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Continuous Allosteric Regulation of a Viral Packaging Motor by a Sensor
that Detects the Density and Conformation of Packaged DNA
Zachary T. Berndsen,1,2 Nicholas Keller,1 and Douglas E. Smith1,*
1Department of Physics and 2Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, California
ABSTRACT We report evidence for an unconventional type of allosteric regulation of a biomotor. We show that the genome-
packaging motor of phage f29 is regulated by a sensor that detects the density and conformation of the DNA packaged inside
the viral capsid, and slows the motor by a mechanism distinct from the effect of a direct load force on the motor. Specifically, we
show that motor-ATP interactions are regulated by a signal that is propagated allosterically from inside the viral shell to the motor
mounted on the outside. This signal continuously regulates the motor speed and pausing in response to changes in either den-
sity or conformation of the packaged DNA, and slows the motor before the buildup of large forces resisting DNA confinement.
Analysis of motor slipping reveals that the force resisting packaging remains low (<1 pN) until ~70% and then rises sharply to
~23 pN at high filling, which is a several-fold lower value than was previously estimated under the assumption that force alone
slows the motor. These findings are consistent with recent studies of the stepping kinetics of the motor. The allosteric regulatory
mechanism we report allows double-stranded DNA viruses to achieve rapid, high-density packing of their genomes by limiting
the buildup of nonequilibrium load forces on the motor.
INTRODUCTION
A critical step in the assembly of many double-stranded
DNA (dsDNA) viruses is packaging of the viral genome
into preformed prohead shells (1–4). In phage f29, a
19.3 kbp genome is packaged into a 42 � 54 nm prohead
via an ~4-nm-diameter portal channel (5). This channel is
comprised of a ring of portal proteins (gene product 10
(gp10), also referred to as the head-tail connector). A ring
of the packaging motor proteins (gp16) docks to the portal
on the exterior of the prohead via an intervening ring of
RNAmolecules (prohead RNA (pRNA)) (Fig. 1). Gp16 con-
verts chemical energy from ATP hydrolysis into mechanical
work to translocate the DNA through the portal. This is a
remarkable process because near-crystalline packing den-
sity of the DNA is achieved against large resistance forces
that are thought to arise from DNA bending rigidity, electro-
static self-repulsion of DNA segments, and entropy loss
(6–10).

The dynamics of DNA translocation and forces generated
by the molecular motor have been measured in the bacterio-
phage f29, l, and T4 systems via single DNA molecule
manipulation with optical tweezers (11–22). A striking
phenomenon observed in both f29 and l is that the motor
velocity decreases sharply with increasing prohead filling
and also decreases with increasing externally applied force
(11,14,16).
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Recently, we showed that the DNA inside phage f29 un-
dergoes nonequilibrium dynamics during packaging, which
slows the motor, causes heterogeneity in the packaging
rates of individual viruses, and causes frequent pauses in
motor translocation (23). At high prohead filling, we showed
that the DNA adopts a nonequilibrium conformation that
relaxes on a timescale of >10 min, which is longer than
the packaging reaction (~6.6 min on average). The observed
heterogeneity in packaging rates indicates that the DNA
packaged in different individual viruses adopts different
conformations and that the motor velocity depends not
only on the length of DNA packaged but also on its
conformation.

Here, we report that the amount and conformation of the
DNA inside the prohead also indirectly influence motor
function in a manner that is distinct from the influence of
the forces that resist DNA confinement and directly load
the motor. Much of the decrease in motor velocity with
filling is attributable to this effect. Since only part of the
slowing can be attributed to load forces, our findings show
that previous analyses based on the assumption that load
force is the only factor that slows the motor overestimated
the resisting forces (11,13,16). The detailed measurements
of motor slipping presented here suggest that the force re-
sisting DNA confinement is quite low until ~70% filling,
but then builds rapidly during the final stages of packaging.
The surprising implication of these findings is that besides
being directly affected by the load force, the motor is also
indirectly regulated by an allosteric interaction between
the DNA packaged inside the prohead and the motor
mounted on the outside. We further show that these findings
http://dx.doi.org/10.1016/j.bpj.2014.11.3469
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FIGURE 1 Components of the f29 packaging complex. The packaging

components are arranged based on superposition of the cryo-EM structure

of the portal-pRNA-motor complex (after Morais et al. (48)) on that of the

fully packaged virus (after Tang et al. (31)). The arrows schematically illus-

trate that both internal and applied forces exert loads on the motor at the site

where the motor grips the DNA, opposite to the direction of translocation.

Note: the dimensions of the prohead shell are 42 � 54 nm.
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are consistent with recent studies demonstrating highly co-
ordinated burst-dwell stepping kinetics of the packaging
motor (24).
MATERIALS AND METHODS

The f29 components were provided by Dr. Shelley Grimes and Dr. Paul Jar-

dine and prepared as described previously (23). A 25 kbp dsDNA packaging

substrate labeled at one end with biotin was prepared by PCR as described

previously (23,25). The DNAwas tethered to 2.1-mm-diameter streptavidin-

coated microspheres, and prohead-motor complexes were preassembled

and attached via anti-f29 antibodies to 2.1 mm protein G-coated micro-

spheres as described previously (13,16,23).

Packaging was initiated by bringing a microsphere carrying DNA into

near contact with a microsphere carrying prohead-motor complexes in

the presence of standard packaging buffer containing 25 mM Tris-HCl

(pH 7.5), 50 mM NaCl, and 5 mM MgCl2 with 0.5 mM ATP, as described

previously (13,16). Exchange between solutions containing ATP and gS-

ATP was achieved using a custom-made microfluidic flow cell. Measure-

ments were conducted in a channel filled with gently flowing ATP solution.

The flow cell was attached to a translation stage, which allowed a tethered

complex that was held fixed in the laboratory frame by the optical traps to

be rapidly moved near the end of a capillary tube that delivered a 0.4 mM

gS-ATP solution in the same background buffer, causing rapid (<1 s) solu-

tion exchange and stalling the motor. The motor was then restarted by

moving the complex away from the capillary tube and back into the flowing

ATP solutions, again achieving nearly instant solution exchange.

Measurements were made at ~23�C using a dual-trap optical tweezers

system as described previously (13,16). Two measurement modes were

used. In the force-clamp mode, the applied tension is held constant at a
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preset value by use of feedback control system that adjusts the separation

between the two traps. In the fixed-trap position mode, the tension is al-

lowed to build as packaging proceeds. The tweezers were calibrated as

described previously (26,27). The tether length was computed from the

measured force versus fractional extension relationship, and all velocities

were calculated by linear fits to DNA tether length versus time in a 3 s

sliding window. All error bars were determined by bootstrap analysis.

Pauses in which the motor temporarily stops translocating DNA for

~1–10 s and slips in which segments of DNA rapidly exit the prohead are

often observed (11). To score pausing events automatically, we employed

a residence-time histogram method as described previously (18). Slips

were scored for both fixed-force and fixed-position measurements as any in-

crease in DNA tether length that occurred within ~1 s and was larger than a

threshold determined from an equal-sized ensemble of simulated packaging

events that did not contain slips. Simulated packaging traces were generated

according to the model described in Moffitt et al. (18), with added instru-

ment noise as measured experimentally. The average frequency of pauses

and slips as a function of the percentage of the length of the genome pack-

aged for each ensemble was calculated in 5% genome length bins.
RESULTS

We employed optical tweezers to directly measure the pack-
aging of single DNA molecules into single phage f29 pro-
heads, using techniques modified from those we described
previously (11,13,16,23). In brief, prohead-motor com-
plexes were attached to one microsphere and DNA mole-
cules were attached to a second microsphere. When a
DNA molecule was brought into contact with the motor in
the presence of ATP, packaging initiated and the DNA was
translocated into the prohead (Fig. 2 A). We continuously
tracked the length of the packaged DNA versus time by us-
ing a feedback control system to apply a constant force of 5
pN, which is small compared with the maximum force the
motor can exert (>60 pN).

The most obvious way that DNA packaged inside the pro-
head can influence motor function is through forces that
resist DNA translocation and directly load the motor, which
we call internal force (11,12,18) (Fig. 1). Such forces are ex-
pected to arise because confinement of the DNA is an ener-
getically unfavorable process (6–10). The internal force
exerts a load on the part of the motor that grips and translo-
cates the DNA through the portal channel, and slows the
motor by reducing any force-dependent rate constants in
the mechanochemical cycle. In standard theoretical ana-
lyses, the presence of a resisting load force Fload during a
DNA translocation step of size Dx increases the mechanical
work energy by an amount FloadDx, which increases the
reaction energy barriers (28,29). To probe the motor’s
response, we can artificially apply a load force by applying
tension to the unpackaged DNA tether (Fig. 1). The
measured velocity v has been shown to decrease with
increasing applied force Fload in accord with the formula
v ¼ 1/(a þ b � exp(c � Fload)) predicted by Chemla et al.
(12), where a, b, and c are constants related to the kinetic
model parameters described in Chemla et al. (12). The mo-
tor also slows progressively as the prohead fills with DNA
(11,13,16). Under the assumption that load force is the



FIGURE 2 Nucleotide exchange experiments. (A) Schematic illustration of the experimental setup. A prohead-motor complex is attached to one micro-

sphere and held in one optical trap (left), and a single DNA molecule is attached by one end to a second microsphere and its other end is packaged into the

prohead. (B and C) Examples of nucleotide exchange experiments. The motor is stalled by addition of gS-ATP, ATP is reintroduced, and the motor is

observed to restart after a delay (restart time). (B) Example of a measurement at low filling (22% genome packaged), showing a short restart time of 5 s.

(C) Example of a measurement at high filling (75%), showing a very long restart time of 110 s. (D) Mean time to restart after nucleotide exchange. The

dependence of the mean restart time after exchange from gS-ATP to ATP on prohead filling (n ¼ 304 packaging events) is shown. Error bars indicate

mean 5 SE.
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only factor that slows the motor, the above relationship was
used to infer the magnitude of the internal force as the pro-
head filled (11,16). Surprisingly, however, we find that load
force is not the only factor that influences motor function.
We show that as the prohead fills, the building density of
DNA has an additional effect on the motor that is distinct
from the effect of load force and contributes significantly
to the change in motor dynamics at high fillings.

Our first finding demonstrating this effect comes from
measurements in which we stalled the motor with a nonhy-
drolyzable ATP analog (gS-ATP) and restarted it by reintro-
ducing ATP. To accomplish that, we moved the packaging
complex in front of a capillary dispensing gS-ATP and
then moved it back into the main flow chamber containing
ATP. In this manner, we achieved exchange back to ATP
in <1 s. Strikingly, we find that the time it takes the motor
to restart after this nucleotide exchange is strongly depen-
dent on prohead filling. At low prohead filling, the motor
restarts rapidly (within a few seconds; Fig. 2 B), but at
high filling, the restart time can increase to longer than
1 min (Fig. 2 C). The average restart time measured for
an ensemble of experiments increases continuously with
increasing prohead filling (Fig. 2 D). This increase is not
attributable to increasing load force because it was previ-
ously shown that the dissociation rate of gS-ATP measured
at low filling is independent of the applied force (12). There-
fore, our present finding implies an indirect effect of pro-
head filling on motor-ATP interactions.

Our second finding demonstrating this effect comes from
detailed studies of pausing in DNA translocation. In mea-
surements with low load (5 pN), we observe short pauses
(typically ~1–10 s) in DNA translocation that occur with a
frequency that increases strongly with increasing filling
(Fig. 3 A), as also observed in earlier studies (11,23,24).
Here, we present additional data showing that pausing
measured at low prohead filling is not significantly induced
by increasing load (Fig. 3 B). Thus, the observed increase in
pausing with increasing filling cannot be attributed to a
buildup of force resisting DNA translocation and instead
must be attributed to an independent effect of prohead filling
on motor function.

Our third finding demonstrating this effect comes from
studies of motor slipping. Slips were defined as events in
which a length of DNA (typically ~30–150 bp) suddenly
came backward out of the prohead. In sharp contrast to
the trend observed with pausing, the frequency of slipping
increased both with increasing filling (Fig. 4 A) and with
increasing applied load (Fig. 4 B). We interpret these find-
ings as indicating that slipping occurs when the motor loses
its grip on the DNA, and that the probability of slipping in-
creases with increasing load. In this case, the buildup of load
force can be inferred by relating the frequency of slipping
versus load force, measured at low filling, to the frequency
of slipping versus filling (Fig. 4 C). The inferred internal
force is very low (<1 pN) until ~70% filling, where it
then begins to build rapidly and reaches a maximum of
~23 5 7 pN at the end of packaging.

In earlier analyses, we inferred internal force under the
seemingly reasonable assumption that the decrease in motor
velocity with filling is completely due to this force loading
the motor (11,13,16). However, the magnitude of the inter-
nal force deduced under that assumption is several-fold
higher than that inferred from our present measurements
of slipping frequency (Fig. 4 B). Most notably, the motor ve-
locity (i.e., the packaging rate not including pauses and
slips) decreases by ~50% going from 0% to 70% prohead
filling (Fig. 5 A), but the measurements of slipping suggest
that there is very little internal force (<1 pN) up to this
Biophysical Journal 108(2) 315–324



FIGURE 3 Analysis of pauses in motor translo-

cation. (A) Mean frequency of pauses (number de-

tected per packaged kilobasepair) versus prohead

filling (n ¼ 45). (B) Mean frequency of pauses

versus applied force (n ¼ 130). Inset shows the

% time spent paused. All error bars indicate

mean 5 SE.
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point. Based on the measured velocity versus load force
relationship (Fig. 5 B), 1 pN of internal force would only
cause a ~2% reduction in velocity, which cannot explain
the measured ~50% velocity decrease going from 0% to
70% filling. Thus, these findings further demonstrate that
much of the slowing of the motor is not caused by load force
and again must be attributed to an indirect effect of the pack-
aged DNA on motor function.
DISCUSSION

An unconventional type of allosteric regulation

We refer to the reported slowing of the motor with prohead
filling due to modulation of motor-ATP interactions as allo-
steric regulation in analogy to the classical phenomenon
wherein an enzyme’s activity at one site is regulated by
the binding of an effector molecule at a second site. Here,
the motor’s DNA translocase activity, which is coupled
to the ATP hydrolysis cycle, is allosterically regulated by
the presence of increasing amounts of DNA packaged inside
the prohead. This allosteric signal negatively regulates the
FIGURE 4 Analysis of motor slipping. (A) Mean frequency of slips (number d

pN force clamp (n ¼ 320 packaging events). (B) Mean frequency of slips versu

(where force is held constant at different preset values; circles, n¼ 190) and fixed

squares, n ¼ 130). The solid line is a linear fit to the data points. (C) Force resis

bars indicate mean 5 SE.
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packaging rate by both reducing the motor’s translocation
speed and increasing the frequency of pauses. This regula-
tion likely helps to mitigate the formation of nonequilibrium
DNA conformations that we have demonstrated can cause
stalling and slipping of the motor (23,30).

We note that this regulation is unlike typical allosteric
regulation in two ways. First, the prohead filling sensor is
nonspecific in the sense that it does not appear to involve
binding of a specific DNA sequence to a complementary
binding site. Studies using several different DNA substrates
observed motor slowing that was independent of the
sequence being packaged (11,13,16,23,30). Rather, the
motor function is modulated by an increasing density of
confined DNA, presumably through nonspecific interactions
with the portal and/or prohead wall. Second, whereas bind-
ing of an effector molecule typically causes a discrete
change in enzyme activity, here the velocity of the motor
complex decreases continuously with increasing length of
the packaged DNA. Since our experiments directly measure
the rates of single-motor complexes, it is clear that this
continuous change is due to the activity of individual motors
and not simply to shifting subpopulations of complexes
etected per packaged kilobasepair) versus prohead filling measured with a 5

s applied force measured at low filling (<20%) in both force-clamp mode

-trap position mode (where force is allowed to build as packaging proceeds;

ting packaging versus prohead filling inferred from plots A and B. All error



FIGURE 5 Motor velocity measurements. (A)

Mean velocity versus prohead filling (n ¼ 45).

(B) Mean velocity versus applied force (n ¼ 74).

All error bars indicate mean 5 SE.
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having two distinct activity levels (e.g., with effector bound
versus unbound).
FIGURE 6 Two different mechanisms of regulation of the f29 motor.

Individual components of the packaging complex are labeled in Fig. 1. (A)

Forces acting directly on the section of DNA that enters through the portal

exert a direct load on the portion of the motor that grips and translocates the

DNA (dashed circle). (B) DNA packaged inside the prohead interacts with

the inner wall of the prohead and a portion of the portal protein that pro-

trudes into the interior. This interaction allosterically regulates the motor

protein attached to the exterior portion of the portal in a manner distinct

from direct load. Images were constructed as described in Fig. 1.
Structural basis for the allosteric effect

Structural studies based on cryo-electron microscopy (cryo-
EM) have shown that the portal channel through which the
DNA is translocated extends from the interior of the prohead
to the exterior, where the motor protein is attached via the
intervening pRNA (Fig. 1) (31–33). The force resisting
DNA packaging is directly transmitted to the motor via its
contacts with the section of DNA threaded through the
channel (Fig. 6 A). However, it is quite clear that the section
of DNA that is already packaged inside the prohead does not
directly contact the motor protein and therefore cannot
directly affect its operation. The packaged DNA only
touches the inner wall of the prohead and a portion of the
portal channel that extends into the prohead interior (31–
33). Our results therefore imply that the packaged DNA
must interact with the motor protein via a long-distance allo-
steric signal (Fig. 6 B). This signal must be transmitted
~100 Å from the interior of the prohead to the motor on
the exterior via the intervening prohead shell and/or portal
protein and pRNA.

Cryo-EM studies of several different phages, including
f29, have shown that the packaged DNA is in contact
with the portion of the portal channel that is exposed to
the interior (31,33–38). Two particularly striking observa-
tions are that 1), a ring of DNA appears to wrap around
the portal, appearing to squeeze it; and 2), the portal adopts
a different conformation when it is incorporated into the
head than when it is isolated (36,37). Because the portal
was only imaged at one filling level (fully packaged), it is
unclear whether the alternate conformation represents one
conformation of a two-state system or a single point in a
continuum of conformational states. Our data support the
later scenario for f29 motor regulation, since we observe
a continuous decrease in velocity for individual complexes
and large heterogeneity among an ensemble of complexes
(23). Mutant studies of phage P22 also indicated that residue
changes in the portal protein can affect the length of pack-
aged DNA (39). Unlike f29, P22 packages by a headful
mechanism in which the motor must excise a unit-length
genome from a concatenated DNA substrate (3,4,36). The
motor is triggered to terminate packaging and cleave the
Biophysical Journal 108(2) 315–324
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DNA after an appropriate length of the genome has been
packaged. It was proposed that the conformational change
observed in the P22 portal may be the signal that triggers
the termination (36). Cryo-EM and molecular-dynamics
studies of phage ε15 also revealed a well-resolved ring of
averaged density located inside the narrow groove at the
base of the portal (35,40). In simulations, this groove section
often consisted of a variable arrangement of two or more
independent DNA segments (23). Cryo-EM studies of f29
virions also revealed a ring of DNA in contact with the portal,
although itwas touching the topof the portal rather thanwrap-
ping around it (33). Although f29 does not package via a
headful mechanism, a conformational change in its portal,
induced by contact with the packaged DNA, could communi-
cate the allosteric regulatory signal to the motor protein.
Distinction between the effects of load and
allosteric regulation

Although we have distinguished motor slowing due to an
internal force that directly loads the motor from that due
to allosteric regulation, the latter could still be caused by
conformational changes induced by the buildup of internal
forces. As illustrated in the schematic diagram in Fig. 6, A
and B, the force per unit area (pressure) exerted by the pack-
aged DNA on the inner surface of the prohead wall and por-
tal ring is presumably similar or equal, on average, to the
force that resists translocation of DNA by the motor through
the portal channel. However, our findings show that the
onset of the slowing due to the allosteric mechanism occurs
at a much lower filling than slowing due to force directly
loading the motor. If the allosteric mechanism is indeed trig-
gered by internal force, it must be much more sensitive to
the magnitude of the force (i.e., triggered by lower forces
than are needed to significantly slow the motor via load).
Specifically, as discussed below, our analysis of motor slip-
ping reveals that the allosteric effect begins to significantly
slow the motor well before any changes in load-dependent
behavior are detected (i.e., slipping). Although we could
not detect any internal force below ~70% filling, it is likely
that a small internal force (e.g., <1 pN, which is too low for
our slipping analysis to detect) does build up, as expected
theoretically. Such a low force would not significantly
slow the motor via load (Fig. 5 A), but could be more
than sufficient to trigger motor slowing via the allosteric
mechanism.
Effect on motor-ATP interactions

Our finding that the motor restart time after the exchange
from gS-ATP to ATP increases dramatically with prohead
filling shows that the motor-ATP interaction is affected. In
principle, either a decrease in the ATP binding rate or an in-
crease in the ATP dissociation rate would slow the motor
(12), but our measurements rule out the latter possibility.
Biophysical Journal 108(2) 315–324
Fig. 2 D shows that the restart time at 70% filling is
~30 s, but at this filling the motor velocity during packaging
is ~50 bp/s, which implies that one ATP is being hydrolyzed
every 0.04 s (since ~2 bp are packaged per ATP) (12). Thus,
ATP binding, hydrolysis, DNA translocation, and ADP and
phosphate release must all happen very rapidly in 0.04 s.
Therefore, the 30 s restart time we measure must be attrib-
uted to slow dissociation of gS-ATP. Our measurements
thus imply that the gS-ATP dissociation rate decreases
with increasing prohead filling. Since gS-ATP has been
shown to mimic ATP in its binding kinetics (12), this im-
plies that if ATP had the opportunity to dissociate (as
opposed to being rapidly hydrolyzed), its rate of dissocia-
tion would decrease with increasing prohead filling. A
decreased dissociation rate, however, would increase motor
velocity, and thus cannot explain the observed reduction
with filling. Therefore, we attribute the reduction in motor
velocity to a decrease in the ATP binding rate.

A decrease in the ATP binding rate could result from
either weakening of the motor-ATP interaction or occlusion
of the ATP binding pocket. Our evidence showing that the
rate of ATP dissociation decreases with increasing filling
suggests that it is due to occlusion. Such occlusion could
be caused by a conformational change in the motor protein
that affects the ATP binding pocket or by conformational
changes in the prohead, portal, and/or pRNA components
that result in steric hindrance of the entry of ATP into the
binding pocket.
Contributions of load versus allosteric regulation
to motor slowing

The magnitude of the internal forces implied by our mea-
surements of motor slipping (Fig. 4 C) is significantly lower
than those estimated previously under the assumption that
internal force was the only factor slowing the motor
(11,13,16). This discrepancy is explained by our present
finding that prohead filling has an independent allosteric ef-
fect on motor function. Our measurements of motor slipping
suggest that the internal force is quite low (<1 pN) until
~70% filling, after which it rises sharply. Therefore, the
~50% decrease in motor velocity going from 0% to 70%
filling is almost entirely attributable to allosteric regulation.

In Fig. 7 A, we compare the measured dependence of mo-
tor velocity versus filling to that which would be expected
due to the buildup of internal force loading the motor alone.
We inferred the change in velocity by relating the internal
force-filling relationship in Fig. 4 C to the measured
force-velocity relationship in Fig. 5 B. This comparison
shows that allosteric regulation begins to slow the motor
significantly at ~20% filling, whereas slowing due to the
buildup of internal force starts much later, at ~70% filling.
We also plot for comparison the overall mean packaging
rate, which includes the effect of motor pauses and slips
(Fig. 7 A). At low filling (<50%), pauses and slips cause a



FIGURE 7 Factors that influence the reduction

in motor velocity. (A) Measured mean pack-

aging rate (solid line) and measured mean motor

velocity (rate not including pauses and slips,

dotted line) versus filling compared with the

velocity that would be expected if the force

plotted in Fig. 6 B were the only factor slowing

the motor (dashed line). (B) Fold decrease from

the initial value of the measured packaging rate

(solid line), measured motor velocity (dotted

line), and expected velocity due to force alone

(dashed line). The inset shows a zoomed-in

plot of the dashed line. All error bars indicate

mean 5 SE.
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negligible percent change, but pauses steadily increase in
importance at high filling (see also Fig. 3 B, inset).

Overall, the allosteric mechanism, which both slows the
motor velocity and causes pausing, has a much larger effect
on packaging kinetics than does internal force. Comparisons
of the ratio of the initial velocity (Vmax) to the expected ve-
locity if force alone slowed the motor and the ratio of Vmax

to the measured velocity are plotted in Fig. 7 B. This shows
that internal force alone is predicted to have only a minor
impact on the overall velocity change, accounting for a
~1.5-fold reduction from the initial value, whereas the
actual reduction reaches ~8-fold near the end of packaging.
Thus, the allosteric interaction ultimately slows the motor
velocity by an additional ~5-fold. The reduction in the over-
all packaging rate, which includes the effect of pauses, rea-
ches ~20-fold near the end of packaging. Thus, allosterically
induced pauses ultimately slow packaging by an additional
~2.5-fold.
Force resisting DNA confinement and
comparisons with theories

Our findings shed light on discrepancies between our earlier
higher estimates of forces resisting packaging (internal
force) and theoretical predictions (7–9,13,16,41–43). Our
present measurements of slipping suggest very little buildup
of force from 0% to 70% filling, followed by a rise to ~23
pN near the end of packaging. This trend is in closer accord
with theoretical predictions based on continuum mechanics
models and measurements of forces that drive DNA ejection
(44). Specifically, Tzlil et al. (7) calculated an initially low
rise and maximum force of ~25 pN based on a model
assuming an inverse-spool conformation of DNA and inter-
action potential derived from measurements of DNA
condensation by osmotic pressure. Caveats in this compari-
son are that they modeled phage l, which has a different
shape and genome length and slightly higher packing den-
sity, considered slightly higher ionic screening, and did
not consider nonequilibrium effects (23,45). Using a similar
model, but specifically considering the f29 prohead size,
shape, and packing density, Purohit et al. (8) also predicted
a similar shape of the force versus filling curve, though they
did not make absolute predictions about the forces indepen-
dently of previously reported experimental estimates.

Investigators have also modeled packaging using coarse-
grained molecular dynamics simulations. Forrey and Mu-
thukumar (9) calculated a maximum resisting force of ~40
pN, which is higher than what we found here, although
again they did not specifically model the f29 prohead di-
mensions. Another caveat in this comparison is that they
simulated DNA packaging at an initial rate ~105� faster
than the experimental rate due computational constraints,
which could cause larger deviations from equilibrium and
higher forces. Petrov and Harvey (43) also conducted mo-
lecular dynamics simulations using a DNA interaction po-
tential derived from available osmotic pressure data for
similar ionic conditions. They calculated resisting forces ris-
ing to ~60 pN. Again, however, the simulated packaging
was much faster than the natural speed (1 nm steps every
10 ns, although the authors pointed out that this timescale
does not translate to experimentally measured time due
the use of a coarse-grained model for DNA). Again, faster
packaging could explain larger deviations from equilibrium
and higher forces. Specifically, the finding of higher forces
in these simulations may be due to an inability of the simu-
lations to model the very slow DNA relaxation dynamics,
which we have shown to occur on >10 min timescales (23).
Regulation responds to changes in both the
length and conformation of packaged DNA

We have shown that packaging is not a quasi-static process,
because at high filling the DNA forms nonequilibrium con-
formations that relax on a timescale longer than the pack-
aging reaction (23). When packaging was stalled at ~75%
filling for ~12 min (on average) to allow the DNA to relax,
the average motor velocity increased by ~23% after restart-
ing. Notably, this change occurred with no change in pro-
head filling, indicating that this effect must be caused
solely by a change in the conformation of the packaged
DNA. At 75% filling, the internal force implied by our mea-
surements of slipping is <2 pN. According to the measured
Biophysical Journal 108(2) 315–324
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force-velocity relationship (Fig. 5 B), at 75% filling the
complete relaxation of 2 pN of force would only cause an
~4% change in velocity, so the observed velocity increase
after DNA relaxation cannot be attributed to the relaxation
of internal force alone. Thus, this acceleration must be
mostly attributed to modulation of motor activity via the
allosteric regulatory mechanism.

We also found that the frequency and duration of pauses
decreased dramatically after the DNAwas allowed to relax
(23). Since we have shown here that pausing is not signifi-
cantly induced by the load force, the change in pausing dy-
namics after DNA relaxation must therefore be attributed to
changes in the packaged DNA conformation that alter the
interaction(s) responsible for the allosteric effect. Remark-
ably, these findings regarding both motor velocity and
pausing imply that the allosteric sensor we have described
responds not only to the prohead filling but also to the
conformation of the packaged DNA.

Earlier studies by our lab (13) also showed that the
decrease in velocity with filling is dependent on ionic con-
ditions, which can change the packaged DNA conformation
(46,47). In conditions where the DNA-DNA interaction is
purely repulsive, higher screening (with Mg2þ, cobalt hex-
amine3þ, or spermidine3þ) results in a later onset of motor
slowing, consistent with decreased internal pressure causing
decreased allosteric regulation. In addition, we recently
found that spermidine at levels high enough to induce
DNA condensation in solution (changing the DNA-DNA
interaction to partly attractive) causes significant slowing
of the motor as well as more frequent and longer pauses
even at low filling levels (<50%) (30). Although this finding
is contrary to theoretical studies that predicted reduced
forces resisting DNA confinement (33), our interpretation
is that attractive interactions exacerbate the formation of
highly nonequilibrium DNA conformations that result in
higher resistance forces and/or greater allosteric slowing.
Relationship with motor stepping kinetics

It was previously shown that packaging occurs in rapid
bursts of four 2.5 bp steps separated by dwells (18). At
low filling, the duration of the bursts is independent of
ATP concentration but increases with increasing applied
force, whereas the duration of the dwells depends on the
ATP concentration but not the applied force. A study pub-
lished very recently by Liu et al. (24) reported that the dura-
tion of the dwells also increases with increasing prohead
filling. The conclusions we reach here are consistent with
these findings. First, the reported increase in the duration
of dwells with increasing prohead filling causes a load-inde-
pendent decrease in the motor velocity, consistent with our
findings. Second, our measurements of motor restart time
after nucleotide exchange imply force-independent changes
in motor-ATP interactions and suggest that motor slowing is
due to slowed ATP binding. Previous measurements showed
Biophysical Journal 108(2) 315–324
that motor velocity versus [ATP] follows Michaelis-Menten
kinetics (12). Liu et al. (24) extended these measurements to
show that the maximum velocity (Vmax) and Michaelis con-
stant (KM), and the ratio of the two (Vmax/KM) decrease with
increasing filling, suggesting that filling slows ATP binding,
consistent with our conclusion. Third, our measurements of
slipping frequency versus filling and versus force suggest
that the internal force remains low (<1 pN) until ~70%
filling and then rises steeply to ~23 pN near the end of pack-
aging. Using a different method, Liu et al. (24) inferred in-
ternal force by relating the dependence of the duration of
bursts of translocation steps on filling to their dependence
on applied force, yielding a force that rises in a similar
manner to a maximum value of ~20 pN. The fact these
two different methods of determining internal force yield
very similar values provides strong support for the validity
of these results.
CONCLUSIONS

We have presented three different findings that clearly indi-
cate that prohead filling has a strong and indirect effect on
the function of the motor distinct from the effect of a direct
load force. First, motor-ATP interactions are strongly per-
turbed by filling, but not by load. Second, motor pausing
increases sharply with increasing filling but not with
load. Third, the maximum internal force resisting pack-
aging inferred from measurements of motor slipping is
several-fold lower than previous estimates based on motor
velocity, which implies that much of the reduction in motor
velocity is independent of load. The implication of these
findings is that an allosteric signal acts to continuously
reduce the packaging rate even before the buildup of signif-
icant internal force. This signal is propagated ~100 Å from
the interior of the prohead to the motor protein mounted on
the exterior.

Remarkably, the allosteric sensor responds to not only the
quantity of the packaged DNA but also its conformation. We
propose that this effect mitigates the formation of highly
nonequilibrium DNA conformations, which we have shown
can slow and stall the motor, and cause the DNA to slip out
(23,30). Specifically, when the DNA is given less time to
relax toward equilibrium, this mechanism slows the motor
and induces pauses. Conversely, the motor speeds up and
pauses less when the DNA is given more time to relax
(23). Thus, the motor speed appears to be tuned by this reg-
ulatory mechanism to achieve sustainably fast packaging
rates depending on the filling level and DNA conformation.
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