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Single-molecule measurements

of bacteriophage lambda DNA
packaging using purified terminase
motor proteins and E. coli
integration host factor
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Biomotor-driven DNA packaging is a key step in the life cycle of many viruses. We previously developed
single-molecule methods using optical tweezers to measure packaging dynamics of the bacteriophage
lambda motor. The lambda system is more complex than others examined via single-molecule assays
with respect to the packaging substrate and ancillary proteins required. Because of this, previous
studies which efficiently detected packaging events used crude E. coli cell extracts containing host
factors and the terminase packaging enzyme. However, use of extracts is suboptimal for biochemical
manipulation and obfuscates interrogation of additional factors that affect the process. Here we
describe an optical tweezers assay using purified lambda terminase holoenzyme. Packaging events are
as efficient as with crude extracts, but only if purified E. coli integration host factor (IHF) is included in
the motor assembly reactions. We find that the ATP-driven DNA translocation dynamics, motor force
generation, and motor-DNA interactions without nucleotide are virtually identical to those measured
with extracts. Thus, single-molecule packaging activity can be fully recapitulated in a minimal system
containing only purified lambda procapsids, purified terminase, IHF, and ATP. This sets the stage for
single-molecule studies to investigate additional phage proteins known to play essential roles in the
packaging reaction.

Keywords Molecular motor, Viral DNA packaging, Optical tweezers, Single-molecule biophysics, Terminase
holoenzyme

Many dsDNA viruses use ATP powered molecular motors during assembly to package their genomes!=. In
most cases, a multi-subunit “terminase” motor complex assembles at a packaging initiation site within a multi-
genome packaging substrate and cuts the duplex in preparation for packaging (see Fig. 1)*-°. This “maturation”
complex then binds to a pre-assembled procapsid shell at a unique “portal vertex” to assemble a ring-shaped
motor complex that translocates DNA into the procapsid, powered by ATP hydrolysis. DNA packaging is
an energetically unfavorable process due to multiple factors including DNA self-repulsion, bending rigidity,
entropy and hydration changes required to sequester the duplex into the confined capsid interior’-!°. As a result,
the molecular motor must exert significant force to reel the DNA into the capsid against high resisting forces.

Several phage and eukaryotic virus systems have been harnessed to study genetic, biochemical and structural
features of the terminase packaging motors">!!-1¢, Three of these, phages phi29, T4, and lambda, have been
adapted for biophysical interrogation via optical tweezers assays which can measure the packaging of single
DNA molecules into single viral capsids in real time!”!8. These studies have revealed general similarities,
including the observation that these motors generate very high packaging forces of at least 50 pN, and they
all translocate DNA with high processivity. Differences are also observed, however, in the DNA translocation
velocities, velocity vs. capsid filling profiles, pausing and slipping events which occur during translocation, and
strength of motor-DNA interactions measured in the absence of nucleotide!°-22. This may reflect that the three
phages have notable biological differences, such as in capsid shapes and sizes, genome lengths, and mechanisms
of initiation and termination of packaging™>®.
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Fig. 1. Schematic diagram of the phage lambda genome packaging pathway (see text for details). While details
differ, the packaging pathway is strongly conserved amongst the large dsDNA viruses, both prokaryotic and
eukaryotic.

The three model systems further represent three distinct packaging motor subtypes?>~2°. Phage phi29, a virus
which infects B. subtilis, packages monomeric genomes and therefore does not employ a maturation complex.
The motor is a pentameric complex that contains the packaging ATPase protein (gpl6) and RNA molecules
(pRNA)?2. In contrast, phages T4 and lambda employ terminase motors as described above. The enzymes contain
a large subunit (TerL), which harbors the nuclease (maturation) and translocase/ATPase activities, and a small
subunit (TerS) which plays a role in the initiation of packaging. While T4 requires the TerS subunit in vivo, it is
dispensable in vitro and optical tweezers studies have examined packaging by the isolated TerL subunit, in the
absence of the TerS subunit!'®. Under these conditions, the T4 packaging reaction is non-specific and a variety
of DNA substrates can be packaged?®. In contrast, lambda terminase holoenzyme purifies as a stable complex of
TerL and TerS subunits and DNA packaging measured in ensemble packaging reactions is strongly dependent
on the E. coli integration host factor protein (IHF) in vivo and in vitro?”?%. Moreover, packaging requires a DNA
substrate that contains a cos sequence, the packaging initiation site, making packaging very specific (Fig. 1)°.

Optical tweezers studies of phage phi29 and T4 packaging dynamics have employed purified motor
components, the packaging ATPase (gpl6) and the large terminase subunit (gpl7/TerL, in isolation),
respectively. In contrast, lambda is the most complex of the three systems due to the in vitro requirement of a
terminase holoenzyme composed of both gpA (TerL) and gpNul (TerS) subunits, the requirement of IHF and
the requirement of a cos-containing packaging substrate™. Previous efforts in our lab to use purified lambda
terminase proteins (and IHF) in the optical tweezers assay yielded some packaging events, but the efficiency
of detecting events was very low relative to studies that employed crude cell extracts'”"!*3° However, the use
of crude extracts complicates reaction manipulation and detailed characterization of assembly and packaging
conditions. Furthermore, the many host cell proteins/biomolecules present in extracts could exert effects on
the process, either stimulatory or inhibitory, in a manner that would confound efforts to study the fundamental
mechanisms of operation of the packaging motor. Indeed, bulk biochemical studies have demonstrated that
IHF and nucleotides, and additional phage proteins such as gpFI can affect packaging reaction®*'=%%. In the
optical tweezers assay, components in the crude extracts could affect the efficiency and/or kinetics of initiation
of packaging and/or details of the DNA translocation dynamics. Thus, it is desirable, as in many types of in
vitro biochemical/biophysical studies, to identify the minimal system of components that can recapitulate the
essential activity of interest>.

To address these issues, we here describe an optical tweezers protocol using highly purified lambda terminase
holoenzyme (TerL-TerS,), that achieves packaging detection efficiencies comparable to our previous studies using
crude cell extracts19'22’3&35’36. Consistent with in vivo and defined in vitro studies, we show that IHF is required
to detect packaging events. Finally, we compare in detail the packaging dynamics and motor-DNA interactions
measured using crude terminase from cell extracts with that measured using purified terminase holoenzyme.
This study provides a minimal biochemical system in which to interrogate lambda genome packaging using
single-molecule approaches and to define in detail the roles that ancillary proteins play in the packaging reaction.

Materials and methods

Preparation of the lambda terminase crude cell lysate

His-tagged lambda terminase holoenzyme was expressed in E. coli OR1265[pQH101] cells by heat induction
and the cells were harvested by centrifugation as previously described*”. The pellet was resuspended in 25 mM
Tris-HCI, pH 8.6 at 4 °C, 2.5 mM MgCl, and 10 mM DTT buffer and the cells were lysed by sonication. The
lysate was centrifuged at 13,000xg for 10 min and glycerol was added to the clarified supernatant to a final
concentration of 50%. This crude cell lysate was stored at — 20 °C.

Purification of lambda terminase

The enzyme was purified previously described®”, with modification. Briefly, lambda-terminase was expressed as
above and the harvested cell pellets were taken into Buffer A (20 mM Tris-HCI, pH 8.6 at 4 °C, 500 mM NaCl,
10% (v/v) glycerol, 7 mM B-ME, 1 mM EDTA, and 20 mM imidazole). The cells were lysed by sonication and
the lysate was clarified by centrifugation (13,000xg for 30 min). The clarified lysate was loaded onto a HisTrap
FF column, and protein was eluted with a gradient to 500 mM imidazole in Buffer A. The terminase containing
fractions were pooled and dialyzed against Buffer B (20 mM sodium phosphate, pH 6.8, 100 mM NaCl, 10%
(v/v) glycerol, 7 mM B-ME, and 1 mM EDTA) to afford Pure 1 Terminase which was stored in 50% glycerol at
— 80 °C. Next, the sample was loaded onto a HiTrap Q column and protein was eluted with a gradient to 1 M
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NaCl in Buffer B. Terminase containing fractions were pooled to afford Pure 2 Terminase which was stored
which was stored in 50% glycerol at — 80 °C.

Purification of integration host factor (IHF)

IHF was purified from HN880, a heat-inducible IHF overproducing strain as previously described®’. Briefly, heat
induced cells were harvested by centrifugation, and the pellet was taken into Buffer C (50 mM Tris-HCl buffer,
pH 7.0, containing 20 mM KCI, 1 mM EDTA, 7 mM B-mercaptoethanol, 10% glycerol v/v) with protease inhibitor
cocktail. The cells were lysed by sonication and the lysates were clarified by centrifugation (8000xg 30 min).
Solid ammonium sulfate was added to the clarified supernatant to 45% saturation, and insoluble material was
removed by centrifugation (8000gx 30 min). Ammonium sulfate was then added to 85% saturation, and the
precipitated protein, which contained the majority of the IHE was isolated by centrifugation (10,000¢ x 30 min).
The pellet was taken into Buffer C and dialyzed against the same buffer overnight. The sample was loaded onto
a HiTrap Q column (1 mL) equilibrated with Buffer C. The flow-through fraction, which contained IHF, was
collected and then loaded onto a HiTrap Heparin HP (5 mL) column equilibrated with Buffer C. The protein was
eluted with a linear gradient to 1.5 M KCl in Buffer C. IHF-containing fractions (~ 870 mM KCI) were pooled,
dialyzed against Buffer C containing 20% glycerol (v/v), and stored at—20 °C.

Purification of lambda procapsids

Procapsids were purified by published procedure®? except that the lambda lysogen MF869 (a generous gift of Dr.
M. Feiss, U. Iowa) was used as the procapsid source. Briefly, heat induced cells were harvested by centrifugation
and the pellet was resuspended in 50 ml ice-cold TMS buffer (50 mM Tris-HCI, pH 8.0, 10 mM MgCIZ, 100 mM
NaCl), the cells were lysed by sonication, and the crude lysate was clarified by centrifugation (8000xg, 10 min).
The supernatant was spun at high-speed (130,000xg, 3 h), which pelleted the procapsids. The pellet was taken
into 5 ml TMS buffer and applied to a 10-40% sucrose gradient in the same buffer. The sample was spun
(130,000xg) for 3 h, at which point the procapsid band was visualized in ambient light. The band was harvested
by aspiration and dialyzed against TMB buffer (50 mM Tris-HCI, pH 8.0, 15 mM MgCl,, 7 mM B-ME). The
dialyzed procapsids were loaded onto a 50 ml DEAE-sepharose column equilibrated with TMB and the column
was developed with a 0-250 mM NaCl gradient. The procapsid-containing fractions (50 mM NaCl) were pooled,
dialyzed against TMB buffer, concentrated using an Ultrafree-15° filtration device (Millipore), and stored at 4 °C.

Preparation of DNA substrate

A 13,881 kbp plasmid containing the cos site for packaging initiation, named pJM1, was prepared by the Feiss Lab
(University of Iowa) and transformed into an E. coli strain. The plasmid was extracted with QIAGEN Plasmid
Mini Kit. This plasmid was linearized and replicated by PCR using biotin and digoxigenin labeled primers,
resulting in a~13.7 kbp linear DNA with the cos site 10.1 kbp from the biotin labeled end for use in optical
tweezers experiments. Post cos cleavage, there is a 10.1 kbp section of packageable DNA.

Optical tweezers measurements

Our dual optical tweezers instrument was calibrated by our established method of using DNA molecules as
metrology standards®®. The efficient collection of lambda packaging data utilizes a protocol in which complexes
are “pre-stalled” in a bulk reaction and then restarted in the optical tweezers instrument. Briefly, phage lambda
procapsid-motor-DNA complexes are prepared in a solution consisting of 25 mM Tris-HCI pH 7.5 and 5 mM
MgCl, by mixing 17 nM lambda procapsids with 250 nM purified terminase and 11 ng of pJM1 DNA. In
experiments where it was added, 50 nM of IHF is also added at this step. The mixture is left at room temperature
for 5 min before 0.5 mM of ATP is added to initiate packaging. After another 45 s incubation period, 0.5 mM
of y-S-ATP is added in a final reaction volume of 5 pl which causes DNA packaging to stall?2. The exposed end
of the pJM1 DNA is biotinylated, allowing the stalled complexes to be attached to 2.1 um diameter streptavidin
coated microspheres (Spherotech). 0.5 pl of stalled complexes are added to 5 pl of SA (streptavidin) microspheres
(5% w/v) and then incubated on a rotating incubator at room temperature for 20 min. Separately, 4 pl of lambda
antibodies are mixed with 8 ul (5% w/v) of 2.3 um diameter protein-G microspheres (Spherotech) and incubated
on a rotating incubator at room temperature for 30 min to produce antibody-coated microspheres. The main
flow cell buffer in which measurements are carried out consists of 25 mM Tris-HCI pH 7.5, 5 mM MgClZ, and
0.05 g L1 BSA. 1 mM ATP is added to measure packaging.

The method of using these microsphere pairs to collect both packaging and slipping data with our dual trap
system is illustrated and described in Fig. 2. Our general protocol was to wait at least several minutes after a DNA
tethering event was observed to check for packaging activity, although the time was sometimes shorter because
sometimes the DNA tethers spontaneously detach from the microspheres. The average time for packaging to
initiate when IHF was included was 57 s (standard deviation 78 s) and in the experiments without IHF we waited
longer (an average of 167 s, standard deviation 156 s) to give sufficient time to judge if packaging occurred (and
in~20% of trials we waited ~ 5-8 min).

Data processing

Sections of data containing packaging (positive velocity) vs. pauses (zero velocity) vs. slips (negative velocity)
were identified by setting velocity thresholds. We establish the value of the thresholds considering the inherent
measurement noise measured in a control experiment in which DNA molecules alone were tethered between
two microspheres to determine the uncertainty in velocity measurements for a static tether. For a 1 s detection
window we measure an average velocity close to zero (0.004 bp/s), but with a standard deviation (s) of 14.5 bp/s
that characterizes the uncertainty due to Brownian fluctuations and instrument noise. The threshold velocity
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Fig. 2. Schematic illustration of the optical tweezers measurements. Single molecule (a) packaging and (b)
slipping measurement method. Packaging complexes stalled with y-S-ATP are attached by the DNA end to a
microsphere (orange) and trapped with optical tweezers. This microsphere is brought near a second trapped
microsphere coated with antibodies that bind the capsid (green). The complex is then exposed to ATP in
either (c) the main flow channel, or (d) a packaging zone near one of the inlet capillaries, such that the motor
begins packaging the DNA. For the motor-DNA interaction measurements in the absence of nucleotide, after
the complex packages ~ 6 kbp of DNA in the reaction solution with ATP it is moved (dashed arrow) into an
upstream region of the fluid chamber to achieve rapid solution exchange.
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Fig. 3. SDS-PAGE analysis of the terminase preparations utilized in this study. Lane 1, Terminase-containing
crude cell extract. Lane 2, “Pure 1” purified terminase holoenzyme, Lane 3, “Pure 2” further purified terminase
holoenzyme.

to identify a period of pausing was set to be 30=43.5 bp/s. Anything outside of this window is labeled as either
packaging or slipping, depending on the direction of movement.

Results

Single-molecule assay using purified lambda terminase proteins

His-tagged lambda terminase holoenzyme was expressed in E. coli and crude cell extracts were prepared as
described in Materials and Methods. The enzyme was then purified using Ni-chromatography (termed the “Pure
1”7 terminase) followed by Q-sepharose chromatography (termed the “Pure 2” terminase sample), respectively.
SDS-PAGE analysis of the crude extract and purified preparations are shown in Fig. 3, which clearly demonstrates
that the extract contains many additional host proteins.
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For the optical tweezers measurements (see Materials and Methods for further details) we first mix purified
terminase holoenzyme with purified lambda procapsids, a biotin end labeled DNA construct that contains
a lambda cos site, and IHF protein (except in some experiments where it was omitted), in a buffer solution
with ATP, to afford formation of a terminase-DNA complex which cleaves the DNA at the cos site (maturation
complex, Fig. 1). This DNA substrate has a 10.1 kbp section between the biotin label and the cos site that we
expect to be packaged. Post cleavage, the ring-shaped terminase complex attaches to the portal nanochannel
ring on the procapsid to assemble the motor complex and packaging initiates (Fig. 1)*°. After allowing a small
amount of packaging to occur, we add excess y-S-ATP, an ATP analog that halts packaging®? This affords a
“stalled complex” composed of terminase bound to the portal of a partially filled shell and with the biotin-
labeled end of the DNA hanging out of the procapsids. The motors are later restarted, allowing us to measure the
remaining packaging with the optical tweezers.

The method for measuring packaging is illustrated schematically in Fig. 2. In brief, the stalled complexes
assembled above are bound via the biotin labeled DNA end to streptavidin coated microspheres and injected into
a fluid chamber via a micro-capillary. Microspheres coated with anti-lambda-procapsid antibodies are injected
via a second capillary and one is trapped with an optical tweezers beam. A microsphere carrying the stalled
complex is then trapped in a second beam and the two microspheres are moved into near contact. We then
probe for a DNA molecule to become tethered between the two microspheres via binding of the procapsid to the
antibody coated microsphere. The two microspheres are moved apart and, if a DNA molecule is tethered between
them, this results in measured force on the microspheres. The fluid chamber contains a buffer solution with ATP
which is gently flowing past the microspheres so that y-S-ATP can dissociate from the stalled complexes and be
replaced by ATP to restart packaging. We detect packaging by using a feedback control system that moves one
microsphere relative to the other in order to maintain constant force. When packaging occurs, this results in the
two microspheres moving closer together as the motor reels the DNA into the procapsid.

Detection of DNA packaging events and dependence on IHF

Using the protocols described above we observed efficient detection of packaging events using both the “Pure
1+IHF” and “Pure 2 + IHF” terminase samples (Fig. 4a,b). We quantified “packaging detection efficiency” as the
number of measured packaging events per tethering event. For the “Pure 1+IHF” and “Pure 2 +IHF” samples
the efficiencies were 43% and 40%, respectively. In contrast, in the absence of IHE, we recorded 30 tethering
events with each purified terminase but zero packaging events despite waiting, on average, a longer time than
with IHF containing samples (see methods). For comparison, the measured packaging initiation efficiency
when using the crude extract was 38%. Thus, with the described protocols we can now measure packaging
with efficiency comparable to that in our prior studies that used crude terminase preparations. We note that
the two different levels of purification did not result in significant differences, indicating there is no significant
degradation of activity caused by extended purification.

To further characterize the packaging reaction, we compared the “initiation time”, defined as the measured
time interval between detection of a DNA tether and detection of packaging. This was highly variable for
individual complexes, regardless of terminase sample used, ranging from ~ 10-100 s. During this time the tether
length remained relatively constant with only small fluctuations attributable to noise (examples of length vs.
time measurements and further discussion is given in the Supplementary information). The average initiation
time was~30 s (SD ~40 s) for the measurements with crude terminase vs.~60 s (SD ~ 80 s) with the purified
terminase (Table 1). However, analysis of the time distributions showed that this difference is not statistically
significant (Supplementary Fig. S1). Thus, our data suggest that additional substances in the crude extract do
not make any difference.

An interesting feature observed when using purified terminase with no IHF is that tethering of the DNA was
consistently detected, again with the tether length being nearly constant in time (see Supplementary Fig. S2),
but the lengths of the individual tethers varied much more widely than those observed in the experiments with
IHF (Supplementary Fig. S2), ranging from significantly shorter to significantly longer. Notably, some tethers
were longer than expected if terminase were binding at the cos site, suggesting that the DNA had not been
cleaved at the cos site (see additional discussion in the Supplementary information). These data suggest that
complexes assembled in the absence of IHF bind the DNA non-specifically at a range of positions upstream and
downstream of the cos site, including the section upstream of the cos site that would have been cleaved away if
terminase cleaved the DNA at the cos site. These findings are consistent with ensemble biochemical studies that
have demonstrated that terminase binds cos-containing DNA duplexes non-specifically in the absence of IHF
and that duplex nicking at cos requires THF*,

Packaging dynamics and motor force
To evaluate whether contents of the E. coli extract, besides IHF, have any effects on the motor function, we
compared optical tweezers measurements made with the crude terminase extract vs. those made using the “pure
1” and “pure 2” terminase samples, in the presence of IHF. Examples of individual DNA length packaged vs. time
events, measured with 0.5 mM ATP and 5 pN applied force, are shown in Fig. 4a—c, illustrating similar results
for each sample. The ATP concentration of 0.5 mM was chosen because it was found in previous studies to be
saturating, i.e. to allow the motor to translocate at maximum speed**2. A 5 pN applied force is used because
it keeps the unpackaged DNA segment sufficiently stretched so its length can be accurately measured, but it is
small compared to the maximum force the motor can exert, so causes only minor perturbation of the motor
function. We further analyzed these datasets to determine several averaged metrics, presented in Table 1.

Three key metrics of packaging dynamics are the “average motor velocity”, which refers to the average DNA
translocation velocity not including pauses, and the frequency and average duration of pauses. No significant
differences were observed in these parameters for the crude vs. purified terminase samples (Table 1), i.e.
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Fig. 4. Examples of measurements of DNA packaging and slipping (aligned at length =0 kbp). Packaging is in
solution with 0.5 mM ATP (a—c; aligned at times 0, 15, and 35 s) and motor slipping/gripping in the absence
of ATP (panels d-f; aligned at times 0, 100, and 200 s). Each plotted line is an event measured on a single
complex. All measurements are with 5 pN applied force. The panel letters and line colors indicate complexes
assembled with: (a,d) “Pure 1+IHF” terminase (blue), (b,e) “Pure 2+ IHF” terminase (red), and (c,f)
unpurified cell extract terminase (black).

any minor differences were small compared with the standard deviations in the quantities. For example, the
average motor velocity is around 500 bp/s for each, with differences of only ~ 10 bp/s, which is small compared
with the ~200 bp/s standard deviations in the velocities measured. We also plot the distributions of transient
velocities in Fig. 5a—c, and the distributions of pause durations in Fig. 5d-f, revealing that they are essentially
indistinguishable for the different samples.

Another important metric of motor function is the force generating capability. In previous studies with crude
terminase preparations, we measured a maximum motor force of ~50 pN. This figure is a lower bound because
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Extract (25) 460 (291) [6.3] 514 (264) [6.1] 0.37 (1.1) [0.22] 31 (39) [6.7] 0.55 (0.9) [0.14] 38%
Pure 1 (30) n/a n/a n/a n/a n/a 0%
Pure 1+IHF (13) | 477 (198) [6.4] 510 (199) [6.2] 0.28 (0.45) [0.12] 59 (69) [21] 0.25(0.28) [0.07] 43%
Pure 2 (30) n/a n/a n/a n/a n/a 0%
Pure 2 +IHF (23) | 470 (240) [7.1] 504 (221) [6.8] 0.43 (0.5) [0.13] 55 (91) [23] 0.40 (0.41) [0.08] 40%

Table 1. Averaged metrics characterizing the packaging dynamics. Measurements were taken with 0.5 mM
ATP and 5 pN applied force using the indicated terminase samples. The number in parentheses next to the
sample name indicates the number of recorded packaging events (or number of tethers in the experiments
without IHF). Packaging rate refers to the DNA translocation velocity including pauses whereas the motor
velocity excludes pauses. The standard deviation in the values is indicated in parentheses “()”, and the standard
error in the mean is indicated in brackets “[]”. Packaging rate and motor velocity are averaged over 1 s time
intervals and the pause frequency and initiation time are averaged over individual packaging events. No
packaging was measured for the “Pure 1” and “Pure 2” samples without IHE.
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Fig. 5. Packaging statistics. (a—c) Distributions of motor velocities measured in 1 s time intervals with
0.5 mM ATP and 5 pN applied force, with the samples indicated in the legends. (d-f) Distribution of pause
durations during packaging, with the samples indicated in the legends. Panels (a,d) are measurements with the
unpurified cell extract terminase, panels (b,e) are with the “Pure 1+ IHF” terminase, and panels (c,f) are with
the “Pure 2+ IHF” terminase. The number of data points that went into the distributions shown in plots a-f are
1875, 41, 1038, 17, 1067, and 23, respectively.
applying this level of force induces rapid detachment of the tethered DNA, attributable to dissociation of the
antibody-procapsid bond. This bound came from measurements in which the force was rapidly ramped during
packaging and translocation events were detected prior to dissociation'®. Here, we used the same approach to
test packaging complexes assembled using the purified terminase and similarly found that the motor was capable
of generating at least 50 pN of force.
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Nucleotide independent motor-DNA interactions

We recently developed a method to characterize motor-DNA interactions in the absence of ATP and apply this
method here to further investigate if there are any differences in the motor complexes assembled using purified
terminase®""?2. In this approach, we suddenly move a complex packaging DNA in a buffer with ATP into a region
of the fluid chamber without ATP. This causes DNA translocation to abruptly stop, and the DNA slips out of the
capsid. Importantly, we observe a slow transient slipping velocity which indicates significant friction between
the motor and DNA, and frequent interruption of the slipping by pauses, which are events where the motor
transiently grips the DNA.

Measurements of the length of DNA that has slipped out vs. time are shown in Fig. 4d-f, showing similar
results for the three different samples. We analyzed these datasets to determine averaged metrics characterizing
the dynamics: overall DNA exit velocity (including pauses), transient slip velocity (excluding pauses), % time
slipping, pause frequency, and pause and slip duration. As shown in Table 2, we find no significant differences
for the crude vs. purified terminase samples with IHF, i.e. any minor differences were small compared with the
standard deviations. For example, the average transient slip velocity is around 150 bp/s in each case, differing
by only ~ 10 bp/s for different samples, which is small compared with the standard deviations of ~ 80 bp/s. We
also plot the distributions of transient slipping velocities (Fig. 6a—c) and the distributions of pause durations
during slipping (lifetime of individual motor-DNA gripping events; Fig. 6d-f) and find that they are essentially
indistinguishable for the different samples.

Discussion and conclusions

A major result of this study is the development of methods for efficient measurement of phage lambda DNA
packaging with optical tweezers using a defined, minimal system of purified components: procapsids, DNA,
terminase holoenzyme (TerL-TerS,), IHE, and ATP. The efficiency of detecting packaging events is as high as in
prior studies which used crude cell extracts containing terminase. The defined system will be advantageous for
future studies to investigate effects of other phage proteins on the packaging dynamics.

Our finding that E. coli IHF protein is required to measure lambda packaging in the optical tweezers assay is
consistent with the findings of previous ensemble biochemical studies which found that IHF strongly stimulates
cos cleavage activity, which is an essential step in the initiation of packaging®. In bulk assays, DNA packaging
and viral assembly activities were detected in the absence of IHE, but only at a very low level. This is consistent
with our findings since the optical tweezers assay probes individual complexes one-by-one, making high activity
essential. Our data provide evidence that, in the absence of IHF, terminase tends to non-specifically bind to
the DNA rather than to the cos site (Supplementary Fig. S2), which is consistent with biochemical data®. This
suggests that (i) terminase binds DNA non-specifically in the absence of IHF and that (ii) IHF is required for
site-specific assembly of terminase at the cos site.

Another major finding is that there are no significant differences in multiple metrics of motor function,
including details of the packaging dynamics, motor force generation, and nucleotide-independent motor-DNA
interactions, with the crude vs. purified terminase preparations. Although it is preferable for future studies to use
purified samples, these findings indicate that our prior studies that used unpurified samples likely did not suffer
any undesirable artifacts due to components in the crude cell extracts. More generally, the findings suggest that
no host cell components in the extracts, besides IHF, significantly affect the assembly of the motor complex or its
conformation/state with regards to the initiation of genome packaging and function during DNA translocation.

We emphasize that our findings provide information only about the initial stages of packaging because we
are measuring only packaging of ~15% of the full lambda genome length. Other proteins may play a role in
facilitating packaging of the full 48.5 kbp lambda genome. Indeed, for example, our previous studies suggest that
an accessory capsid protein, gpD, is needed to maintain capsid stability to package the full genome!**?. The assay
described here, using a defined set of purified proteins, sets the stage for rigorous characterization of additional
phage lambda proteins that are thought to be important in downstream packaging events, such as gpFI, gpW,
gpFII and perhaps even phage tails, using single molecule approaches that will strongly complement ensemble
biochemical studies.

Slipping metrics—Mean values (SD) [SEM]

Sample DNA exit velocity (bp/s) | Transient slip velocity (bp/s) | % Time slipping | Pause frequency (#/kbp) | Pause duration (s) | Slip duration (s)
Extract (53) 60 (77) [0.39] 148 (70) [0.54] 51% (18) [2.5] | 4.3 (2.5) [0.35] 2.3 (4.1) [0.13] 1.7 (1.8) [0.06]
Pure 1+IHF (19) | 61 (91) [0.73] 159 (91) [1.2] 53% (22) [5] 4(2.9) [0.68] 2.7 (6.2) [0.32] 1.6 (1.8) [0.1]
Pure 2 +IHF (22) | 60 (85) [0.7] 154 (80) [1.1] 50% (24) [5.2] | 4.3 (2.2) [0.45] 2.9 (5.4) [0.33] 1.8 (1.9) [0.1]

Table 2. Averaged metrics characterizing the slipping motor-DNA interactions (slips and gripping events).
Measurements were taken with no ATP and 5 pN applied force with the indicated terminase samples. The
number in parentheses next to the sample name indicates the number of recorded DNA release events. DNA
exit velocity refers to the average velocity including pauses whereas transient slip velocity excludes pauses. The
standard deviation in the values is indicated in parentheses “()”, and the standard error in the mean is indicated
in brackets “[]”. The exit velocity and transient slip velocity are averaged over 1 s time intervals while the %
time slipping and pause frequency are averaged over individual DNA release events.
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Fig. 6. Slipping statistics. (a—c) Distributions of transient slip velocities measured in 1 s time intervals

with no ATP and 5 pN applied force, with the samples indicated in the legends. (d-f) Distribution of pause
durations during slipping (motor-DNA gripping events), with the samples indicated in the legends. Panels
(a,d) are measurements with the unpurified cell extract terminase, panels (b,e) are with the “Pure 1+ IHF”
terminase, and panels (c,f) are with the “Pure 2 + IHF” terminase. The number of data points that went into the
distributions shown in plots a-f are 16631, 974, 5981, 355, 5032, and 275, respectively.
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The datasets plotted in the paper are available from the first author on reasonable request.
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