
Molecular switch-like regulation enables global subunit
coordination in a viral ring ATPase
Sara Tafoyaa,b,c, Shixin Liud, Juan P. Castilloa,b, Rockney Atze,f, Marc C. Moraisg, Shelley Grimese,f,1, Paul J. Jardinee,f,
and Carlos Bustamantea,b,c,h,i,j,k,l,2

aJason L. Choy Laboratory of Single Molecule Biophysics, University of California, Berkeley, CA 94720; bHoward Hughes Medical Institute, University of
California, Berkeley, CA 94720; cBiophysics Graduate Group, University of California, Berkeley, CA 94720; dLaboratory of Nanoscale Biophysics and
Biochemistry, The Rockefeller University, New York, NY 10065; eInstitute for Molecular Virology, University of Minnesota, Minneapolis, MN 55455;
fDepartment of Diagnostic and Biological Sciences, University of Minnesota, Minneapolis, MN 55455; gSealy Center for Structural Biology and Molecular
Biophysics, Department of Biochemistry and Molecular Biology, University of Texas Medical Branch, Galveston, TX 77555; hDepartment of Molecular and
Cell Biology, University of California, Berkeley, CA 94720; iDepartment of Physics, University of California, Berkeley, CA 94720; jDepartment of Chemistry,
University of California, Berkeley, CA 94720; kCalifornia Institute for Quantitative Biosciences, University of California, Berkeley, CA 94720; and lKavli Energy
Nanoscience Institute, University of California, Berkeley, CA 94720

Edited by Ken A. Dill, Stony Brook University, Stony Brook, NY, and approved June 15, 2018 (received for review February 20, 2018)

Subunits in multimeric ring-shaped motors must coordinate their
activities to ensure correct and efficient performance of their
mechanical tasks. Here, we study WT and arginine finger mutants
of the pentameric bacteriophage φ29 DNA packaging motor. Our
results reveal the molecular interactions necessary for the coordi-
nation of ADP–ATP exchange and ATP hydrolysis of the motor’s
biphasic mechanochemical cycle. We show that two distinct regu-
latory mechanisms determine this coordination. In the first mech-
anism, the DNA up-regulates a single subunit’s catalytic activity,
transforming it into a global regulator that initiates the nucleotide
exchange phase and the hydrolysis phase. In the second, an argi-
nine finger in each subunit promotes ADP–ATP exchange and ATP
hydrolysis of its neighbor. Accordingly, we suggest that the sub-
units perform the roles described for GDP exchange factors and
GTPase-activating proteins observed in small GTPases. We propose
that these mechanisms are fundamental to intersubunit coordina-
tion and are likely present in other ring ATPases.

ring ATPases | molecular switch-like regulation | single molecule
DNA packaging | ring-shaped molecular motors | intersubunit
enzymatic regulation

Many ATPases self-organize into ring-shaped structures and
coordinate their enzymatic activity to efficiently perform

biological functions, such as protein degradation, ATP synthesis,
DNA strand separation, and chromosomal segregation (1, 2).
Although such enzymatic coordination is necessary for proper
function of the multimeric complex (3), how it emerges from
stochastic processes and local molecular interactions is not well-
understood.
The bacteriophage φ29 DNA packaging motor illustrates the

highly coordinated enzymatic activity that such macromolecular
complexes can attain (4). This motor operates using a two-phase
cycle: an ADP-releasing/ATP-binding dwell phase, during which
the DNA remains stationary, followed by an ATP-hydrolyzing and
translocating phase, or burst phase, during which 10 bp of DNA is
rapidly internalized in the capsid. In this paper, we use optical
tweezers (Fig. 1), targeted mutagenesis of the conserved arginine
finger R146 (5), and cryo-EM reconstruction to elucidate how the
coordinated enzymatic activity displayed by the φ29 DNA pack-
aging motor arises from stochastic processes and local interactions.
We show that, during the nucleotide exchange phase, the

subunits display poor, thermally activated ATPase activities,
which are then drastically elevated during the DNA translocation
phase. Throughout this process, each subunit uses its arginine
finger to promote nucleotide exchange (during the dwell) and to
activate ATP hydrolysis (during the burst) in the adjacent
ATPase. These features recall the operation of small GTPases,
which are regulated by nucleotide exchange factors and activat-
ing proteins and behave as molecular switches (6, 7). Therefore,

the φ29 ring ATPase can be thought of as five molecular switches
arranged in a closed configuration. Moreover, the enzymatic activity
of one of the subunits is up-regulated compared with the other four,
likely due to a DNA contact, which transforms it into a more effi-
cient ATPase, becoming a global regulator that also uses its argi-
nine finger to, in turn, initiate the nucleotide exchange and ATP
hydrolysis phases. We propose that similar mechanisms of inter-
subunit regulation operate in other ring ATPases.

Results
To disrupt intersubunit coordination, we used mutants of the
arginine R146, an essential residue for ATPase activity recently
identified as the arginine finger (5, 8). Two different substitu-
tions—R146A and R146K—were screened in a single-molecule
optical tweezers assay (Fig. 1 A and B). No tethers were observed
with homomeric mutant rings, indicating that such rings either
do not package DNA or do not assemble into functional motors.
To obtain active mutant motors, we mixed WT subunits with
mutants of either type in various ratios. Using this approach, we
were able to obtain packaging trajectories of the resulting hybrid
ring motors.

Significance

The φ29 DNA packaging motor can be thought of as a five-
cylinder engine, where each cylinder (subunit) catalyzes ATP
hydrolysis to power DNA translocation. The motor operates in
two phases: first, the subunits load fuel (ATP) sequentially one
at a time; second, all subunits rapidly hydrolyze ATP in se-
quential fashion. How the subunits coordinate their activities
remained unknown. Here, we show that the subunits use
regulatory features observed in signaling pathways, a very
different biological context, to coordinate their activities.
Moreover, one of the subunits is stimulated by a contact with
the DNA, transforming it into a “timer” element that paces the
activity of the remaining cylinders. Similar mechanisms are
likely present in other molecular machines.
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The R146A Substitution Is Tolerated in only One Copy. Mixtures of
R146A and WT subunits in a 1:4 ratio (20% mutant) yielded two
clearly distinguishable phenotypes: WT-like velocity (>100 bp/s)
and very slow motors (∼10 bp/s) (Fig. 1 C and D). Hybrid motors
from a 1:3 mixing ratio (25% mutant) displayed only the slow
packaging behavior (Fig. 1D). No tethers formed with higher
mutant ratios. All packaging trajectories displayed the biphasic
dwell–burst cycle described in WT motors (9) (Fig. 1C). How-
ever, the slow packaging traces displayed dwells that are 10 times
longer (∼720 ms) than those in the WT (∼72 ms) (Fig. 1E),
whereas the size and duration of the 10-bp translocation phase
remained unaffected (Fig. 1E). It was previously shown that each
translocating subunit packages 2.5 bp of DNA per hydrolyzed
ATP (9) and that R146A homomeric rings possess no ATPase
activity in bulk (5). Thus, the 10-bp translocation size of R146A/
WT hybrid rings (Fig. 1E) implies that four subunits must be
competent for DNA translocation and ATP hydrolysis. This ob-
servation—together with the bimodal velocity distribution (a de-
tailed analysis is in SI Appendix) observed with this mutant (Fig.
1D)—indicates that the slow phenotype corresponds to rings with
one R146A and four WT translocating subunits, in agreement
with previous results showing that, under normal operation, one of
the motor subunits does not translocate DNA (4, 9).

R146A Substitution Does Not Support ATP Hydrolysis. Interestingly,
unlike WT motors—with dwell times that are controlled by four
ADP release events and are best described by a gamma distri-
bution (4)—dwell times of R146A/WT hybrid motors are expo-
nentially distributed, indicating that a single step has become
rate limiting during this phase (Fig. 1E). To determine whether
ADP release or ATP binding by the inactive subunit has become
the rate-limiting step, we collected packaging trajectories of
R146A/WT hybrid motors at low [ATP] (20 μM) alone or at high
[ATP] (500 μM) mixed with ADP (500 μM) (Fig. 1F). Neither of
these conditions showed a change in mean dwell time (Fig. 1F).

Therefore, we conclude that the dwells are lengthened, because
the R146A subunit cannot hydrolyze ATP. Our conclusion
agrees with previous results showing that R146A homomeric ring
motors do not display ATPase activity in bulk measurements (5)
and that monomeric WT subunits do not exhibit ATPase activity
(10), indicating that the presence of a transacting residue from
the neighboring subunit is necessary for such activity.

R146A Substitution Uncovers the Basal ATPase Activity of the First
Translocating Subunit. The interpretation that R146A substitution
abolishes the subunit’s ATPase activity is supported by the
strikingly similar behavior observed when a single subunit is
temporarily inactivated by the binding of a nonhydrolyzable ATP
analog in WT motors (Fig. 1C), a behavior that was reported first
in a previous study (4). In that same study, it was shown that, if
the ATPγS had bound to any of the four translocating subunits,
the motor paused, displaying incomplete bursts (7.5, 5, and
2.5 bp), and remained in the pause until the nucleotide was re-
leased or the inactivated subunit adopted the regulatory role (4).
The phenotypes of R146A/WT hybrid motors imply that, in the
absence of ATP hydrolysis by the nontranslocating subunit, the
remaining subunits are able to spontaneously initiate DNA
translocation after a long-enough dwell—720 ms on average. We
propose that the cycle resumes with the thermally activated hy-
drolysis by one of the translocating subunits. Furthermore, be-
cause R146A/WT motors display consistently 10-bp bursts (Fig.
1E), such subunit must be the first immediately after the regu-
latory one and not the second, third, or fourth, as those cases
would result in 7.5-, 5.0-, and 2.5-bp bursts, respectively. This
observation also implies that the rate of spontaneous hydrolysis
of the remaining translocating subunits is slower than ∼1.4 s−1. It
is not clear at this point what the physical or structural bases are
for the faster spontaneous hydrolysis rate of the first trans-
locating subunit. As shown below, however, an asymmetric cryo-
EM reconstruction (Fig. 2D) of packaging motors suggests that

Fig. 1. Packaging behavior of R146A/WT hybrid motors. (A) Single-molecule DNA packaging experiments. A viral packaging particle is held between two
optical traps. (B, Left) Experimental DNA packaging trajectory acquired at 2,500 kHz (gray) and down-sampled to 100 Hz (blue). (B, Right) Schematic
packaging biphasic cycle. ATP-binding “dwell” phase: DNA remains stationary (light blue). ATP-hydrolyzing “burst” phase: DNA is translocated into the
protein capsid (orange). (C, Left) High-resolution packaging trajectories of WT (blue) and slow R146A/WT hybrid motors from a mixture containing 20%
mutant subunits (red). (C, Right) Sample packaging trajectory of WT motors in the presence of the nonhydrolyzable nucleotide ATPγS in a 1:500 ([ATP]:
[ATPγS]) ratio. ATPγS-induced pauses are highlighted in red; regular packaging behavior is in blue. (D) Velocity distribution of R146A/WT hybrid motors for
different mixing ratios. (E) Analysis of the translocation size (Left) and dwell times (Right) of slow R146A/WT hybrid rings (red) fitted to a single-exponential
distribution (gray) vs. WT motors (blue) fitted to a gamma distribution. (F) Sample packaging trajectories of R146A/WT hybrid motors and mean dwell times
under different packaging conditions: saturating [ATP] (red; [ATP] = 500 μM), low [ATP] (yellow; [ATP] = 20 μM), and in competition with ADP (purple; [ATP] =
[ADP] = 500 μM).
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this difference can be originated by more extensive contacts
established between the nontranslocating and the first trans-
locating subunits than between any other pair (grey arrow).
Accordingly, the mean dwell time of R146A/WT hybrid rings
yields the spontaneous ATP hydrolysis rate of the first trans-
locating subunit (∼1.4 s−1).

The Behavior of the WT at Low [ATP] Uncovers the Spontaneous
ATPase Activity of the Nontranslocating Subunit. Next, we use WT
motors to determine if the nontranslocating subunit can also
hydrolyze ATP spontaneously. Remarkably, we found that the
size of the translocation burst becomes smaller as ATP becomes
more limited—below the motor’s Km (35 μM) (Fig. 2 A and B).
We note that, even for the most limiting [ATP] tested (10 μM),
the bursts are generally no smaller than 5 bp (Fig. 2B). This
observation suggests that, at low [ATP], the subunits retain a
degree of coordination in nucleotide binding and ATP hydroly-
sis. Indeed, competition experiments with nucleotide analogs
confirmed that the subunits continue exchanging nucleotides and
hydrolyzing ATP sequentially at low [ATP] (SI Appendix, Fig.
S1). Moreover, the dwell duration correlates positively with the
size of their subsequent translocation (Fig. 2C), whereas vir-
tually no correlation was observed at saturating [ATP]. These
results imply that, at high [ATP], DNA translocation is
promptly activated on ring saturation with ATP (after ∼72 ms),
whereas at very low [ATP], an alternative stochastic mech-
anism must initiate DNA translocation (after ∼250 ms) with
or without ring saturation. The most parsimonious explana-
tion is that thermal energy spontaneously activates hydrolysis
by an ATP-bound subunit. However, the rate of spontaneous
hydrolysis of a translocating subunit (∼1.4 s−1 or less) is too

slow to account for the average dwell times observed at very
low [ATP]. Therefore, we propose that the event that triggers
DNA translocation under these conditions is the spontaneous
hydrolysis by the nontranslocating subunit, which occurs at a
rate of ∼4 s−1.

Ring Asymmetry Is Introduced by DNA Interaction. Such faster
spontaneous ATP hydrolysis rate (4 s−1 compared with 1.4 s−1 in
translocating subunits) in an otherwise identical subunit could
result from an event that breaks the ring’s structural symmetry.
We sought to confirm this inference by imaging packaging WT
motor complexes, stalled with ATPγS, using cryo-EM. No five-
fold symmetry constraints were imposed in the reconstruction.
Significantly, in the resulting ∼12-Å electron density map
(Fig. 2D), one of five subunits is seen to interact more ex-
tensively with the DNA than the rest (Fig. 2D, black arrow). In
addition, the data suggest more extensive contacts between
the regulatory and the first translocating subunits than be-
tween any other pair.

Multiple Copies of R146K Subunits Are Tolerated in Active Ring
Motors. Next, we proceeded to determine whether the charge-
conservative substitution R146K is better tolerated by the
translocating subunits than R146A. We mixed R146K and WT
subunits in various ratios; all mixtures displayed a broad distri-
bution of packaging velocities (Fig. 3 A and B). Packaging ve-
locities of R146K/WT motors can be clustered in three main
groups: fast (WT like; ∼125 bp/s), intermediate (∼85 bp/s), and
slow (∼45 bp/s) (Fig. 3B). Increasing the ratio of R146K subunits
in the mixture shifted the velocity distribution monotonically
toward lower values (Fig. 3B). This behavior is in stark contrast
with the results obtained with R146A/WT motors and suggests
that motors can tolerate two or more R146K subunits (SI Ap-
pendix, Table S1 has a detailed discussion).

The Arginine Finger Mediates Nucleotide Exchange. A detailed
analysis of the resulting phenotypes shows that the translocation
phase—during which four of the ATP hydrolyses events occur
(4)—is not affected by the R146K mutation (Fig. 3C). This result
may be rationalized by the observation that other ring ATPases
utilize a transacting lysine to catalyze ATP hydrolysis (11). We
find that, as we increase R146K/WT mixing ratios, the mean
dwell time increases relative to the WT (Fig. 3C). Since nucle-
otide exchange occurs during the dwell phase, we sought to de-
termine which kinetic step is affected by the R146K substitution.
To this end, we first considered the following kinetic scheme
(Scheme 1) for nucleotide exchange.

In Scheme 1, D, E, T, and T* indicate ADP-bound, empty,
ATP-bound, and ATP-tight bound states, respectively; and kADPr,
kATPb, kATPr, and kATP_tight are the kinetic rates for ADP release,
ATP binding, ATP release, and ATP tight binding per subunit,
respectively. Given previous results showing that the Hill co-
efficient of the ring motor at saturating [ATP] equals 1 (nH = 1)
(9), this kinetic scheme does not take into consideration subunit
cooperativity. Instead, the value of nH = 1 led to a model, in which
ATP binding to consecutive subunits is separated by an irreversible
transition and the binding of ATP to an empty site induces the

Fig. 2. Behavior of WT motors at very low [ATP]. (A) Sample packaging
trajectories of WT motors at different [ATP]. Gray arrows indicate 10-bp
translocation events. Black arrows indicate translocation events smaller
than 10 bp in size. (B) Translocation size distribution at saturating and sub-
Km ATP conditions. (C) Correlation between dwell duration and the fol-
lowing translocation size at low [ATP] (green dots) and at saturating [ATP]
(Inset; blue dots); r is the Pearson correlation coefficient. (D) Asymmetric
cryo-EM reconstruction. Electron density of viral particles stalled during DNA
packaging with ATPγS. ATPase subunits and DNA viewed in a bottom view
(from the outside) of the bacteriophage. Atomic-resolution structures of
packaging RNA (magenta) and DNA (dark blue) were fitted to the electron
density. The black arrow indicates more extensive contacts between one of
the subunits and the DNA. The gray arrow indicates the more extensive
contacts established by two adjacent subunits.

Scheme 1. Kinetic scheme.
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release of an ADP bound to the next adjacent subunit (9). As a
result, only one subunit is available for binding ATP at any given
time, which takes place in an interlaced fashion with the release of
ADP. Therefore, sequential nucleotide exchange around the ring
can be described by the kinetic scheme successively in each subunit.
Next, we derived an analytical expression for the packaging ve-
locity of the motor in terms of its Michaelis–Menten parameters,
Km and Vmax:

v=
Vmax × ½ATP�
½ATP�+Kmax

× 10  bp, [1]

where

Vmax ≈
kADPr

4 ·
�
1+ kADPr

kATP_tight

� [2]

and

Km ≈
kADPr ·

�
1+ kATPr

kATP_tight

�

kATPb ·
�
1+ kADPr

kATP_tight

�. [3]

Eq. 2 indicates that the reduced Vmax observed with mutant ring
motors must be due to a slower rate of ADP release, a slower
rate of ATP tight binding, or both. To determine Km and Vmax in
a homogeneous population of mutant ring motors, we designed a
substitution of the residue adjacent to the arginine finger, F145I,
to moderately perturb R146’s local environment. Homomeric
rings of F145I mutants displayed reduced ATPase and packaging
activities in bulk assays and a similar phenotype (longer dwell
times and no effect in the translocation events) as R146K/WT
hybrid motors (SI Appendix, Fig. S2).

Two observations were made from F145I ring motors.
First, we found that the statistical parameter Nmin—defined
as <τ>2/(<τ2> − <τ>2), where τ is the dwell time, which rep-
resents a lower bound to the number of rate-limiting events
underlying the dwell time distribution (12)—is the same in F145I
and in WT motors (Nmin equals ∼3.4) (SI Appendix, Fig. S2).
ADP release by the four translocating subunits is known to be the
slowest event during the dwell phase in WT motors (4). Therefore,
the invariance of Nmin suggests that kADPr remains rate limiting
in F145I but reduced relative to the WT to account for length-
ening of the dwell in these mutants. The alternative scenario, in
which kATP_tight alone is reduced, was tested in a Monte Carlo
simulation. We discarded such a scenario, as it would lead to an
increase in Nmin, which we do not observe experimentally (SI
Appendix, Table S2). Second, ATP titration showed that, al-
though Vmax is reduced in F145I, Km is invariant (SI Appendix,
Fig. S3). According to Eq. 3, to retain Km invariance, the reduced
ADP release rate in F145I must be accompanied by a similar
reduction in ATP loose-binding (or docking) rate, kATPb (as-
suming that the rates for ADP release and ATP release remain
comparable, kADPr ∼ kATPr, a reasonable assumption given that
both nucleotides are likely to undo similar contacts during re-
lease). Indeed, a Monte Carlo simulation confirms that equally
reduced kADPr and kATPb decrease Vmax without affecting Km and
Nmin (SI Appendix). This simulation also predicts that the mutant
rings would be inhibited more in the presence of ADP than WT
rings (SI Appendix, Table S2). We tested this prediction by
measuring the activities of F145I homomeric rings and R146K/
WT hybrid rings (33% mutant) in the presence of equal amounts
(500 μM) of ADP and ATP (SI Appendix, Fig. S4 and Fig. 3D,
respectively). Indeed, ADP inhibited F145I motors more than
WT rings (∼50 vs. ∼16% reduction in mean velocity, re-
spectively) (SI Appendix, Fig. S4), and the slowest population of
the R146K/WT hybrid rings (those containing more R146K

Fig. 3. Packaging behavior of R146K/WT hybrid motors. (A) High-resolution packaging trajectories with WT (blue) and R146K/WT hybrid rings (gold). (B)
Velocity distribution of R146K/WT mixtures for different mixing ratios. Each velocity group was fitted to a Gaussian distribution. The Gaussians were nor-
malized within each mixing condition to represent the fraction of motors belonging to each group (SI Appendix has a detailed analysis). (C) Analysis of the
dwell and translocation phases of R146K/WT hybrid rings (25, 33, and 40% mutant) and the WT (0% mutant). (D) ADP inhibition experiments. (Left) Sample
packaging trajectories for WT (blue) and R146K/WT hybrid motors (green) and in the presence of ADP (light blue and light green, respectively; [ATP] = [ADP] =
500μM). (Right) Velocity distribution of WT and R146K/WT hybrid rings in the presence and absence of ADP (same color code as in Left). Dotted lines cor-
respond to the mean packaging velocity. Black lines on top indicate the extent of inhibition by ADP in either scenario.
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mutant subunits) also had a greater velocity reduction in the
presence of ADP than WT motors (∼66 vs. 16% reduction in
mean velocity, respectively) (Fig. 3D). These observations in-
dicate that, during the dwell, the transacting arginine finger plays
a direct role in the release of ADP in the adjacent subunit (SI
Appendix has a detailed analysis).

Discussion
Our results indicate that, during nucleotide exchange, ATP
binding to one subunit induces the release of ADP by the adja-
cent subunit, a process mediated by the transacting arginine
finger. Throughout this process, the subunits’ spontaneous low
hydrolysis rates determined here ensure ring saturation with ATP
without hydrolysis. However, this ATPase activity is insufficient to
account for the duration of the ATP-hydrolyzing/translocating
phase (∼0.01 s), which requires catalytic rates >250 s−1 (assum-
ing four subunits hydrolyzing ATP sequentially). Therefore, on
ring saturation with ATP, the subunits must switch to a stimu-
lated ATPase activity to support the observed rapid DNA
translocation. The crystal structure of the ATPase subunit sug-
gests the physical basis for sequential ATPase stimulation (5):
ATP hydrolysis in one subunit causes a power stroke by its DNA
translocating loop, which repositions its arginine finger to stim-
ulate ATP hydrolysis in the following catalytic site and so on.
The regulatory features described here recall those observed in

small GTPases, which require exchange factors to release GDP
and activating proteins to efficiently hydrolyze GTP (13). In the
φ29 DNA packaging motor, each subunit uses its arginine finger
to function as an exchange factor—during the dwell phase—and
as an activating protein—during the ATP-hydrolyzing phase—for
the neighboring ATPase (Fig. 4). The cryo-EM reconstruction
presented here (Fig. 2D) shows that one subunit establishes a
distinct DNA contact. We propose that the DNA-contacting
subunit operates differently from the rest and is possibly up-
regulated by such contact. This interpretation is consistent with
previous bulk experiments showing that the subunits’ ATPase
activities increase in the presence of DNA (10). In this picture, the
DNA-contacting subunit releases ADP first—hence initiating the
nucleotide exchange phase—and hydrolyzes ATP first—hence
initiating the DNA translocation phase (Fig. 4). Altogether, these
mechanisms illustrate how global coordination and the quaside-
terministic behavior of molecular machines can arise from local
stochastic chemical interactions.
Small GTPase-like regulation has been proposed to underlie

the operation of other ring ATPases and molecular machines (14–
16). For instance, in F1-ATPase, the β subunit contains the cat-
alytic pocket, whereas the α subunit is known to not only stimulate
the ATPase activity (17) but also, prevent the ADP-inhibited state
by facilitating ADP release from the β subunit using its arginine
finger (18). Moreover, small GTPases and the subunits of ring
ATPases are thought to have evolved from a common ancestor
(19). It is tempting to speculate that the mechanisms of global
enzymatic regulation described here are conserved in other ring
ATPases as well as in other biological contexts.

Materials and Methods
Sample Preparation. WT and mutant ATPase gp16, genomic DNA, and
fiberless proheads were isolated as described previously (5). To avoid high
filling conditions, the 19.3-kb genomic DNA was digested with BstEII (New
England Biolabs) to produce a 12.5-kb piece of DNA. The 12.5-kb piece of
DNA was biotinylated using Klenow exo- (New England Biolabs) to fill in the
overhang with biotinylated nucleotides (Invitrogen). Proheads were partially
packaged (30–60 s) with biotinylated 12.5-kb genomic DNA and stalled with
ATPγS (Roche). The packaging buffer contained 25 mM Tris·HCl, pH 7.8,
50 mM NaCl, and 5 mM MgCl2 with various concentrations of nucleotides
and nucleotide analogs as specified in the text.

Optical Trapping. High-resolution packaging measurements were conducted
on a dual-trap instrument using a solid-state 1,064-nm laser as described

previously (20). Traps were calibrated as previously described (4, 9). Tethers
were formed between a 0.90-μm-diameter streptavidin-coated bead and a
0.88-μm-diameter anticapsid antibody-coated bead (Spherotech) held in
separate optical traps. Packaging was restarted in an ATP-containing buffer,
and DNA translocation by individual motor complexes was determined
from the decrease in the bead-to-bead distance. An oxygen scavenging
system [100 μg mL−1 glucose oxidase, 5 mg mL−1 dextrose (Sigma-Aldrich),
20 μg mL−1 catalase (Calbiochem)] was included in the buffer to prevent the
formation of reactive singlet oxygen. All packaging experiments were con-
ducted as described before in a semipassive mode, such that tension applied
to the motor was kept between 7 and 12 pN.

Data Analysis. Raw 2.5-kHz data were collected and filtered to 100–250 Hz for
further analysis. A modified Schwarz Information Criterion algorithm was used
to find steps in the packaging traces as described previously (20) in a custom-
written Matlab script. Mean values of the dwell duration distributions were
computed by boot strapping to normalize the distribution and compute con-
fidence intervals (displayed as errors in the figures). Velocity distributions were
built as histograms of the motors’ velocities. Then, the velocity histograms were
normalized to compare across different sets of data. The velocity of eachmotor
was determined by fitting a straight line to its packaging trajectory.

Cryo-EM Imaging. The DNA packaging motor was assembled as described in
the sample preparation. The reaction was stalled by adding ATPγS after 3 min
of initiating packaging with ATP (Roche; ATP concentration is 500 μM). The
sample was incubated for 2 min; 1 U of RQ DNase I (Promega) was added
and incubated at room temperature for 10 min. The sample was placed on
ice until grid preparation for cryo-EM imaging. A prohead:DNA ratio of
2:1 was used to maximize packaging efficiency. Three-minute packaging

Fig. 4. The ring ATPase is a set of five molecular switches arranged in a
closed configuration. (1) The DNA-bound subunit releases ADP on interact-
ing with the DNA (red loop in the subunit; red). (2) The subunits display poor
ATPase activity during the ATP-binding phase (light blue). Each subunit uses
its arginine finger to facilitate ADP release in its neighbor. All of the subunits
bind ATP in a sequential manner. Hydrolysis can only take place slowly at a
basal spontaneous rate. (3) The subunit contacting the DNA hydrolyzes ATP
first (navy). (4) The subunits display efficient ATPase activities during the
translocating phase (orange). Each subunit uses its arginine finger to acti-
vate ATP hydrolysis in its neighbor, resulting in a rapid hydrolysis cascade.
(Center) Schematic representation of each regulatory mechanism in the
context of a molecular packaging trajectory.
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corresponds to ∼75% head full. Grid preparation and image reconstruction
were performed as described previously (5).
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