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As part of their infection cycle, viruses must package their newly replicated
genomes for delivery to other host cells. Bacteriophage 629 packages its 6.6 um long
double-stranded DNA into a 42 nm x 54 nm capsid1 via a portal complex that
hydrolyses ATP?. This process is remarkable because entropic, electrostatic, and
bending energies of the DNA must be overcome to package the DNA to near-
crystalline density. Here we use optical tweezers to pull on single DNA molecules as
they are packaged, thus demonstrating that the portal complex is a force generating
motor. This motor can work against loads of up to ~57 picoNewtons on average,
making it one of the strongest molecular motors ever reported. Movements of over 5
um are observed, indicating high processivity. Pauses and slips also occur,
particularly at higher forces. We establish the force-velocity relationship of the
motor and find that the rate-limiting step of the motor’s cycle is force dependent even
at low loads. Interestingly, the packaging rate decreases as the prohead is filled,
indicating that an internal force builds up to 50 pN due to DNA confinement. QOur
data suggest that this force may be available for initiating the ejection of the DNA

from the capsid during infection.
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The Bacillus subtilis phage 029 is an excellent model system for studying viral
assembly’. The 19.3 kilobase genome with its terminal proteins, gp3, is packaged into a
preformed capsid (prohead) in an efficient in vitro assay4’5. The motor lies at a unique
portal vertex of the prohead"®” and contains: 1) the head-tail connector, a dodecamer of
gpl0 whose structure has been recently solved by X-ray crystallography®; 2) the prohead
shell; 3) a ring of 174-base prohead RNAs (pRNA) which surrounds the protruding narrow
end of the connector; and 4) an oligomer of gp16, an ATPase that first binds DNA-gp3 and
then assembles onto the connector/pRNA complex prior to packaging. It has been
hypothesized that this portal complex represents a new class of rotary molecular motors
that couple rotation to DNA translocation®.

Previously, bacteriophage DNA packaging has been studied in bulk reactions using
DNase protection assays'. Here we present a new assay in which force-measuring optical
tweezers are used to follow packaging activity of a single complex in real time. Stalled,
partly-prepackaged complexes are attached to a polystyrene microsphere via the
unpackaged end of the DNA (see methods). This microsphere is captured in the optical
trap and brought into contact with a second microsphere, which is covered with phage
antibodies and held by a pipette, to form a stable tether (Fig. 1a). In the absence of ATP,
the tether displays the elasticity expected for a single DNA molecule®. Shortly after
addition of ATP, the two microspheres are seen to move closer together, indicating
packaging activity. Control experiments confirm this observation: 1. Proheads bound to
antibody-coated microspheres efficiently package biotinylated 629 DNA in a bulk assay; 2.
No movement is observed when the proheads are omitted and the DNA is directly attached
in the optical tweezers measurements; and 3. Packaging could be reversibly stalled by a
non-hydrolyzable ATP analog (yS-ATP).

The first set of measurements was done in “constant force feedback™ mode, in
which the microsphere distance is adjusted by feedback to maintain DNA tension at a
preset value of ~5 pN (Fig. 1a). Fig. 1b shows plots of the tether length versus time, for a
229-A DNA construct with a length of 1.8x the 629 genome (see methods). In all
measurements a saturating concentration of ATP was used (0.5 mM). Packaging is highly
efficient: In over 95% of the measurements movements of several um could be followed.

Packaging dynamics are recorded with more detail, accuracy, and time resolution than has
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been possible in bulk studies. Accounting for the prepackaging, we find that it takes 5.5
min. on average to package an amount equal to the 929 genome, with a standard deviation
from complex to complex of 0.8 min. A single complex also exhibits packaging rate
fluctuations of ~20 bp/s RMS in a ~1 Hz bandwidth (Fig. 1c) that are ~5x larger than the
measurement noise of ~4 bp/s RMS, determined when the DNA alone is directly attached
between two beads (see supplemental data, Fig. I). Pauses in movement of variable
duration (see Fig. 1b, inset) and slips (see below) are also clearly evident.

On average there are 3.1 pauses per um of DNA packaged (6=3.5, 43 complexes).
At higher capsid fillings the pausing frequency increases (correlation coefficient’ = 0.8;
also see supplemental data, Fig. III), although the pause duration is not strongly correlated
with filling (correlation coefficient = 0.01). During a pause, the DNA tether length
remains constant despite the applied force, indicating that the motor stays engaged with the
DNA. During packaging however, some complexes occasionally exhibit abrupt increases
in DNA tether length (see Fig. 2, inset). Apparently the motor loses grip on the DNA but
can grasp the molecule again and resume packaging immediately. The mean length of a
slip 1s 44 bp, with a large standard deviation of 6=103 bp (n=99). We have not found any
evidence that slips occur at specific locations along the DNA, but they do occur more often
at higher applied forces (see supplemental data, Fig. IV). The motor is highly processive,
in the sense that for the ensemble of records the length of DNA packaged divided by the
number of slips is large (~7 um, under a load of 5 pN).

In Fig. 1c the packaging rate is plotted vs. the percentage of the genome that has
been packaged. Surprisingly these measurements show a dramatic reduction in packaging
rate beginning when ~50% of the genome is packaged. Initially the rate is ~100 bp/s and it
gradually drops down to zero as the capsid fills up and the motor stalls. Note that the
proheads are able to package up to ~5% more DNA than the normal 629 genome length.
These observations suggest that the rate decrease results from the build up of an internal
pressure due to DNA confinement, which exerts an opposing force and slows the motor.

To determine the internal force generated inside the capsid from the velocity
changes observed, we must first establish how force affects the velocity of the motor. The
force dependence of the motor was characterized using a “no feedback” mode where the

positions of the trap and pipette are fixed (see Fig. 1a). These measurements were done
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using 929-Ncol-A DNA (0.8x the 929 genome, see methods). In this mode the tension in
the molecule increases as the motor reels in the DNA (Fig. 2a), and the bead is displaced
from the trap center. This force acts directly on the motor, and at a certain point causes it
to stall. These data thus reveal how the packaging rate depends on applied force. Fig. 3a
shows three such Force-Velocity (F-V) traces for different complexes. The curve shapes
are similar, although the initial packaging rate and the stall force vary somewhat.

The mean F-V behavior is obtained by first normalizing a number of individual
curves to the mean stall force and mean initial velocity, and then averaging them together.
Mean F-V curves were obtained at two points: when 1/3 and when 2/3 of the genome is
packaged (Fig. 3b, red line and leftmost blue line, respectively). Fig 1c suggests that in the
1/3 case no significant internal force opposes the motor because the velocity has not yet
been reduced by DNA filling, although the motor does exhibit sensitivity to external force
even at these low fillings (Fig. 3b). F-V data in the 2/3 case, however, suggest that an
internal force of ~14 pN must be acting on the motor, since it takes 14 pN less external
force to stall the motor in this case (Fig. 3b). This inference relies on the supposition that
the internal and external forces add together to act on the motor. This supposition is
supported by the good overlap of the F-V relationships over their entire range when the 2/3
data is shifted by +14 pN along the force axis. In this way, the inherent F-V relationship of
the motor in the absence of any internal forces can be obtained.

This inherent F-J curve shows that the packaging rate decreases even for small
forces, indicating that the rate-limiting step in the motor’s mechano-chemical cycle is force
dependent and therefore involves a mechanical displacement. This behavior is different
than that reported for RNA polymerase'®, but is similar to that found in the bacterial
flagellar motor''. Within a Kramers model'” of thermal activation over a single reaction
barrier under the influence of force, our data imply that the rate-limiting step produces a
conformational change of only ~0.1 nm (see supplemental data, Fig. V). This value is
much smaller than the net movement of ~0.68 nm (2 bp) per ATP inferred from bulk
studies®. Therefore, to the extent that this simple model applies, the rate-limiting step is
force sensitive, but is not the main translocation step. Note that the velocity begins to

decrease more sharply with force at ~45 pN, suggesting that a second step in the mechano-
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chemical cycle of the motor, associated with a larger movement, becomes rate limiting at
these higher forces.

Having separated the effects of the internal and external forces on the velocity of
the motor, one can construct a histogram of the total force needed to stall it. As seen in
Fig. 3¢, the stall force ranges between 40 and 70 pN and has an average of ~57 pN, making
929 one of the strongest molecular motors ever reported. This stall force is >8x higher

114 and myosin motors'”, and >2x higher than that for RNA

than that reported for kinesin
polymerase'. By multiplying the average stall force (57 pN) with the distance moved per
ATP? (~0.68 nm), we obtain a work done per ATP of ~39 pN-nm. This yields an energy
conversion efficiency of ~30% since the free energy associated with ATP hydrolysis is
AG=120 pN'nm in our buffer'®. This value falls within the range of efficiencies reported

1314 and RNA polymerase motors'®. Additionally, the maximum

for myosin'’, kinesin
observed force of 70 pN implies that the motor’s step size must be less than ~5 bp (120
pN-nm /70 pN=1.7 nm).

Combining the rate dependence on external force (Fig. 3b) and on the fraction of
DNA packaged (Fig. 1c), we can make a quantitative estimate of the build up of internal
force as the prohead is filled. Fig. 3d shows that when the full genome has been packaged,
this internal force reaches a surprisingly large value of about 50 pN. In many phages it is
believed that the DNA is ordered as a spool in which the strands are packaged in a
hexagonal lattice. By dividing the measured force by the hexagonal cell surface area, as
determined by X-ray diffraction studies'’, one may obtain a rough estimate of a pressure of
~ 6 MPa inside the phage capsid, assuming that there is no significant energy dissipation in
packaging. An osmotic pressure of similar order (~1 Mpa) has been reported to be
necessary to condense DNA in solution to a density similar to that in the phage capsid'®. If
this 6 MPa pressure is transmitted to the capsid shell, the shell (thickness ~1.6 nm') must
have a tensile strength of at least ~100 MPa, a value similar to the bulk tensile strength for
a typical aluminum alloy.

As seen in Fig. 3d, the force starts building only after about half of the 629 genome
is already packaged, a trend which has recently also been seen in simulations of DNA
packaging into phage capsids'®. Our finding suggests that the DNA does not immediately

adopt its final condensed state inside the capsid, but instead is progressively compressed.
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Also note that both the pause frequency and the internal pressure increase with DNA
filling, indicating that the internal pressure may play a role in inducing pauses.
The compression of DNA in phage capsids has long been considered an intriguing

2021 An estimate of

phenomenon because it is thought to involve large energetic penalties
the total work done in packaging the 929 genome is obtained by integrating the force curve
in Fig. 3d, which yields 7.5 x 10" Joules (or 2 x 10* kT). This value can be compared
with theoretical predictions for the equilibrium free energy change of the DNA. A model
by Riemer and Bloomfield®® gives 4 x 10* kT, while a preliminary estimate®* based on a
model by Odijk®' yields ~5.6 x 10°> kT. These predictions, which include electrostatic,
bending and entropic penalties, but no dissipative effects, are of the same order of
magnitude as our estimate of the total work done. Thus it is possible that a large fraction
of the work done by the motor is reversible work and dissipation is not dominant.
Moreover, the observations of rapid slipping of the DNA out of the capsid on a time scale
of ~1/70 sec with no evidence of slower relaxation also suggest that there is little viscous
resistance to DNA movement within the capsid.

While it has been argued that T7 phage relies on a motor for DNA injection into the
host®, other phages are known to passively eject their genome when exposed to the

bacterial membrane recept0r17’24.

Our results lend support to a model for 829 in which
internal pressure provides the driving force DNA injection into the host cell for the first

half of the injection process.
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Figure Captions

Fig. 1a, Three schematic diagrams indicating: The experimental set-up at the start of a
measurement, “constant force feedback™ mode, and “no feedback™ mode measurements. A
single 929 packaging complex is tethered between two microspheres. Optical tweezers
were used to trap one microsphere and measure the forces acting on it, while the other
microsphere was held by a micropipette. To insure measurement on only one complex, the
density of complexes on the microsphere is adjusted so that only about one out of 5-10
microspheres yielded hookups. Hookups broke in one discrete step as the force was
increased, indicating only one DNA molecule carried the load. b, Plots of DNA tether
length vs. time for four different complexes with a constant force of ~5pN using a 34.4 kb
929-A DNA construct. Inset, Blowups of blue and black lines of regions indicated by
arrows, showing pauses (curves have been shifted). The solid lines are a 100 point average
of the raw data. For statistical analysis, a pause is scored if the rate is <10 bp/s. for more
than 0.5 s. This threshold allowed us to reliably score the observed plateaus in the length
vs. time plots that occur during pauses. Features occurring on a shorter time scale and
having a slope >10 bp/s could not be reliably discerned as pauses. Analysis shows the
mean duration of pauses is 4.0 s (6=5.1 s, n=425). Histograms of the distributions of
pause duration and time intervals between pauses are given in the supplemental data
section, Fig. II. ¢, Packaging rate vs. the amount of DNA packaged, relative to the original
19.3 kb 929 genome. Grey line, trace for a single complex (derived from black trace in
panel b). Rates were obtained by linear fitting in a 1.5 sec sliding window. The thick red
line is an average of 8 such measurements. Here, large pauses (velocity drops >30 bp/s
below local average) were removed, and the curves were horizontally shifted to account for
differences in microsphere attachment points. The red line was smoothed using a 200 nm
sliding window. The standard deviation for the ensemble of measurements varies from

~20 bp/s at the beginning down to ~10 bp/s at the end.

Fig. 2 Measurements of packaging in “no feedback” mode: a, The tether shortens (blue
line), and the force increases (red line) as the portal motor pulls in the DNA. In this

example the motor stalled at a force of ~55 pN. While in many measurements the linkage
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broke before stalling was observed, similar stall forces could be projected from these
curves. We suspect that such breakage events occur at the antibody-prohead connection.
inset, Spontaneous slipping events, where the DNA comes out of the capsid, were

accompanied with abrupt decreases in force.

Fig. 3, Force-Velocity (F-V) analysis: a, The packaging rate for a single complex (thin
gray line) was determined by linear fitting of the data in Fig. 2 in a 0.7 s sliding window.
The thick black line is obtained by editing out large pauses (marked by *’; velocity drops
>30 bp/s below local average; <2% of the data) and smoothing (50 point sliding window).
These long pauses were removed so as not to perturb the general trend of the FV behavior.
The red and blue lines are data from two other complexes. b, Mean F-J curves when ~1/3
of the genome is packaged (red line) and when ~2/3 of the genome is packaged (leftmost
blue line). These curves were obtained from 14 and 8 individual traces, respectively.
Arrows show the blue line being shifted by +14 pN to account for the internal force (see
text). ¢, Histogram of total stall force measured for 65 individual complexes indicates an
average stall force of ~57 pN. DNA over-stretching was not observed because linkages
always broke at external forces lower than 65 pN. However, stall forces above 65 pN
could be determined in cases where internal force added to the total force. d, The internal
force versus the percentage of the genome packaged. This plot is obtained by relating the
packaging rate in Fig. 1c to the force acting on the motor using the F-V relationship in Fig.

3b, while accounting for the 5 pN of external load in the data of Fig. Ic.

Methods

Stalled Packaging Complexes. Components of the ¢29 in-vitro packaging assay,
including proheads, DNA-gp3, and gp16 were purified as described previously””. The 19.3
kb 929 DNA-gp3 (6.6 um in length) is cut with Ncol-A to yield a 15 kb left end (“029-
Ncol-A DNA”) and a 4.3 kb right end. The left end is preferentially packaged>?®. These
fragments are biotinylated using the Klenow fragment of DNA Polymerase I (exo- mutant,
New England Biolabs) to incorporate biotin-14-dATP and biotin-14-dCTP (Gibco). The
longer 34.4 kb ¢29-A DNA is constructed by ligating together the 929 and A Ncol-A

fragments. Prior to ligation, the cos site of A DNA is biotinylated as described above. To

10



May 2001 Submitted to Nature

initiate a packaging reaction we add 4 pl of 0.25 mM ATP (Roche) to a 13.5 pl solution of
buffer A (50 mM Tris-HCI buffer (pH 7.8), 50 mM NaCl, 5 mM MgCl,), 0.1 pug of
biotinylated DNA-gp3, 0.5 ug gpl6, and 10 ug 929 proheads. This mixture is incubated
for ~30 seconds, and then the packaging is stalled by adding 4 ul of 2.5 mM yS-ATP
(Roche), such that the genome is partly prepackaged. These complexes are stable for >10
hours and are reactivated during the measurement by exposing them to buffer A plus 0.5
mM ATP, 5 uM ADP, 5 uM NaH,PO, (source of phosphate ions) and 50 pug/ml BSA.
This ATP concentration is saturating (increasing it by a factor of ten does not significantly

increase the packaging rate, i.e. the reaction is not diffusion limited).

Microsphere Preparation. Streptavidin coated polystyrene microspheres (2.2 um diam,
0.5% w/v, Spherotech) are washed twice and pre-blocked for 5 minutes with 5 mg/ml BSA
in Buffer A. Stalled complexes are attached to the microspheres (via the biotinylated
DNA) by adding approximately 0.3 ul of the stalled reaction mixture and 1 pl of RNase
inhibitor (Superaseln, Ambion) to 20 ul of microspheres and incubating for 15-20 minutes.
The microspheres are then diluted in 1 ml buffer A. Protein G coated polystyrene
microspheres (2.8 um diam, 5% w/v, Spherotech) are washed twice in phosphate buffered
saline and incubated for >20 min with a ~1/10 dilution of rabbit antisera prepared against
929. 5 ul of microspheres (washed five times) and 1 ul of RNase inhibitor are added to 1
ml of buffer A.

Optical Tweezers. We use a dual-beam optical tweezers apparatus similar to that
described previously®. The measured trap stiffness is ~0.12 pN/nm and the force is
recorded at a rate of ~70 Hz. The displacements of the trapped microsphere were derived
from the measured forces. The pulling angle could be varied over a 120° range but did not
appear to affect the packaging rate. The pipette position is recorded using an optical lever
having a resolution of ~1 nm. The contour length of the DNA (in base pairs) is determined
from the measured force and end-to-end distance and using the worm-like-chain model
assuming a persistence length of 53 nm, a stretch modulus of 1200 pN and a distance per

base pair of 0.34 nm?’.

11
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