conformation. This leads to
the hypothesis that the reverse is also true: protein
conformation responds to DNA conformation. Coupling that
hypothesis to our earlier proposal that transitions between B-
DNA and A-DNA are central to the motor’s mechanism, we
examined the protein’s response when each of those forms of
DNA is present in the channel, using molecular dynamics
(MD) simulations.36 We carried out simulations on four
different DNA sequences, to see whether or not there is
evidence of sequence-specific effects. As will be seen, the results

Figure 1. Cross section of ϕ29, showing the capsid (gray), ATPase
(cyan), connector (yellow), pRNA (magenta), and DNA (red). From
Mao et al.,5 with permission.

Figure 2. Scrunchworm model.31 The top of the molecule is held by
grip 1 as DNA makes the transition from the B-form to a shorter form
(A*), so the tail of the DNA at the bottom of the figure is pulled
upward. Later in the cycle, the bottom of the molecule is held by grip 2
as it makes the transition back to the B-form, so the head of the DNA
is pushed upward. The LilF A* structure is a typical scrunched
conformation (see below), and that molecule is used in this figure.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.6b02149
J. Phys. Chem. B 2016, 120, 6200−6207

6201

http://dx.doi.org/10.1021/acs.jpcb.6b02149


support one tenet of the scrunchworm modelthe DNA
scrunches as DNA−solvent interactions are replaced by DNA−
protein contacts; there is no requirement that the DNA be
“crunched” by lever-like protein motions. However, the
simulations do not support our previous hypothesis that
shrinkage is due to a transition from B-DNA to A-DNA.
Instead, the DNA assumes a different conformation (A*) that is
even more scrunched than A-DNA. In addition, we will argue
that portal proteins like the ϕ29 connector may play a role in
the initial docking of the DNA substrate into the motor.

■ METHODS

Modeling and Simulations. We simulated four different
DNA sequences in the channel of the ϕ29 portal (Table 1).
Sequence design was based on the hypothesis31 that sequences
with different A-phobicities will generate different forces, using
the “D-10” values for ΔGBA from Table 2 of Tolstorukov et al.37

The BigF and LilF sequences are predicted to generate very
large and small forces, respectively, while MedF and RandF are
predicted to generate forces of intermediate magnitude. With
each DNA sequence, we carried out two classes of simulations.
In the first, the DNA was docked in the A-form, while, in the
second, B-DNA was docked into the connector. For each of
these two classes, we equilibrated the protein/solvent system
with the DNA conformation restrained and then released all
restraints and followed the evolution of the structure.
We used the Kumar−Grubmüller model for the ϕ29

connector.38 That model was derived from the 2.1 Å resolution
crystal structure (PDB 1H5W).39 The crystal structure is
missing residues A230−S244, but they were included in that
model. Ideal models of A-DNA and B-DNA with different
sequences were built using the Web 3DNA server at Rutgers
University (w3dna.rutgers.edu).40 DNA helicoidal parameters
for the various conformations produced during the simulations
were determined using 3DNA,41,42 which can be downloaded
from the 3DNA Web site at Columbia University (x3dna.org).
(For definitions of the DNA helicoidal parameters such as rise,
twist, inclination, slide, and X-displacement, see refs 43 and 44.)
We began all simulations with the model of the ϕ29

connector that had been equilibrated with B-DNA in the pore
in the original study.38 We docked dsDNA (A-DNA or B-
DNA) into the channel and solvated with TIP3P water45 and
sufficient ions to neutralize the system in 150 mM NaCl. In
each simulation, the system was minimized (5000 steps), the
solvent was relaxed over 500 ps of MD, the protein and DNA
bases were relaxed over 200 ps with the DNA backbone
restrained, and the temperature was then increased to T = 310
K over 600 ps with no restraints, after which the production run
began. All simulations were carried out with NAMD,46 using
the CHARMM36 force field47,48 and SHAKE49 restraints on
the bonds, permitting a 2 fs time step. We used rectangular
periodic boundary conditions on the isobaric−isothermal
(NPT) ensemble, using the particle mesh Ewald (PME)50,51

algorithm for handling long-range forces.

A Reaction Coordinate along the A ⇔ B Pathway. A-
DNA and B-DNA differ in a number of ways, including base
pair helicoidal parameters such as X-displacement, slide,
inclination and twist, and the values of some torsion angles,
particularly the glycosidic torsion, χ. El Hassan and Calladine
found that one particularly useful distinguishing feature is the
position of the phosphate group joining successive base pairs,
measured relative to the mean base pair plane.52 This parameter
is designated Zp in the output of 3DNA.41,42 Lu et al. showed
that discrimination is improved by simultaneously examining
Zp and χ.53 This leads us to introduce the A-B index (ABI),
defined so that ABI = 0 for ideal A-DNA and ABI = 1 for ideal
B-DNA. For a given base pair step X,

χ χ
χ χ

=
−
−

+ −
−

⎡
⎣⎢

⎤
⎦⎥X

X A
B A

X A
B A

ABI( )
1
2

Zp( ) Zp( )
Zp( ) Zp( )

( ) ( )
( ) ( ) (1)

where Zp(A) = 2.2 Å, Zp(B) = −0.4 Å, χ(A) = −157°, and
χ(B) = −108°, the mean values for high-resolution X-ray crystal
structures of A- and B-DNA (Figure 3; Table 1 of ref 53).

Zp(X) is the average of the Zp values for the two phosphates
linking the two base pairs in the step (one on each strand),
while χ(X) is the average value of the glycosidic torsions of the
four nucleotides that form the base pair step. We note that the
ABI can lie outside the range 0 ≤ ABI ≤ 1, if Zp and/or χ lies
beyond its value in A-DNA or B-DNA. The calculation of ABI
has been implemented in 3DNA as of version 2.3.

■ RESULTS

When the connector was equilibrated with DNA held in the B-
form, the protein made only very small conformational changes.

Table 1. DNA Sequences Used in the Simulations

name sequence

BigF AAATTTTGAAAAATTTTTCAAAAAAAATTTTGAAAATTTT
LilF GGGGGTACCCCTGGGGGCCCCCTAGGGGGTACCCCGGGGG
MedF AGATCAGATCTCAGATCGATCGATCTCATGATCTGAGATG
RandF AGAAGAAGTTAAGCGCCCGAGTATTACCTATTCGGCTGCT

Figure 3. Definition of the A-B index (ABI). Black points are
representative conformations of individual base pair steps defined in
two-dimensional (χ, Zp) space, taken from high-resolution X-ray
crystal structures of A-DNA and B-DNA.53 (Figure reproduced with
permission.) Ideal configurations of A- and B-forms are shown by the
red circles with yellow outlines. The ABI is defined by a linear
combination of normalized values of χ and Zp (eq 1), and the ABI
scale is shown here in red. Note that values outside the range 0 ≤ ABI
≤ 1 do occur.
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This is almost certainly a consequence of the fact that the
original model for the ϕ29 connector38 had been equilibrated
against B-DNA before we received it. When the DNA restraints
were then released, we did not see any remarkable conforma-
tional changes in the DNA in the subsequent equilibration
periods, which ranged from 16 to 30 ns in different simulations.
Kumar and Grubmüller recently examined the behavior of the
same protein−DNA complex in multiple MD simulations,
covering a total of more than 1 μs. They reported “DNA
compression (that) supports a recently proposed model,
according to which the DNA is packaged in a cycle of
compression and expansion, very much like a scrunchworm”,54

citing our model.31 There are two possible explanations for the
fact that our simulations starting with DNA in the B-form did
not generate that scrunched DNA conformation. First, the
difference may be due to force field effects, because we used the
CHARMM force field, while Kumar and Grubüller used the
AMBER force field. We are not aware of any extensive
comparative simulations examining force field effects in DNA−
protein complexes. Second, the Kumar−Grubmüller simula-
tions were an order of magnitude longer than ours, so we may
simply have failed to reach that equilibrium structure.
When the DNA was restrained in the A-form during the

protein equilibration and the DNA restraints were subsequently
released, a common ∼11 bp “core” region of the DNA changes
quickly (∼1−3 ns) to a new conformation, designated A*, near
the center of the connector channel. Figure 4 shows a snapshot

of the four structures 3 ns after releasing the restraints on the
DNA. Remarkably, the location and the structure of the core
are similar for all four DNA sequences from Table 1.
The A* structure resembles A-DNA at first glance, with large

base pair inclinations relative to the helix axis, and with large
negative X-displacement. The latter is manifested as a hole
when looking down the helix axis, in the bottom panel of Figure
4b. However, the 10 base pair steps have a smaller average helix
twist than A-DNA (26.5° vs 33.6°) and a smaller average rise
(2.1 Å vs 2.6 Å). The latter means that the A* structure is even
more scrunched than A-DNA, as can be seen by comparing A-
DNA with the four core structures (upper panel of Figure 4b).
A plot of the ABI profiles for the DNAs with different

sequences shows that the A* structure is bounded on both
sides by regions with 4−5 base pair steps that have strong A-
form qualities, with ABI ∼ 0 (Figure 5).

The connector clip and tunnel loops make close contacts
with the DNA in our simulations, and the core structure forms
in a pocket between these domains (Figure 6). The DNA

interactions with the tunnel loops are reminiscent of those from
the recent simulation by Kumar and Grubmüller, in which it
was argued that the tunnel loop may serve as a “check-valve” to
prevent DNA backsliding,54 as had been proposed ear-
lier.32,55,56

Side chains from the stem domain reach into the minor
groove of the core. These appear to be nonspecific interactions,
as none of the interactions occurred persistently in all four
structures. This is not surprising, since all four DNA/connector
complexes have similar geometries, in spite of the different
sequences. It is also interesting to note that protein interactions
with the core DNA backbones are asymmetric in all four
structures. With a 5 Å cutoff criterion, the number of
interactions with the strand packaged in the 5′-to-3′ direction
(the “downward” strand in Figures 4 and 6) is 1.5−2.2 times
the number of interactions with the upward strand. This is
potentially significant, since, in laser tweezer experiments,
various modifications of the downward strand backbone
consistently showed a larger impact on packaging force and
DNA slippage than did modifications to the upward strand,
leading those investigators to call the downward strand the
“load-bearing strand”.57

Three observations are important. First, very similar core
structures are obtained for four DNAs with quite different
sequences (Figures 4−6). Second, the A* structure is

Figure 4. An unusual 11 bp “A*” structure forms rapidly when the
protein has been equilibrated against A-DNA, and then, the restraints
on the DNA are released. (a) Superposed structures of the complexes
with four different DNA sequences; protein is shown in gray, the A*
structure in red, and the rest of the DNA in yellow. (b) Orthogonal
views of base pair steps 14−24, for A-DNA (blue) and for the A*
structures from MD simulations on the DNA−connector complex for
DNA molecules with the LilF (red), BigF (orange), MedF (green),
and RandF (cyan) sequences, respectively.

Figure 5. ABI profiles for the four DNA molecules whose core
structures are shown in Figure 4, with the average profile shown in red.
Note the A-form boundary regions.

Figure 6. Cross-eye stereo view of the interactions between DNA and
the connector protein. The DNA core is red. Two of the 12 connector
monomers are shown, with colors identifying the clip (magenta), stem
(blue), and wing (green) domains. The loops of the wing domain that
interact with DNA are called the “channel loops”32 or “tunnel
loops”;71 we use the latter nomenclature.
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metastable, persisting for ∼10−30 ns in the different
simulations, before relaxing to B-form conformations. Third,
the structures only occur when the connector protein
dodecamer has been equilibrated around A-form DNA.
Taken together, these facts demonstrate that the protein is
capable of adopting a conformation that drives DNA
scrunching, and they suggest that a pocket between the
connector clip and tunnel loops (Figure 6) comprises the
motor’s putative dehydrator region.

■ DISCUSSION
These results complement a recent report that DNA
scrunching occurs in very long MD simulations on a fifth
DNA sequence (ATG GCA CGT AAA CGC AGT AAC ACA
TAC CGA TCT ATC AAT GAG ATA CAG CGT CAA AAA
CGG).54 Those authors carried out a series of MD simulations
on DNA docked into the ϕ29 connector, the same model we
used, covering more than a microsecond. As seen in Figure 7,

they reported two regions of DNA scrunching (reduced rise per
base pair along the axis of the double helix). There is a small
zone of scrunching in the area of the tunnel loops, and a larger
zone in the lower part of the channel. The latter is in the same
region where we found scrunching. Like our structures, their
DNA structure in the lower part of the channel is “beyond A-
DNA”, in the sense that the values of rise, X-displacement,
inclination, and twist angle all differ from those of B-DNA in
the same direction as, but by values that are larger than, the
corresponding differences between A-DNA and B-DNA.
As seen in Figure 2, the scrunchworm model posits two

“grips”, one distal to the dehydrator (closer to the motor’s exit)
and one proximal to it (closer to the entrance of the motor). It
is tempting to associate the former with the tunnel loops,
because they have been suggested to form a check valve that
prevents backward sliding.32,54−56 However, deletion of up to

18 amino acids from the loop does not significantly hinder
packaging,32 which poses a serious problem for this idea. The
identity and location of protein−DNA grip(s) thus remains an
open question, as it is for all other models of force generation
by dsDNA viral packaging motors.
In support of our argument for a conformational change in

the portal, it has been shown that conformational flexibility
within at least one portal system (SPP1) is required for
packaging activity.58 Those authors rigidified the portal with an
engineered set of reversible disulfide links between the stem
alpha helices, finding that the motor could no longer
translocate DNA when the disulfide bonds were present,
although genome retention was not affected.
At the time we proposed the scrunchworm hypothesis,31 it

was unclear whether the complex between the ϕ29 connector
and the scrunched DNA was a high-energy state, driven by the
energy released by ATP hydrolysis, or a low-energy state. The
results of the Kumar−Grubmüller simulations suggest that it is
a low-energy state. If so, then this structure could also provide
the attractive force responsible for initial docking of the DNA
substrate into those motorslike T4that will bind to and
package any dsDNA substrate, particularly short dsDNAs.33

(Packaging of the ϕ29 genome is primed by a virally encoded
protein, gp3, covalently bound to the first adenine of the 5′ end
of the genome,59−61 and packaging efficiency is sharply reduced
if gp3 is truncated or absent.62,63)
There have been suggestions that portal proteins like the ϕ29

connector help to organize the DNA in the mature capsid, so
that it is poised for easy release;64,65 that it plays a role in the
“head-full” mechanism that senses when a full genome has been
loaded;66 and that it assists in retention of the genome in the
mature virus.67,68 We now propose that attractive interactions
between portal proteins and scrunched DNA may also play a
role in the initial docking of the substrate into the motor.

Role of the ATPase: Do Protein Levers Compress the
DNA? DNA translocation is, of course, ultimately driven by
conformational changes in the ATPase due to ATP binding and
hydrolysis, and product release. The intermediate steps are not
yet known in detail, but FRET measurements reveal that
conformational changes in the T4 terminase/portal complex
and within the DNA substrate are both essential components of
the power stroke.21,33,69 These results support Black’s proposal
that lever-like motions drive translocation by crunching DNA
with a transient spring-like compression mechanism.3,19,21

However, the specific protein−DNA contacts implied by this
mechanism have not yet been identified. Another possibility is
that the terminase/portal conformational changes generate a
cycle of DNA dehydration and rehydration that leads to DNA
scrunching.31 Our simulations and those of Kumar and
Grubmüller54 show that the portal can adopt a conformation
that leads to DNA scrunching, without the application of lever-
like forces to the DNA itself. It is remarkable that these
scrunched DNA structures show up in simulations on five
different sequences that used two different force fields and quite
different equilibration protocols. These results supportbut do
not provethe scrunchworm model. It remains possible that
DNA is “crunched” by lever-like protein motions.3,19−21,33

We have previously called for experiments to test predictions
of the scrunchworm hypothesis, as these would be capable of
disproving the model or requiring its revision.31 Of particular
importance are the prediction that the transition between B-
DNA and A-DNA will generate forces of tens of piconewtons
and the prediction that the force generated by the packaging

Figure 7. Deviations (solid line) and standard errors (bars) of four
base pair step parameters, measured from the B-DNA conformation,
from four 300 ns simulations.54 These simulations started with DNA
in the B-form. Positions along the x-axis are measured from the center
of the channel. There are two regions of DNA scrunching (reduced
rise), a pronounced region in the lower part of the channel (pink
shading) and a smaller region near the top of the channel. The former
corresponds to the region of the core structure shown in Figures 4−6.
Adapted from Figure 4D of ref 54, with permission. The coordinate
system in the original figure had the bottom of the channel at the right
(positive z). We have reversed the coordinate system, so that the
orientation matches that of Figures 4−6.
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motor will depend on the sequence of the DNA substrate. We
had also predicted that the motor will not load dsRNA, because
RNA has the A-form and cannot undergo the B to A transition.
Thus, if loaded with a dsDNA molecule that has a long dsRNA
insert, the motor will not pass the RNA insert. (The A* DNA
in Figure 4 is, as noted above, more scrunched than A-DNA, so
our prediction should be revised: the motor will fail to package
dsRNA inserts, or it will generate only modest forces when
doing so, as the RNA undergoes transitions between the A- and
A*-forms.) Black’s lab has shown that dsRNA molecules and
RNA-DNA heteroduplexes are not packaged by the T4
motor,19 but they did not demonstrate that those molecules
are docked into the motor. Therefore, it is not clear if the
inability to package a dsRNA molecule is due to failure to load
the molecule or failure to drive it forward. An examination of
how the motor is affected by dsRNA inserts of varying lengths
could provide important insights into the mechanism of force
generation.

■ CONCLUSIONS
Significant questions remain. It is not yet clear exactly how the
events of the chemical cycle are coupled to the mechanical
events that lead to DNA translocation. Do conformational
changes in the ATPase crunch DNA,3,19,21,33,69,70 or do they
drive conformational changes in the connector that alternately
dehydrate and rehydrate the DNA, causing DNA scrunching?31

Or does the truth lie somewhere in between? Andwhatever
the origin of the DNA shortening−lengthening cyclehow are
these motions captured to rectify the motion, leading to
translocation?
The results reported here and the Kumar−Grubmüller

simulations54 both add to the growing evidence that DNA
shortening is an essential component of force generation, and
that the ϕ29 connector is more than a passive conduit. DNA
shortening has been experimentally detected by experiments
from the Black lab.3,20,21,33 An active role for the connector is
suggested by the damaging effects of deletion of the tunnel
loops,32 and the loss of packaging activity when the SPP1 portal
is conformationally restrained by cross-linking.58

If the scrunchworm model is confirmed by subsequent
studies, this would be, to our knowledge, the first
demonstration that conformational changes in a nucleic acid
are capable of generating large forces, and that these are an
essential component of the translocation mechanism. It would
no longer be appropriate to use the words “motor” and
“ATPase” (or “terminase”) as synonyms, particularly if
conformational changes in the connector are shown to be an
essential component of the chemo-mechanical cycle. And it
would be particularly interesting to see whether scrunching also
has a role in generating DNA translocation in nonviral motors.
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