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The pentameric ATPasemotor gp16 packages double-strandedDNA into the
bacteriophageϕ29 virus capsid. On the basis of the results of single-molecule
experimental studies, we propose a push and roll mechanism to explain how
the packaging motor translocates the DNA in bursts of four 2.5 bp power
strokes, while rotating the DNA. In this mechanism, each power stroke
accompanies Pi release after ATP hydrolysis. Since the high-resolution
structure of the gp16 motor is not available, we borrowed characterized
features from the P4 RNA packaging motor in bacteriophage ϕ12. For each
power stroke, a lumenal lever froma single subunit is electrostatically steered
to the DNA backbone. The lever then pushes sterically, orthogonal to the
backbone axis, such that the right-handed DNA helix is translocated and
rotated in a left-handed direction. The electrostatic association allows tight
coupling between the lever and the DNA and prevents DNA from slipping
back. The lever affinity for DNA decreases towards the end of the power
stroke and the DNA rolls to the lever on the next subunit. Each power stroke
facilitates ATP hydrolysis in the next catalytic site by inserting an Arg -finger
into the site, as captured in ϕ12-P4. At the end of every four power strokes,
ADP release happens slowly, so the cycle pauses constituting a dwell phase
during which four ATPs are loaded into the catalytic sites. The next burst
phase of four power strokes starts once spontaneous ATP hydrolysis takes
place in the fifth site without insertion of an Arg finger. The push and roll
model provides a new perspective on how a multimeric ATPase transports
DNA, and it might apply to other ring motors as well.
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Introduction

Multimeric ring ATPases transform chemical
energy into mechanical work by hydrolyzing
nucleotides at multiple catalytic sites to generate
forces. These motors translocate substrates along
their axes for various purposes, such as protein
degradation and DNA translocation.1,2 Two essen-
tial questions arise in understanding the way these
ATPases achieve their functions. (1) How do the
subunits of the ATPase couple the catalytic site to
the DNA (or protein substrate) and generate the
translocation forces? (2) How are the individual
subunits coordinated around the ring during re-
peating cycles of ATP hydrolysis? Most of the

known multimeric ring ATPases appear to coordi-
nate hydrolysis sequentially,3–8 albeit exceptions
exist.9 Nevertheless, the exact mechanism used for
coordination is unclear. Moreover, the force-gener-
ation mechanism between the ATPase subunits and
the substrate remains vague, in part due to the
absence of the DNA in structural studies. To
investigate these issues, we studied a model system:
the DNA packaging motor in bacteriophage ϕ29.
Packaging the genome into the viral capsid is a

key event in the life-cycle of many viruses. The
bacteriophage ϕ29 that infects Bacillus subtilis is one
of the simplest and most intensively studied viral
packaging systems.10,11 The genome of ϕ29 is made
of a linear double-stranded DNA (dsDNA) of about
19.3 kb, encoding 20 proteins. Packaging the long
piece of dsDNA into a near-crystalline state inside a
virus capsid ∼50 nm in diameter generates a high
back pressure due to the entropic barriers, electro-
static repulsions and bending energies of DNA.12–15

The pressure can be utilized later on to eject the
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genome into the host cell during viral infection.16,17
To surmount the high pressure, the packaging is
done by a powerful molecular motor that uses the
chemical energy of ATP hydrolysis to translocate the
dsDNA into the capsid. An image of the ϕ29 DNA
packaging system obtained from the cryo-electron
microscope (cryo-EM) density map is shown in
Fig. 1a.18 It consists of three multimeric rings: an
ATPase (gp16), a 174 base RNA (pRNA), and a
dodecameric portal connector (gp10). These rings
are located at a unique five-fold vertex of the
icosahedral capsid (the prohead).19 Cryo-EM recon-
struction shows that the ATPase and pRNA form
pentamers.18 A similar pentameric organization of
the ATPase has been found recently in the DNA
packaging motor of bacteriophage T4.20

Despite early suggestions of a variety of DNA
packaging mechanisms,21–24 involving mostly the
portal connector rotation, other work25–27 and most
recent experimental studies28 show that the active
force generation component of the motor is the gp16
ATPase. In this work, therefore, we studied the
DNA packaging ATPase of ϕ29. The system has
been investigated intensively in experiments using
single-molecule manipulation techniques.28–33 We
present a mechanochemical model based on current
experimental knowledge, homolog structural infor-
mation, and a few necessary, but generic, assump-
tions. The model provides a physical picture of how
this multimeric motor system translocates dsDNA.

Constructing the Model

Experimental basis for the model from
single-molecule studies

Our model is built upon experimental studies of
the ϕ29 DNA packaging system using single-

molecule optical tweezer measurements.29–32 These
experiments indicated that DNA translocation does
not occur during ATP binding to the motor, but is
likely to be associated with inorganic phosphate (Pi)
release after ATP hydrolysis.30 Also, experiments
showed that the motor affinity for the DNA is high
in the ATP-bound state but low in the ADP-bound
or empty (apo) state.30

Further high-resolution optical tweezer studies
examined the coordination between subunits and
the DNA translocation step size.31 Measurements at
high load forces showed that the packaging pro-
ceeds in bursts of 10 bp steps, each composed of four
2.5 bp substeps. Data analysis suggested that a
dwell phase following the burst phase is composed
of four ATP-binding events and several non-ATP-
binding events (Fig. 1b).
Recent experiments on packaging-modified DNA

substrates indicates that the motor is promiscuous
because it can package a variety of chemical
moieties.32 In particular, experiments showed that
the motor can package a DNA substrate with
charge-neutral inserts, and that the packaging
probability decreases with the length of the insert.
Statistical analysis of neutralized DNA packaging
suggested that the motor maintains specific contacts
during the dwell phase with successive 10th and
11th phosphate charges. Many different contacts are
made during the burst phase of 10 bp, when the
DNA is actually translocated.32 These burst phase
contacts are not made with unique nucleic acids,
suggesting that much of the force that drives
translocation is mediated by steric interactions.
Importantly, preliminary studies suggest that the
DNA can be negatively rotated (in the under-
winding direction) during packaging.33 Here, we
develop a mechanochemical model of the DNA
packaging based mainly upon the recent high-
resolution31 and DNA rotation measurements.33

Fig. 1. The ϕ29 DNA packaging system and essential optical tweezer measurements. (a) Images (courtesy of M.
Morais) from cryo-EM studies of the packaging system.18 The dodecameric connector (gp10, green), pRNA (magenta) and
ATPase pentamer (gp16, blue) with the DNA modeled for visualization.18 (b) The essential experimental results from
high-resolution optical tweezer measurements.31 DNA translocation proceeds in bursts of four power strokes of 2.5 bp
separated by dwell phases wherein four ATPs are loaded into four catalytic sites. There are also multiple rate-limiting
events in the dwell phase that do not involve ATP binding.
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Borrowing structural and mechanochemical
features from the P4 packaging motor

Currently, there is no atomic structure for the
gp16 packaging ATPase, so we used structural
features from similar systems where the structure is
known. Comparative genomic studies34 suggest
that ϕ29-like ATPases belong to the HerA/Ftsk
superfamily.35 However, homology modeling of
the gp16 (see Supplementary Data and Fig. S1)
shows that it is unlikely that gp16 utilizes the
rotary inchworm mechanism proposed for Ftsk.36

As we examined candidate reaction schemes for the
gp16 packaging consistent with the optical tweezer
measurements,31,32 one particular scheme lent itself
naturally to the structural features and coordina-
tion mechanisms characterized in the ϕ12-P4
motor.6,37,38

The P4 protein is a hexameric ATPase closely
related to the superfamily 4 helicases in the RecA-
like ASCE division of the P-loop NTPases.34 It
packages single-stranded (ss) RNA into the capsid
of ϕ12 by amplifying small changes in the ATP-
binding site (∼1 Å) into a larger translocation
movement (∼6 Å).37,38 The structural entity in P4
that directly drives the ssRNA translocation is a
moving lever composed of the superfamily 4 heli-
case motifs H3 and H4 and loop L2 (helix–loop). The
lever is in the up position in the ATP-bound state,
and the lever moves downward after ATP hydroly-
sis and Pi release

37,38 (note that in P4, by convention,
the packaging direction is down; the packaging
direction is up for gp16 in this work). A positively
charged residue (Lys241) lies at the tip of the lever
and binds to the RNA backbone during the
translocation. Also, the movement of the lever in
one subunit might facilitate hydrolysis in the
adjacent subunit by inserting an Arg finger
(Arg279) into the neighboring catalytic site to
stabilize the transition state.6,38 Finally, the force
generation step for P4, as in gp16, is likely to be
accompanied by Pi release after ATP hydrolysis.36

In the current model of gp16, we have borrowed
the lever motion and its sequential and cooperative
hydrolysis mechanisms from P4,6,37,38 which are
likely to be general features of many ring translo-
cases, but they have been elucidated most promi-
nently in P4. The cryo-EM studies of gp16 have
identified some density associated with the ATPase
in the central channel of the motor in proximity to
the DNA, suggesting a structure there that actively
translocates DNA.18 Interestingly, one can find
several candidate amino acid residues in the vicinity
of, and including, Arg122 that are likely to bind to
the DNA (see Supplementary Data Fig. S1).39 This
location also seems coincident with the central
density mentioned above. Therefore, the model
here for gp16 utilizes the lumenal loops, or motor
levers, to drive DNA packaging in ϕ29 by moving
up and down in each subunit. This choice is logical
because the lumenal loops emanate from the central
β-sheet from which also emanates the P-loop that
grasps the nucleotide during ATP binding in P4.37

Besides, an Arg finger has been identified in gp16
(Arg146) on the basis of sequence alignments from
comparative genomic studies.34,40 Thus, the hydro-
lysis coordination mechanism using Arg finger
insertion in P46,38 is also used in building the
chemical reaction path in our gp16 model.

The motor is a closed planar pentameric ring

Currently, the detailed structure of gp16 is not
known. At relatively low resolution, the cryo-EM
reconstruction18 of gp16 and the structural studies
of ϕ12-P437 and the T4-gp17 packaging motor20 do
not show any large structural deviation of the motor
from a symmetrical multimeric ring. To build a
motor model with minimal geometric complexity,
we assume that, on average, the gp16 motor
subunits form a closed planar ring with five-fold
symmetry.18,20 Thus, our model differs from sys-
tems that deviate significantly from a planar
geometry, such as the hexameric transcription factor
Rho7 and the E1 helicase.8

In what follows, we first present a kinematic
model explaining how the DNA can translocate30,31

and possibly rotate33 when it is packaged through
the motor ring. Next, we examine the forces that
drive or assist the DNA along the kinematic
trajectory. These forces arise from several sources.
The proximal energy source for driving transloca-
tion is the binding of ATP to the catalytic site. The
motion of the lever is delivered to the DNA by steric
interactions between the DNA backbone and the
lever that transmits the packaging force from the
catalytic site to the DNA. The electrostatic interac-
tions between the DNA phosphates and the lever
charges couples the lever movements to the DNA,
stabilize the DNA–lever association and facilitate
the DNA to roll from one subunit to the next. We
complete the mechanochemical model by construct-
ing a dominant reaction pathway deduced from the
experimental measurements on the dwell–burst
behavior of the packaging cycle.30,31 We used this
model to conduct stochastic simulations of the
packaging dynamics. These simulations fit quanti-
tatively the optical tweezer measurements under
various substrate concentrations and load forces.30

Further questions are addressed separately, such as
how the 2.5 bp step size arises and its related
registry problem, which strand the motor pushes on,
and how the gp16 packaging motor compares with
the relatively well characterized F1-ATPase motor.

Results

Kinematics of the push-and-roll model

For simplicity, we begin by examining the
kinematics of the motor DNA packaging system
that geometrically fit with experimental measure-
ments. The experiments have found that, during
packaging, DNA translocates in substeps of ∼2.5 bp
(∼0.85 nm)31 and rotates negatively in the DNA
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underwinding direction.33 Below, we use the ϕ12-P4
lever structure to illustrate the gp16 model, as
shown in Fig. 2a (note that he packaging direction
is up).
In this kinematic model, the DNA movement

consists of two parts: a push by the motor lever
perpendicular to the phosphate ridge (see Fig. 2a
and below), followed by a rolling of the DNA when
the lever releases/withdraws from the DNA at the
end of the power stroke. This rolling motion carries
the DNA from the current lever to the next (i.e. from
subunit S2 to subunit S3) as shown in the lower
panel of Fig. 2b.
The lever driving the power stroke in gp16 was

assumed to be similar to that in ϕ12-P4 (see also
Supplementary Data Fig. S1). It has a positively
charged residue at the tip of the lumenal loop that
extends from the central β-sheet that engages the
DNA by moving toward the DNA backbone and
pushing upwards in the DNA groove perpendicular
to the DNA backbone (see Fig. 2a). As a result, the
lever moves the DNA both vertically, along the
packaging direction, and horizontally, in the tan-
gential direction of the DNA cross-section. The

horizontal motion causes the DNA to rotate about
its axis by an angle θpush. For each 2.5 bp of
packaging distance (modeled as the swing distance
of the lever tip), the lever rotates the DNA by an
angle θpush≈−30°, due to the tilting angle of the
DNA strand (Fig. 2b; Supplementary Data Fig. S2c).
Note that the DNA translocates in the direction
coming out of the page in the top view, and this
convention applies to all other figures in this work.
θpush depends only on the DNA geometry, which we
assume is in the B-form. The negative sign indicates
a clockwise DNA rotation with respect to the view
in the figure, which in this case coincides with the
DNA underwinding direction.
Upon completion of the power stroke, the lever

releases the DNA, allowing the DNA to roll
(without sliding) from the current subunit towards
the next subunit located clockwise at φ=−2π/5=
−72°. This rolling motion also leads to a DNA
rotation, θroll, in a counterclockwise (positive)
direction. The magnitude of θroll depends on the
relative size of the motor ring lumen to that of the
DNA. The DNA radius in its cross-section is RN,
and the motor lumen radius is RP, measured in the

Fig. 2. The push and roll model of the DNA packaging in ϕ29. (a) A molecular view of the packaging lever and the
DNA substrate. This view was generated from VMD60 using the structure of the P4 motor from ϕ1237 for the purpose of
illustration. The packaging direction here is up. Themotor lever is shown inmagenta, with a positively (+) charged residue
(Lys241 in P4) at the tip. The rest of the motor subunit is in green. The dsDNA is modeled as the substrate of gp16. The
DNA is colored according to atom-type: oxygen, red; phosphorus, brown; carbon, cyan; nitrogen, blue. (b) One example
showing theDNAmovement upon a power stroke. Left: a schematic top view of the DNAand themotor ring. Subunits are
denoted by Si, i=1,… 5, and the hydrolysis state of each is in parentheses: T, ATP-bound; D, ADP-bound. For each power
stroke (T→D),30 the motor lever pushes the DNA up by 2.5 bp (out of the paper) and rotates it by θpush≈–30°. The DNA
then rolls to the next subunit when the lever releases the DNA, leading to an additional DNA rotation of θroll=+18° (when
RP/RN=5/4). Thus, each power stroke can produce a total DNA rotation of –12°. Right: coordinate and trace of a point on
the DNA during packaging corresponding to the special case: the DNA is rotated by θpush(1→2)+θroll(2→3)=θtotal≈–12°
for every 2.5 bp translocated. The actual trajectory is likely to be more like the red line where the rolling commences before
the push has completed. (c) The overall DNA rotation predicted for each power stroke versus the relative size of the motor
ring cross-section to that of the DNA (RP/RN): a negative (underwinding) rotation of the DNA ifRP/RN b1.4, no rotation at
RP/RN ∼1.4, and a positive (overwinding) DNA rotation for larger sizes of the motor ring RP/RN N1.4.
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cross-section at the position of the protein lever (for
exact descriptions, see Methods and Supplementary
Data Fig. S2). Overall, for each 2.5 bp packaged, the
DNA rotates by:

utotal = upush + uroll

Fig. 2c shows that, if the motor ring is small (RP/RN
b1.4), the DNA rotates negatively (underwinding);
otherwise (RP/RN N1.4), it rotates positively (over-
winding). When RP/RN ∼1.4, the DNA does not
necessarily rotate. Preliminary single-molecule
experiments have shown negative rotations of
the DNA during packaging,33 suggesting that the
DNA fits rather snugly within the protein ring
(RPb1.4 RN).
Fig. 2b (right) also shows an example packaging

trajectory (with RP/RN=5/4) as a trace of a point on
the DNA along z (the packaging length) and θtotal
(the total DNA rotation), two observables in the
single-molecule optical tweezer experiments. Note
that we have ideally separated the push and roll of
the DNA in a sequential way in presenting the
model; the actual motion probably combines the
two motions, as suggested by the red line in the first
power stroke in Fig. 2b.

Essential forces in the push-and-roll model

Since the motor can package a variety of chemical
moieties, including neutralized DNA,32 we suggest
that the packaging forces pushing on the DNA are
mainly steric. In particular, the push would be
perpendicular to the DNA strand if the van der
Waals surface of the DNA backbone appears
uniform relative to the DNA–lever contact, and
electrostatic interactions between the DNA and
motor lever also affect the packaging.
The generic electrostatic interactions we consider

include only those between the negative charges on
the DNA phosphate groups and the five positive
charges at the tip of the motor levers (e.g.
corresponding to Lys241 in ϕ12-P4). These interac-
tions are calculated as Coulomb potentials between
the charges screened by an exponential damping of
the Debye length (see Methods and Supplementary
Data Fig. S3). In the Supplementary Data Fig. S3b
we show that electrostatic interactions dictate that it
is energetically more stable for the DNA to adhere
to the periphery of the motor lumen than at the
center. Thus, packaging the DNA is accompanied
by rolling and sliding along the lumen edge. To
examine the generic electrostatic effects during the
power stroke we computed the electrostatic inter-
actions (Vel) as the DNA translocates along z and
rotates by θ. In Supplementary Data Fig. S4 we
show Vel (z, θ) at the beginning and at the end of
the power stroke, as well as Vel (θroll) for DNA
rolling thereafter. The results show that the generic
electrostatic interactions between the DNA and
lever charges facilitate and steer the DNA packag-
ing, ensuring tight coupling between the move-
ments of the motor lever and DNA. The overall

interactions between the motor lumen and the DNA
are not known, so we cannot assess the rolling or
sliding friction. However, the rolling of the DNA
from one lever site to the next seems energetically
efficient because the attraction of the DNA to the
next lever subsidizes the escape of the DNA from
the current lever.
Consideration of both the steric and the electro-

static interactions leads to the following features of
the model.

• The driving levers can be steered electrostati-
cally toward the DNA backbone, approaching
the nearest phosphate charge on the DNA.

• By pushing sterically on the DNA backbone,
each lever motion moves the DNA vertically
up (2.5 bp) and rotates the DNA laterally.

• Electrostatic interactions between the DNA
and the levers facilitate the DNA motion to
follow closely that of the lever during the steric
push.

• The local electrostatic attraction between the
DNA and the lever decreases towards the end
of the power stroke, producing a circumferen-
tial electrostatic gradient around the motor
ring that assists the DNA rolling to the next
lever.

Notice also that the 2.5 bp substep along with the
DNA rotation would move the lever–DNA contact
slightly differently each time as the DNA rolls to the
next subunit. Because of thermal fluctuations, and
allowing for protein plasticity, the lever can adjust
for this “mismatch” (see Discussion). Thus, we can
assume that the DNA faces approximately the same
interaction potentials for every power stroke cycle.

The dominant chemical reaction pathway and
mechanochemical coupling

Finally, we turn to the coupling between the
motor lever and the catalytic site. On the basis of
experiments,30,31 we propose the dominant reaction
scheme shown in Fig. 3a. This scheme addresses two
major questions arising from the experiments: (i)
why does the pentameric motor package the DNA
in four,24 but not five, substeps per reaction cycle;
and (ii) what are the likely rate-limiting steps in the
dwell phase at a saturating concentration of ATP?

A three-state hydrolysis cycle and the force
generation step

The chemical states of an ATPase motor generally
comprise six transitions between six catalytic states
at each site.41 This can be written as:

E X T X T4 XD�P X D4 XD XE

where E is the empty (apo) state, T is the weakly
bound ATP docking state, T⁎ is the tight ATP
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binding state, D ·P is the product state right after
hydrolysis and before Pi release, D⁎ is the tightly
bound ADP state, and D is the weakly bound ADP
state. However, since this detailed description
demands much more information than current
experiments can provide, we have utilized a simpler
three-state description of the ATP hydrolysis cycle at
each catalytic site, which we write as:

E X T X D X E

where E is the empty state, T is the ATP-bound state
(includes the T, T⁎ and D ·P states underlined

above), and D is the ADP-bound state (includes
the D⁎ and D states).
Experiments show that the force generation, i.e.

translocation step, is likely to accompany Pi release
(i.e. the T→D step in the three-step kinetic model),
although ADP release (i.e., from tight to loose ADP
binding D⁎→D), cannot be ruled out.30 The experi-
ments show also that the DNA affinity of a subunit is
high in the T state, but low in the D and E states.30 In
the model, we adopt a force generation step
accompanying Pi release in the T→D step, because
the DNA affinity decrease after the power stroke
is crucial for the DNA to roll to the next subunit

Fig. 3. A dominant reaction scheme. (a) The reaction path (right), the schematics of the pentameric motor
configuration (upper left) and the power stroke firing direction within each cycle versus the direction the first subunit
shifts in subsequent cycles (lower left) proposed in the model. (b) The cooperative ADP release mechanism connects four
ADP release and ATP loading events sequentially around the motor ring. The reaction cycle is divided into two phases.
The burst phase contains four sequential power strokes at four consecutive catalytic sites. Each power stroke generates a
2.5 bp substep.31 The dwell phase contains four consecutive ATP loadings and several non-ATP-binding events.31 Each
power stroke commences during the T→D transition (Pi release)

30 when the subunit is attached to the DNA (indicated by
a thick continuous line). Each power stroke requires the next subunit (thin continuous line) to be in the T state to receive
the DNA when it rolls following the completion of the power stroke. After four contiguous power strokes in the burst
phase, the motor pauses because the next subunit has been left in the low DNA affinity D state, and the system enters the
dwell phase. During the dwell phase, the first ADP release is slow, but the following ADP releases (second to fourth D→E
transition) proceed faster as ATP binds quickly (at high [ATP]) and accelerates ADP release at the next site (shown in b).
The waiting time for the first power stroke is another rate-limiting non-ATP-binding event during the dwell phase after
the four ATPs are loaded. The ensuing power strokes (second to fourth T→D) happen very quickly in the next burst
phase. A related hydrolysis cooperative mechanism is the insertion of an Arg finger from the preceding subunit, driven by
the hydrolysis/power stroke in that subunit (see also Fig. 6).
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(cf. SupplementaryData Fig. S4c).However, assigning
translocation to T→D does not explicitly differentiate
between the ATP hydrolysis step (T→D·P) and Pi
release (D·P→D). (Some complications consequent
on this are discussed in the Supplementary Data).

A scenario for four substeps, but not five

We have assumed that the gp16 motor is planar
with five-fold symmetry. Our explanation for the
four-substep packaging burst around the penta-
meric ring is attributed not to the geometry but to
the following dynamical and kinetic constraints. (1)
Each packaging substep requires the coordination of
two neighboring subunits (thus four continuous
pairs are available around the pentameric ring
during each cycle). In order for the T→D (Pi release)
step to take place in the current ATP-bound subunit
with a high level of DNA affinity, the next subunit
must also be in the high DNA affinity ATP state to
be ready to “receive” the DNA as it rolls to the next
site when the current power stroke ends. The
coordination between the two neighboring subunits
may depend on stress communicated through the
DNA, or through the subunit interface where the
catalytic site resides. (2) Un-assisted ADP release
(the first D→E) is very slow so that after four
continuous power strokes the fifth one cannot take
place because the next catalytic site has been left in
the low DNA-affinity ADP state, and is not ready to
bind DNA stably.
Notice that for each cycle the “fifth” subunit shifts

its identity around the ring (counterclockwise in
lower left Fig. 3a, i.e., after four power strokes in one
cycle S1S2S3S4, the fifth subunit is in S5, while for the
next cycle, the four power strokes would take place
in the order S5S1S2S3, so that the fifth subunit moves
to S4). That is to say, the “first” subunit shifts
counterclockwise around the ring in consequent
cycles (with S1 in cycle I, S5 in cycle II, S4, S3 andS2 in
later cycles, etc.; see Fig. 3a, lower left ), opposite to
the clockwise “firing” direction of the four power
strokes in one cycle. This behavior suggested from
our model can be tested through high-resolution
packaging experiments with ATPase rings that
include a single catalytically inactive subunit.

Slow non-ATP-binding events in the dwell phase

Experiments show that the dwell phase contains
more than three rate-limiting events other than those
associated with awaiting ATP binding.31 We pro-
pose that these slow non-ATP-binding events
involve the sequential release of four ADPs, fol-
lowed by waiting for the first power stroke, or the
first ATP hydrolysis. The reasons for this choice are
as follows.
First, ATP hydrolysis (T⁎→D·P) can be very slow

in multimeric ATPases if the Arg finger is not
aligned in the correct position to stabilize the
transition state.42,43 ADP release (D⁎→D→E) can
also be slow because it requires breaking most of the
hydrogen bonds formed during ATP binding.4 With

no assistance from neighboring subunits, these
spontaneous (thermally activated) processes are
likely to proceed slowly. If we assume that the first
ATP hydrolysis and the first ADP release are both
spontaneous, then they can account for two of the
rate-limiting dwell events. To avoid complications,
we did not consider ATP weak to tight-binding
(T→T⁎) as being slow in the current model.
Second, along with the four ATP loading events

for a 10 bp packaging cycle,31 there should be four
ATP hydrolysis events and four ADP release events.
Invoking the Arg finger cooperative mechanism in
the ϕ12-P4 packagingmotor,6,38 the second to fourth
ATP hydrolyses in the burst phase occur very
quickly after the first ATP hydrolysis, so they do
not contribute to the slow dwell events. However, in
our model the additional (more than two) slow
dwell events can be attributed to the second to
fourth ADP releases, even though they can be
accelerated (but less significantly than that in Arg
finger catalysis) compared to the first ADP release.
Overall, the four ADP releases along with the first
ATP hydrolysis (the first power stroke follows
immediately), contribute to the rate-limiting events
measured at high [ATP], which has a minimum
between 3 and 4.31

A simple mechanism for ADP release satisfying
the above experimental constraint is that the ADP
releases are sequential and the second to fourth
are assisted by ATP binding at the previous site.
Figure 3b shows schematically how ATP binding
provides strain energy to encourage ADP release at
the next site. The first ADP release is spontaneous
and thus slow, while the second to fourth ADP
releases are relatively faster due to ATP binding at
the preceding site. That is, once the first ADP has
been released, ATP binds into and tightens the
current catalytic site, which helps to open the next
catalytic site and releases the second ADP. This
sequence is repeated continuously around the motor
ring for the third and fourth ADP releases. This
mechanism can explain why tight binding of ATP
appears to be coupled with next-site ATP docking
(immediately after ADP release).31 This explains
also why only one site is available for ATP docking
at any given time in the dwell phase (because the
other sites are bound with ADP).31 (Details of
implementing this mechanism are presented in the
Supplementary Data and Fig. S6.)

The dominant reaction scheme

The dominant reaction scheme we propose is built
upon the constraints set by the experimental results
as shown in Fig. 3a.30,31 In summary, the reaction
cycle is divided into a burst phase and a dwell
phase. The burst phase is composed of four
contiguous 2.5 bp substeps, thereby adding up to
10 bp per reaction cycle. Each 2.5 bp substep
corresponds to a power stroke accompanied by a
quick Pi release. The dwell phase contains four ATP
loading events, as well as several non-ATP-binding
slow events, suggested above as the four ADP
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releases, and waiting for the first power stroke. The
first ADP release is spontaneous and slow, while the
following are accelerated by ATP binding at the
preceding site. Besides, the first power stroke needs
to be inhibited until all subunits are loaded with
ATP, which is consistent with the experimental
observation that no 2.5 bp substep was visible even
at very low [ATP] under low load forces.31 The
inhibition mechanism is not clear, but it could arise
because the first ATP hydrolysis (or Pi release)
requires a circumferential stress that is present only
when all the subunits are loaded with ATP.
Upon loading four ATPs, the first ATP hydrolysis

takes place spontaneously and slowly. The follow-
ing hydrolyses happen much faster because of the
Arg finger insertion from the preceding subunit (see
Discussion). These facilitated ATP hydrolysis events
take place before the first power stroke or they could
proceed one at a time before each power stroke in
the burst phase.
Table 1 gives a summary of the proposed “rules”

in constructing the reaction scheme shown in Fig. 3a.
Note that the reaction scheme cannot be determined
uniquely from current experimental data because
several key chemical steps, such as the ADP release
and ATP hydrolysis, have not been resolved in the
packaging experiments. Nevertheless, our proposed
reaction scheme is a reasonable choice that inte-
grates the current knowledge of multimeric ring
ATPases.

Themechanochemical profile of onepower stroke

Combining the features discussed above, we can
describe one power stroke at a subunit as follows.
First, ATP binding to the current catalytic site drives
sliding of the P-loop over the nucleotide.44 Assum-

ing similarity to F1-ATPase, this deforms the central
β-sheet from which the P-loop emanates.45 The
elastic energy stored in the β-sheet deformation is
transmitted to the lumenal loop that comprises the
driving lever. Driven by ATP binding, the lever
“cocks” onto the DNA backbone, steered there by
the electrostatic attraction between the positively
charged residue at the lever tip and the negative
phosphate charges on the DNA. The DNA, having
just rolled to the current site after the previous
power stroke, is now captured by the lever. The
power stroke (or ATP hydrolysis) of the previous
site also drives the insertion of its Arg finger into the
current catalytic site to accelerate ATP hydrolysis.6,38

The hydrolysis thus triggered, Pi is promptly
released from the current site. The input from ATP
binding energy in the catalytic site allows the elastic
energy stored in the β-sheet45 to be released to drive
the “recoil” translocation stroke. The lever pushes
perpendicularly against the DNA backbone, moving
it sterically upwards by 2.5 bp, and laterally to
induce DNA rotation.
Without electrostatic steering and stabilization,

the packaging would take place with reduced
efficiency, and even with frequent DNA back-
slipping. The price of the electrostatic association,
however, is that at the end of the stroke the lever is
stuck in the electrostatic grip of the DNA. Therefore,
energy stored from the ATP binding is also used to
“withdraw” the lever from the DNA by weakening
its affinity with the DNA. This is “compensated” by
the attraction of the DNA to the next subunit (in the
T state with high DNA affinity), which facilitates
rolling of the DNA to the next packaging lever. After
the fourth power stroke, the system waits for the
ADP releases, starting from the fifth site. Once the
ADP is released from a site, ATP binds and moves

Table 1. Summary of the reaction rules implemented in the model

Reaction rule Experimental source and reason

Power stroke: T→D · Force generation likely coincident with Pi release30

· DNA affinity high in T, low in D and E30

T→D requires the next subunit to be in the T state · Four substeps/cycle for pentameric gp1631

· DNA affinity high in T, low in D and E;30 the lever is down
in T and up in D37,38

The first power stroke requires all subunits bound with ATP · The first power stroke happens only after four ATPs are
loaded (no substep of 2.5 bp visible in low [ATP] at low force)31

The first power stroke is slow (in waiting time), while the
second to the fourth are largely accelerated

· Power strokes generated in bursts after four ATPs are loaded31

· At least three to four non-ATP binding events rate-limiting31

· Arg finger insertion-assisted hydrolysis6,38

The first ADP release is slow, while the second to the
fourth are accelerated

· Four substeps/cycle for pentameric gp1631

· Three to four non-ATP binding events rate-limiting31

· Hints from F1-ATPase 41,54 on ATP binding-assisted
ADP-release next site

Four ADP releases proceed sequentially · Cooperative ADP releases suggested above
· Randomness parameter values (nmin versus [ATP] in
Fig. S6)31

The first ATP docking relatively slow, while the following are
faster; ATP docking and previous site ATP tight-binding coupled

· Two rate-limiting events at low [ATP]31 and Michaelis–Menten
packaging velocity versus [ATP]30

· Cooperative ATP dockings connected by irreversible
tight-binding suggested in Ref. 31
· Cooperative ADP releases suggested above

For explanations, see Results and the mechanochemical analysis in the Supplementary Data.

193Mechanochemistry of a Viral DNA Packaging Motor



the lever into position ready to receive the DNA in
the next cycle. ATP binding also weakens the
binding of ADP in the next site so that the ADP is
released quickly.
Thus, the push-and-roll combining with the ATP

cycles allows the coordinated, sequential transloca-
tion of the DNA by the motor subunits in an
efficient, tightly coupled manner so that, on average,
each ATP cycle may drive one translocation substep
of 2.5 bp.

Simulation of DNA packaging dynamics

Using the proposed reaction scheme in Fig. 3a, we
conducted stochastic simulations on the translation-
al movement of the DNA. The simulations take into
account frictional forces, the motor driving force, the
external load force from the optical trap, and
thermal fluctuations. We generated stochastic tra-
jectories of the DNA packaging based on the
Markov-Fokker-Planck method.46 The unknown
kinetic constants were tuned self-consistently
under experimental conditions, such as at saturating
[ATP] or close to stall force (∼70 pN; see Methods),

and kept constant later on in the simulation. The
values of the computational parameters are sum-
marized in Supplementary Data Table S2. The
rationale setting these parameters is also discussed
in Supplementary Data.

Low load force

The simulation results under low external load
force conditions (FL ∼5 pN) are given in Fig. 4. We
show the DNA packaging velocities at various
concentrations of ATP, ADP or Pi as described.30

In Fig. 4a, the sample trajectories of the DNA
packaging are shown under various [ATP] (5–
250 μM) while keeping [ADP] and [Pi] at 5 μM.
The computed trajectories are similar to those
described experimentally,31 revealing 10 bp steps
(inset). There are occasional backward steps at low
[ATP], which reflect transitions that are not built
into the dominant packaging pathway, i.e. off-
pathway, but become detectable due to the stochas-
tic nature of the system. Note that these trivial
backward steps are different from the significant
back-slipping of the packaging reported in Ref. 30,

Fig. 4. Stochastic simulation results under low load force (FL∼5 pN). (a) Sample trajectories of DNA packaging (bp) at
ATP concentrations of 5–250 μM ([ADP]=[Pi]=5 μM). The inset shows the step size distribution peaked at 10 bp. (b) The
packaging velocity versus [ATP] at ADP concentrations of 5–1000 μM ([Pi]=5 μM). In the legend, E5 represents
Experiment at [ADP]=5 μM, M denotes the Model and MM denotes the Michaelis–Menten fit to the experimental data.30

(c) Histograms of the dwell time distribution for the packaging trajectories at [ATP] of 5–250 μM, in the same color
corresponding to each case in a. (d) The inverse of the randomness parameter (n=1/r) versus [ATP], calculated from the
dwell time distributions produced from the experiments31 and from the model.
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which may come from occasional loose couplings
between the motor and DNA that our model does
not taken into account. Figure 4b shows the velocity
versus ATP concentration at various [ADP] and
compares the results with the experiments. The
velocities demonstrate Michaelis–Menten-like de-
pendence on [ATP], and fit well with the experi-
mental data. The trend that increasing [ADP]
decreases the velocities significantly at low [ATP]
(i.e., increases KM) indicates that ADP competes with
ATP for access to binding sites.30 Our results are
tuned in accord with the experimental observation30

that increasing [Pi] (up to 1000-fold) has no
discernible effect on the packaging velocities (data
not shown). Figure 4c shows the dwell time (i.e.,
pause time in the dwell phase) distribution at
various [ATP], corresponding to the cases in Fig.
4a. The peaked shape of the distribution indicates
that multiple rate-limiting events exist at both high
and low [ATP]. We use the randomness parameter,
r, to characterize the relative variation of the
distributions.47,48 The inverse of the randomness

parameter, n=1/r, is an effective measure of the
minimum number of rate-limiting events.31,47 Fig-
ure 4d shows that n versus [ATP] produced from
our model fits well with the experiments.31 The
value n=3–4 at saturating [ATP] corresponds to the
number of slow non-ATP-binding events, which
include four ADP releases (one slow and three fast)
and waiting for the first power stroke. The value of
n of ∼2 at low [ATP] points to the cooperative ATP
docking events connected by irreversible tight-
binding steps as suggested.31 The effects were
adopted by modulating the kinetic rate (kT≥E) to
mimic the tight-binding ATP state once the next
site is bound with ATP (see Supplementary Data
Table S2).

High load force

The simulation results under the higher load
forces are presented in Fig. 5. In Fig. 5a, a sample
trajectory from simulation of the DNA packaging
length is shown under a load force of FL ∼40 pN at

Fig. 5. Stochastic simulation results under high load forces. (a) A sample trajectory of the DNA packaging trace taken
under FL ∼40 pN at [ATP]=250 μM ([ADP]=[Pi]=5 μM). The inset shows the step size distribution for each cycle,
revealing both the 2.5 bp substeps and the dominant 10 bp steps. (b) Schematics of the packaging trajectories under a low
(FL ∼5 pN) and a high load force (FL ∼40 pN),31 both at a high concentration (250 μM) of ATP. The burst phase is colored
blue and the dwell phase is colored red. Our proposed reaction scheme suggests that the dwell phase is always rate-
limited by ADP releases and waiting for the first power stroke when ATP loadings are fast (at high [ATP]). (c) The
packaging velocity versus load force at [ATP] of 10–500 μM ([ADP]=[Pi]=5 μM). In the legend (right) M500 represents
Model at [ATP]=500 μM (curves linking the model data are for smooth fitting), and E represents Experiment.30 (d) The
force-dependent chemical rate constants used in our model (mechanism II), shown in values relative to that at low force
(FL ∼5 pN), for the first T→D (red, left axis) and the second to fourth T→D (blue, right axis), respectively.
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high [ATP] (250 μM), and low [ADP] and [Pi] (5 μM).
This trajectory shows the 2.5 bp substeps while
10 bp is still the dominant step-size for a reaction
cycle (Fig. 5a, inset). To compare the basic feature of
the packaging trajectories under the low and high
load conditions, Fig. 5b schematically shows the
experimentally measured trajectories under low
load (FL ∼5 pN) and high load (40 pN) forces both
at high [ATP] (250 μM). It is clear that high load
forces lengthen the pause time between the 2.5 bp
substeps, which were invisible at low load force.31

Under our current reaction scenario, the rate-
limiting non-ATP-binding events in the dwell
phase are composed of four ADP releases and
waiting for the first power stroke. If the reaction
scheme is the same under different load forces, slow
ADP release after the burst phase would ensure that
there are always four, but not five, substeps per
reaction cycle. There are two possible mechanisms
(I and II) for the force response of ADP releases (see
Supplementary Data and Fig. S8a). Here, we
illustrate only the simpler mechanism (II), which
assumes no force-dependence of the ADP release
chemical rates. In this case, the first ADP release is
prohibited during the burst phase (under all load
forces) until being activated, by some “allosteric”
event; e.g. at the end of the burst phase. The burst
phase is lengthened under the high load force and
the beginning of the ADP release is, therefore, also
delayed under the load force. Our analysis suggest
that the average waiting time for the first power
stroke has not been affected much by the load force
(cf. the Supplementary Data).
Figure 5c shows a plot of velocity versus load force

under various [ATP] and a comparison with the
experimental data.30 To keep the reaction scenario the
same under various load conditions, we found it
necessary to introduce force dependence into some of
the chemical rate constants (see Supplementary Data
Table S2). Figure 5d shows that the chemical rate
constant for the first power stroke (1st T→D) is
increased with increased load force, while the rate
constant for the second to the fourth power strokes
(which are accelerated relative to the first T→D) is
decreased as the load force is increased. The chemical
rate constant for T→D captures the rate of the
chemical (but not the mechanical) part of the
transition; i.e. the ATP hydrolysis and Pi release, but
not the packaging stage.Weassumed that in the T→D
transition the hydrolysis is rate-limiting with the Pi
release following immediately. The rate constant thus
characterizes the rate of hydrolysis. Therefore, the
results indicate that the load force increases the rate of
the spontaneous ATP hydrolysis (for the first T→D)
but decreases the rate of the accelerated hydrolyses
(for the second to the fourth T→D),which are assisted
by the Arg finger insertion mechanism.

Discussion

To explain the experimentally observed packaging
behavior, we built a mechanochemical model of the

ϕ29 packaging motor gp16 by utilizing structural
information from another similar nucleic acid pack-
aging motor and examining generic interactions
between the motor and DNA. The model provides
testable answers for several questions. (i) Should the
DNA rotate during packaging? (ii)Whydoes amotor
of five subunits package DNA in four substeps per
cycle, and what happens during the 10 bp pauses?
(iii) How does the load force affect individual stages
of packaging? (iv) Is there an out-of-registry problem
between the motor and the DNA with 2.5 bp
substeps? (v) What are the essential forces driving
the packaging, andwhich DNA strand is pushed on?

Does DNA rotate?

Using only the basic geometry and generic
electrostatic interactions of the motor with the
DNA, we have constructed a simple push-and-roll
model. During the push phase, the right-handed
helical geometry of the DNA allows it to be moved
up as well as to be rotated in a left-handed direction.
The amount of rotation is determined by the
geometry of the DNA helix, which we assumed to
be in the B-form. After (or coupled with) the lever
push, the DNA detaches from one subunit and rolls
down an electrostatic gradient to the next. The
rolling of the DNA from one site to the next is
efficient; that is, the energy cost to release the DNA
from the electrostatic grasp at one site is partially
compensated by the attraction of theDNA to the next
site. The rolling rotates the DNA in the direction
opposite to the rotation caused by the push, with a
magnitude depending on the relative size of the
motor ring to that of the DNA cross-section (Fig. 2c).
Geometric analysis shows that if the motor ring is
above a certain size, the DNA will rotate in the
overwinding direction. Preliminary experimental
results suggest that the DNA rotation is negative in
the underwinding direction,33 implying a relatively
small motor ring size. If the periodic phosphate
contacts implied in Ref. 32 are considered, only
certain DNA rotation values are allowed, and these
are determined by the size and the symmetry of the
DNA and the motor. This constrains the motor
lumen size (RP) to certain values such that the push
and roll conspire to align the DNA phosphate with a
DNA-binding lever at the end of a 10 bp burst.
In summary, our push-and-roll model provides a

mechanism for DNA rotation during packaging. It
suggests that the push and roll rotate the DNA in
opposite directions, resulting in a combined effect
that depends on the motor ring size. Indeed, a net
DNA rotation is not energetically costly because the
packing energy inside the capsid appears to be
dominated by electrostatic self-interaction of the
DNA and its bending energy.49,50

Note that the current model deals only with an
idealized system in which the motor is treated as a
planar ring composed of five identical and evenly
spaced subunits, and the DNA is in the B-form. We
have attributed all the DNA motion to the action of
the motor. However, other effects, such as coiling of
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the packaged DNA inside the capsid, could affect
the rotation of the DNA. Further studies are needed
to clarify these issues.

The mechanochemical framework

Question (ii) asked why the pentameric motor
packages DNA in four 2.5 bp substeps and what
happens during the 10 bp pause. These issues can be
addressed together using some general features of
the ring motor that have been captured clearly in the
ϕ12-P4 packaging motor.6,37,38 The major structural
feature we borrowed from P4 is the motor lever.
This consists of a helix–loop region with a positively
charged residue at the lever tip that moves along the
mechanical reaction coordinate. As illustrated by
Fig. 6 for the ϕ29-gp16 motor, the lever position is
down in the ATP-bound state (T) and up in the
ADP-bound state (D) after ATP hydrolysis (again,
the packaging direction is up in our ϕ29-gp16 model
and down in ϕ12-P4). Experiments indicated that
the DNA affinity of the motor subunit is highest in
the T state and lower in the D and E states.30
In constructing the model, we used a three-state

hydrolysis cycle: (E→T→D→E), where the T→D
transition includes hydrolysis and the Pi release
(coupled with the power stroke), but these steps
have not been distinguished experimentally. The
power stroke begins in the high DNA affinity
condition, and the affinity decreases as the power
stroke progresses. In order to avoid the motor losing
its grip on the DNA between power strokes, the next
subunit needs to be in the high affinity T state. If the
next subunit is in the D state, the transition T→D
would be discouraged in the current subunit

because the next lever is up and in the low-affinity
state, not ready for stable DNA binding. As ADP
release is slow, after four continuous power strokes,
the fifth one cannot take place until the D→E→T
transition is complete in all the subunits for the next
reaction cycle. Thus, the model explains the four-
stroke burst phase followed by a dwell phase.
Another key functional feature we borrowed

from the P4 motor is its proposed mechanism
for triggering ATP hydrolysis in a coordinated
fashion,6,38 which might be shared by other ring
motors. In this mechanism, insertion of an Arg
finger into the next catalytic site is concomitant with
ATP hydrolysis and/or the lever movement (power
stroke) at the current subunit (see Fig. 6). The Arg
finger insertion greatly facilitates ATP hydrolysis at
the next site by stabilizing the transition state.42,43

Indeed, the Arg finger in ϕ29 has been clearly
identified in comparative genomic studies of the
ϕ29-like ATPases with the Ftsk-clade proteins.34

This inter-subunit cooperative hydrolysis mecha-
nism fits our proposed reaction scheme in which the
first T→D transition is slow, while the second to
fourth T→D transitions follow rapidly. Without the
Arg finger from the previous site, the first hydrolysis
step (T→D) happens spontaneously and slowly;
while the second to fourth T→D transitions are
much faster because the Arg finger acceleration is at
work. In our current model, the accelerated second
to fourth hydrolysis can either take place immedi-
ately before each power stroke (Pi release), or all
together during thewaiting for the first power stroke
(see the Supplementary Data). Either explanation
requires that Pi is released rapidly after hydrolysis.
Further experiments are required to resolve the

Fig. 6. The ATP hydrolysis co-
operative mechanism proposed for
ϕ29 DNA packaging. The mecha-
nism along with the cartoon is
similar to that used for the ϕ12-P4
packaging motor (in particular, Fig-
ure 5 in Ref. 38), adapted here for
our push-and-roll model.6,37,38 The
model assumes that ϕ29-gp16 uses
a molecular lever similar to that in
ϕ12-P437 to package the DNA. The
packaging direction is up. The lever
is down in the T (ATP-bound) state
and up in the D (ADP-bound) state,
while the DNA affinity of the lever/
subunit is high in the T state but low
in the D state.30 The lever configu-
ration also explains why a power
stroke, T→D, requires the next
subunit to be in the T state. The
essential idea of the cooperative
hydrolysis mechanism is that ATP
hydrolysis/Pi release in the current

subunit triggers the Arg finger insertion into the next catalytic site, accelerating the (otherwise slow) ATP hydrolysis.6,38

This implies that the first power stroke (T→D) happens slowlywhile the second to the fourth power strokes aremuch faster
(see the text). As the lever moves up during the power stroke, the DNA is pushed up by ∼2.5 bp, rotates, and rolls to the
next subunit. ADP release is supposed to be slow in the ϕ29 DNA packaging cycle so that, after four continuous power
strokes (∼10 bp), the system pauses, waiting for the ADP releases and the ATP loadings to start a new cycle.
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individual steps. Under our proposed reaction
scheme, therefore, the major chemical events hap-
pening during the 10 bp pause consist of: (i) four
ADP releases; (ii) four ATP bindings; and (iii)
waiting for the first power stroke. In particular, to
be consistent with experimental measurements,31

the first power stroke (either due to the first
hydrolysis or Pi release) must be inhibited until all
subunits are loaded with ATP. The underlying
mechanisms need further study.
The slow ADP releases contribute mainly to the

long pause after the four substeps. Also, to describe
the dwell time characteristics of the 10 bp pauses31

in our model correctly, the four ADP releases need
to proceed sequentially around the motor ring
(Fig. 3; Supplementary Data Fig. S6). The first ADP
release happens slowly, while the following can be
accelerated by ATP binding to the preceding
subunit. That is, ATP binding at one site helps to
open the next catalytic site with ADP bound, and
this process goes around the ring sequentially for
each ATP loading and subsequent ADP release.
Therefore, this ADP release mechanism leads also to
the time-ordered ATP binding, which has been
identified experimentally.31

Load-velocity behavior

In single molecule optical tweezer measurements,
the packaging of DNA can be opposed by a load
force from an optical trap.When the load force is low
(∼5 pN), its effect on packaging is negligible. As the
load force increases to∼40 pN, however, sub-pauses
become visible within the 10 bp bursts to split each
into four 2.5 bp power stroke substeps.31 If we
assume that the same dominant reaction scheme as
that shown in Fig. 3a applies to different load
conditions, we can identify the force effects on the
chemical rate constants by fitting our model to
experimental data (Fig. 5c and d). However, inter-
pretations of these force-dependent rate constants
are not straightforward. For example, our calcula-
tions show that the chemical rate constant of the first
power stroke (first T→D) increases with load force,
while the chemical rate constant of the subsequent
ones (second to fourth T→D) decreases. Since the
three-state (E, T and D) description does not
explicitly distinguish between the ATP hydrolysis
and Pi release steps in the T→D transition, we cannot
determinewhether the chemical rate change is due to
the ATP hydrolysis, the Pi release or both. However,
if we assume that the Pi release is always fast, we can
explain the force-rate effect: the load force promotes
spontaneous ATP hydrolysis in the first T→D but, at
the same time, inhibits more significantly the inter-
subunit cooperativity imposed on the second to
fourth T→D through the Arg finger insertion
mechanism. These force responses can be interpreted
physically through a stress pathway:

DNAYLeverYh�SheetYCatalytic site

But understanding exactly how the force responses
are generated will require further study.

Furthermore, a basic hypothesis here is that the
first ADP release is always a slow event, ensuring
four substeps per reaction cycle regardless of load
force conditions. Consequently, one mechanism
consistent with the hypothesis is that the first ADP
release is inhibited, as in a tight ADP-bound state,
until the end of the burst phase, regardless of the
load force. Therefore, the ADP releases would be
delayed to start under a high load force because the
end of the burst phase is delayed, while the D↔E
rate constant is not force-dependent. However, in
this case, an “allosteric” effect seems necessary to
trigger the first ADP release; that is, to change the
ADP-bound state from tight to loose. This allosteric
effect can be caused by, for example, the binding of
DNA to the fourth subunit, which just precedes the
subunit where the first ADP is about to be released
(see the reaction scheme in Fig. 3a). An alternative
mechanism (labeled I) for ADP release that involves
a force-dependent rate constant is discussed in the
Supplementary Data. Figure S8c shows additional
simulated force–velocity data that might differenti-
ate these two mechanisms at very high concentra-
tions of ADP.)

The 2.5 bp substep and the registry problem

We used the experimentally measured substep
size of 2.5 bp in ourϕ29 DNApackagingmodel.31 At
the current level of description, 2.5 bp is adopted as
the “swing distance” of the lever tip that is regulated
by the mechanochemical couplings between the
ATP-binding site and the lever.
In the sequential packaging model, the DNA rolls

after each power stroke so that the DNA moves to
the next subunit. However, the protein–DNA
contact, ideally through DNA phosphate charges,
would be slightly different from one subunit to the
next, i.e. slightly out of “registry”, after the 2.5 bp
packaging distance as well as the rotation of the
DNA. This small mismatch accumulates with each
push and roll, giving rise to the question of how
does this registry issue affect the packaging? To
answer this question, one needs to understand how
the packaging force is generated. As supported by
the recent experimental measurements,32 the force
generation during the translocation step of packag-
ing is likely to be achieved via steric interactions. As
mismatches with the DNA phosphates do not affect
the steric push significantly, the out-of-registry does
not affect the local packaging. However, the overall
packaging efficiency can suffer due to weaker
DNA–motor electrostatic associations caused by
the mismatch.
There are ways of ameliorating the out-of-registry

issue. Most importantly, like all proteins the
packaging system is not rigid. The residues and
structural elements are flexible and bulky, and suffer
significant thermal fluctuations. Thus, small spatial
mismatches in the DNA–lever contact before the
power stroke can be accommodated by fluctuations
of residues and the lever. Before binding, the lever
fluctuates while it searches for the nearest DNA

198 Mechanochemistry of a Viral DNA Packaging Motor



phosphate. However, fluctuations do not interfere
much with the 2.5 bp lever movement during the
power stroke: once engaged with the DNA, the lever
becomes mechanically strained, and thus rigid, so
that the 2.5 bp power stroke is subject to only small
fluctuations.31

The uniformity of the non-integer step size31

requires that the lever be rigid throughout the
power stroke until the next subunit has engaged the
DNA. Thus, the DNA-binding levers are not entirely
flexible; they are pliable when not bound to DNA,
but firm when undergoing the power stroke and
transferring the DNA to the next subunit. If the
10 bp periodic contacts are made as proposed,32

then in order to accommodate the 2.5 bp substep
size, the levers on adjacent subunits should be
guided by electrostatic interactions with the phos-
phates to adopt alternating conformations, either
shifting its tip 0.5 bp upper or lower, when they
engage the backbone at the beginning of the power
stroke.
Moreover, to generally avoid accumulating large

mismatches between the lever and the nearest DNA
phosphate, the motor subunit should be flexible
enough to adjust its position along the packaging
(translational) direction or around (rotational) the
motor axis, while the connector between the ATPase
and the viral capsid is axially and radially flexible.51

In this way, the system can be reset by the motor
movements when the mismatch becomes large, so
that the motor lever can still approach the nearest
phosphate for a stabilized binding configuration.
Nevertheless, there is no evidence that the motor
assembly moves relative to the capsid.
In brief, the motor system is flexible enough to

compensate for small mismatches, but rigid enough
to execute highly repeatable 2.5 bp substeps. Being
out-of-registry is not a problem for packaging, but it
affects the overall packaging efficiency. As long as
the steric push generates a large enough packaging
force, the motor will be robust enough to package
the DNA at least intermittently. Plasticity in the
packaging system can make the overall packaging
process simultaneously smooth and efficient.

The role of electrostatic and steric interactions

In the model we have examined explicitly the
generic electrostatic interactions between the DNA
and the lever charges during packaging. We show
that the electrostatic interactions: (i) keep the DNA
on the inner surface of the motor ring (cf. Supple-
mentary Data and Fig. S3b); (ii) steer the lever
charge toward the phosphate group on the DNA
backbone at the beginning of the power stroke; (iii)
couple the DNA movement with the lever push
during the power stroke; and (iv) facilitate the
rolling of the DNA to the next lever at the end of the
power stroke (cf. Supplementary Data Fig. S4a to c).
The steric interactions between the motor lever and
the DNA are essential in generating the packaging
force: the lever pushes sterically on the DNA
backbone, i.e. the upper edge of the groove, and

the force generated accounts for most of the motor
packaging force,32 which can exceed 60 pN.29,52

Note that during the power stroke, the electrostatic
minimum follows the lever as it sterically pushes
onto the DNA strand, so the power stroke is not
hindered by electrostatic interactions. Indeed, the
electrostatic force ensures tight coupling between
the motions of lever and the DNA. At the end of the
power stroke, weakening of the electrostatic inter-
actions between the DNA and the current subunit
facilitates the DNA rolling from the current subunit
to the next. This is consistent with the experimental
findings that the packaging force is likely generated
after ATP hydrolysis, during which the DNA–
subunit affinity changes from high (T state) to low
(D state).30

The roles of the electrostatic and steric interactions
become more distinguishable from the recent
experimental study on ϕ29 packaging of modified
DNA substrates.32 It was found that the DNA can be
packaged when electrostatically neutralized dsDNA
insert is added, although the packaging efficiency
decreases as the length of the insert increases.32
Supplementary Data Fig. S5 shows that a neutral
insert also introduces an electrostatic energy barrier
along the packaging direction. The longer the insert,
the larger the barrier, and the lower the packaging
probability. The fact that the motor can still package
the insert supports the idea that steric interactions
play a major role in generating the packaging force.
However, losing local electrostatic associations
between the lever and the DNA phosphate charges
can lead to a high-energy configuration of the DNA
and, therefore, back-slipping. Recent molecular
dynamics studies also demonstrated that attractive
interactions between the DNA and a ring ATPase
are essential for the unidirectional movements.53 We
conclude, therefore, that as the steric interactions
drive the DNA directly in bursts of actions, the
electrostatic interactions always steer the lever close
to a nearby DNA phosphate, in one way providing
relatively stable associations of the DNA with the
motor to prevent DNA from back-slipping or
dissociation, in the other way coupling the move-
ment of the lever tightly with that of DNA during
the push and facilitating DNA rolling toward the
next subunit.

Which strand to push?

In an experimental study of ϕ29 packaging using
modified DNA substrates,32 it was shown that
neutralizing the DNA phosphate groups on the 5′
to 3′ strand (∼30 bp) abolished the packaging, while
neutralizing the same length of phosphate groups
on the 3′ to 5′ strand does not affect the packaging
very much.32 Because the backbone of the 5′ to 3′ (3′
to 5′) strand forms the upper edge of the DNAmajor
(minor) groove, we infer that during the power
stroke the motor lever pushes more effectively on
the upper edge of the major groove than on the
minor groove. Indeed, the major groove is ∼12 Å
wide, whereas the minor groove is ∼6 Å in B-form
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DNA. Hence, the minor groove might be too narrow
for the lever to produce an effective steric push as
the lever approaches the groove edge from below,
due either to steric hindrances or to an entropic
barrier of locating a “right” position. Using electro-
static analyses (data not shown), we found that
neutralizing the charges on the 5′ to 3′ strand would
energetically lead the lever to approach the upper
edge (3′ to 5′ strand) of the minor groove and push,
which might not generate sufficient force to sustain
packaging. Nevertheless, when the motor is pack-
aging a normal DNA substrate, there is no large
electrostatic energy barrier like the one that exists in
the neutralized case. Thus, the lever can approach
either the 5′ to 3′ or the 3′ to 5′ strand and push on
whatever steric elements it encounters, although we
expect that the packaging force is generated more
effectively when the motor pushes on the 5′ to 3′
strand.

Summary

Building on currently available single-molecule
experimental information28–33 and borrowing some
structural and functional features from a similar
system, the P4 motor in ϕ12,6,37,38 we have
constructed a mechanochemical framework for
understanding how ϕ29 DNA packaging can take
place. We propose a push-and-roll mechanism and
a dominant chemical reaction scheme. The gp16
motor subunits actively package the DNA using
the lumenal loops as mechanical levers. The lever
pushes and rotates the DNA with each power
stroke as ATP hydrolyzes and releases Pi. At the
end of the power stroke the protein–DNA affinity
is decreased and the DNA rolls to the next subunit,
while both hydrolysis and products release seem
cooperative and sequential around the motor ring.
For every four power strokes, the packaging
pauses and waits for the four ADP products to
be replaced by four ATPs to start the next reaction
cycle.
In each ATP hydrolysis cycle, the energy input

into the system takes place during the ATP-binding
step that possibly drives a hinge-bending motion of
the domain like that in the F1 motor.41,54 Although
sequence similarities between the F1-ATPase and
gp16 are not significant, structure similarities could
be high around their catalytic regions as in other P-
loop NTPases.55,56 The difference between the gp16
motor and the F1 motor is that ATP binding does
not drive the translocation stroke directly in gp16 as
it does in F1.41,54 In gp16, the ATP-binding energy is
stored in the protein as elastic energy, probably in
the central β-sheet as in F1, and is released after
ATP hydrolysis as a recoil power stroke that drives
DNA translocation. Supplementary Data Fig. S9
compares the free energy changes during an ATP
hydrolysis cycle for the F1 and gp16 ATPase.
Interestingly, from an evolutionary perspective,57

the rotary F1-ATPase has been proposed to have
evolved from membrane translocases, which origi-

nated from nucleic acid translocases in ancient cells
from which the packaging ATPase like gp16 was
descended.
In summary, we have provided a working model

for understanding ϕ29 DNA packaging. The model
provides detailed mechanisms and is subject to
experimental testing. The model was built directly
upon the experimental observations28–33 and it fits
the current experimental data.22,24While themodel is
self-consistent, it relies on a series of assumptions that
deserve further investigation. Structurally, we have
made twomajor assumptions. First, we assumed that
the gp16 motor is a planar ring with five-fold
symmetry. This assumption meant that the four
(but not five) packaging substeps per reaction cycle
are due not to motor geometry but to the dynamics
and kinetics of the system. The other important
assumption involves using structural features iden-
tified from the ϕ12-P4 packaging motor subunit to
describe the force generation of gp16. Thismeant that
in gp16 there are corresponding structural features:
the motor levers and the lever charges. These
assumptions can be verified or not as soon as a
high-resolution structure of gp16 becomes available.
We have assumed also that the non-ATP-binding

dwell events are chemical transitions involving
changes of nucleotide state rather than pure protein
conformational changes. The dwell events are rate-
limited mainly by the (unassisted) first ADP release
and the (spontaneous) first ATP hydrolysis. In
subsequent reactions ADP release can be facilitated
by ATP binding, and ATP hydrolysis is coordinated
by Arg finger insertion as in ϕ12-P4. The validity of
these assumptions can be examined by perturbing
the packaging with different chemical analogs and
resolving more intermediate states.
Our model provides the following predictions,

which can be tested in future experiments.

(1) According to the push-and-roll mechanism, the
DNA rolls around the motor lumen during
packaging rather than staying at the center of
the ring. The DNA rotates in a direction that
depends on the relative size of the motor ring. A
snug fit of the DNA inside the ring seems likely to
be because preliminary measurements show
negative DNA rotations.26

(2) Our dominant reaction scheme implies that the
first power stroke of each 10 bp packaging cycle
starts with a different subunit and proceeds
sequentially around the ring for subsequent
cycles. In Fig. 3a, cycle I starts with subunit 1,
cycle II starts with subunit 5, and later cycles start
with subunits 4, 3 and 2 and then repeats the
sequence. This sequence is opposite to the power
stroke sequence. During the dwell phase, ADP
release alternates with ATP binding, and the next
burst phase of the packaging cannot begin until all
subunits are loaded with ATP: Only then can the
first spontaneous ATP hydrolysis (or Pi release)
take place. In addition, the model predicts how
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the rates of relevant chemical transitions change
under different load forces, so long as the
dominant reaction path is not altered by the load.

(3) Proteins are not rigid bodies operating like
machine parts. The whole packaging apparatus,
including the ATPase, can be flexible both
longitudinally along the packaging direction
and circumferentially around the pentamer. This
allows the motor to sustain a high level of
packaging efficiency. Otherwise, electrostatic
mismatches would prevent the packaging from
being tightly coupled throughout each mechano-
chemical cycle.

Each of the above propositions is amenable to
experimental investigation by combining single-
molecule manipulations with labeling and imaging
techniques. Overall, the work presented here pro-
vides a detailed working model for a multimeric
ring motor that can package dsDNA in a way
consistent with all current experimental measure-
ments. The model might apply also to a more
general class of multimeric ring motors that trans-
port nucleic acids.

Methods

Defining the DNA coordinates

We used the following set of independent coordinates to
describe DNA movements during its packaging. (i) The
DNA packaging length z (measured in base pairs) and (ii)
the DNA self-rotation about its axis, θ. These are the two
observables in the optical tweezers experiments. We used
two additional coordinates to describe the relative
position of the DNA inside the motor: (iii) φ is the angular
position of the DNA in the lumen with respect to the
symmetry axis of the motor, and (iv) rd is the radial
deviation of the DNA from the motor center (for the
geometry, see Supplementary Data Fig. S2a). In defining
these coordinates, we assumed that the motor subunits are
arranged in a planar pentameric ring and the DNA passes
through the ring perpendicularly. (More detailed descrip-
tions are provided in Supplementary Data.)
The DNA can both roll and slide on the surface of the

lumen. For a pure rolling motion of the DNA around the
lumen surface, rd is a constant and φ and θ are dependent.
We can describe the rolling motion θroll as:

uroll = − B RP =RN − 1ð Þ
whereRP is the protein ring radius, i.e. the radius of a circle
connecting the tips of the five motor levers, and RN is the
radius of the DNA cross-section. Note that θroll and φ have
opposite sign so that as φ increases clockwise, θ increases
counter clockwise (see Supplementary Data and Fig. S2b).
By considering the generic electrostatic interactions be-
tween the DNA and the motor lever charges, we show that
the DNA favors the rolling configurations along the
periphery of the motor ring with a constant rd=RP–RN
(see SupplementaryData and Fig. S3b). Hence,we used the
three independent coordinates (z,φ, θ) to describe theDNA
movement, with φ describing the rolling, and θ describing
the DNA rotation, excluding the rolling component.

Calculating the electrostatic interactions between the
DNA and the motor lever

In order to examine the generic electrostatic effects, we
put five positive point charges on the motor levers and
calculated the screened Coulomb interactions between all
these positive charges and the negative phosphate charges
on the DNA backbone through:

Vel = −
X
ij

Qiqje2exp −Erij
� �

4kq0qrrij
ð1Þ

with e2/4πɛ0ɛr estimated as ∼4 kBT·bp in the dielectric
environment of the lumen (if ɛr estimated is∼40) and with
an exponential damping term characterized by the Debye
length 1/λ, describing the overall solution ionic effect.
Long stretches of DNA charge pairs were included in the
calculations to preserve the periodicity of the dsDNA (for
details, see Supplementary Data and Fig. S3).

Constructing the dominant chemical reaction scheme

In Table 1 we summarize our proposed reaction rules
individually, followed by the experimental basis for each
rule. Detailed explanations are provided in both the main
text and in Supplementary Data. The aim was to construct
a reasonable reaction scheme that is consistent with
current experimental observations.

Stochastic simulation of DNA translocation

Here, we treat the motor as the source of translocating
forces (generated by the electrostatic and steric interactions
between the DNA and the motor), and write equations of
motion of the DNA in terms of its packaging distance z(t)
only. Because every power stroke is regarded identical in
the model, we can treat z as a periodic variable. The
Langevin equation describing the DNA translocation is:

~ :z = −
BVj

eff zð Þ
Bz|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

Translocation forces

− FL|{z}
Load force

+ f̃ tð Þ|{z}
Brownian forces

; j = E;T;D; 0bzV2:5 ð2Þ

Here, z is the DNA packaging length (in bp), ζ is a drag
coefficient, and the random thermal fluctuations f̃ (t) satisfy
〈f̃ (t) f̃ (t′)〉=2kBT ζδ(t-t′).58,59 Veff

j (z) is the potential of mean
force exerted on the DNA by the motor in chemical state j.
The exact form of this potential is unknown; however, its
essential features can be modeled directly using the
following constraints.

(1) As an approximation Veff
j (z) depends only on the

chemical state (E, T, D) of the subunit attached to the
DNA.

(2) The energy minimum in the D state is 2.5 bp from that
of the T state in the T↔D transition.

(3) The slope of the potential (i.e. the translocation force) in
the D state can provide a stall force ∼70 pN (between
the 57 pN average stall force measured earlier,29 and
the higher value estimated recently52).

(4) The potentials repeat every 2.5 bp as the DNAmoves to
the next subunit.

In a thermal activation process, the exact mathematical
form of the potentials is not important, and we have used
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smooth sin2(·) functions representingVeff
j (z). These are 2AE

sin2(πz/10), 2AT sin
2(πz/10), and 2AD sin2[π(z-2.5)/10] for

the E, T and D states, respectively (see Supplementary
Data Fig. S7). The amplitudes obey ATNAE, AD (i.e. the T
state has the highest DNA affinity), and AD≈15 kBT
(70 pN·2.5 bp from (3)). For convenience, we set AT=2AD
and AE=AD.
Eq. (2) corresponds to a Fokker–Planck equation,58 a

probability description equivalent to the Langevin Eq. (2):

BUj

Bt
=

D
kBT

B

Bz
B

Bz
Vj

eff zð Þ + FL

� �
Uj

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Translocation and load forces

+ D
B2Uj

Bz2|fflfflffl{zfflfflffl}
Brownian motion

+
X

i
kji zð ÞUi|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

Chemical reactions

ð3Þ

where ρj(z,t) is the probability density of the system in
chemical state j being at position z (with packaging
distance z) at time t.

P
i kji zð Þqi describes the Markov

transitions among different chemical states (with the
constraint: kjj zð Þ = −

P
i p j kij zð Þ). The diffusion constant

D is related to the drag coefficient ζ by D=kBT/ζ, and
should take into account effects on the DNA from the
solvent and from the rest of packaging apparatus. The value
of D was self-consistently tuned with the chemical rate
constants under the velocity constraints (see Supplementary
Data). Note that for a motor with five subunits there are 35
possible chemical states because each subunit can adopt one
of three states (E, T and D). When DNA is present, it
attaches to one of the subunits at any given time and the
overall number of chemical states is then 5×35=1215.
In Supplementary Data, we provide procedures de-

scribing how to simulate the DNA packaging trajectories
and how to establish the parameters of the model. This
allows us to compare the quantitative results of the model
with the experimental data.
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