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Summary

Ever since Hershey and Chase used phages to establish DNA as the carrier of genetic information
in 1952, the precise mechanisms of phage DNA translocation have been a mystery [1]. Although
bulk measurements have set a time-scale for in vivo DNA translocation during bacteriophage
infection, measurements of DNA ejection by single bacteriophages have only been made in vitro.
Here, we present direct visualization of single bacteriophages infecting individual Escherichia coli
cells. For bacteriophage A, we establish a mean ejection time of roughly 5 min with significant
cell-to-cell variability, including pausing events. In contrast, corresponding in vitro single-
molecule ejections are more uniform and finish within 10 s. Our data reveal that when plotted
against the amount of DNA ejected, the velocity of ejection for two different genome lengths
collapses onto a single curve. This suggests that in vivo ejections are controlled by the amount of
DNA ejected. In contrast, in vitro DNA ejections are governed by the amount of DNA left inside
the capsid. This analysis provides evidence against a purely intrastrand repulsion-based
mechanism and suggests that cell-internal processes dominate. This provides a picture of the early
stages of phage infection and sheds light on the problem of polymer translocation.

Results

A schematic of our experimental design is shown in Figure 1A. To visualize DNA
translocation, we use a cyanine dye to stain the viral DNA while it still remains in the capsid
[2]. Phages are first incubated in the appropriate DNA stain before dialyzing away excess
dye. The stained phages are then briefly bound to bacterial cells, which are pipetted into a
flow chamber. The sample is then washed with buffer and then imaged with time-lapse
bright-field and fluorescence microscopy. The signature of an ejection event is a loss of
fluorescence in the virus and a concomitant increase in the fluorescence within the bacterial
cell (Figure 1B). We were encouraged that such an experiment was possible from previous
studies that have shown that dye-stained phages can remain intact and can infect cells [2, 3].
Cyanine dyes have also been used to study the kinetics of viruses in living eukaryotic cells,
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demonstrating that some dyes have limited cytotoxicity [4]. A screen was performed and
identified SYTOX Orange as a DNA stain with appropriate specificity/sensitivity (see
Figure S1 available online) and physiological parameters (Figures S2-S4).

Single-Cell DNA Ejection Trajectories

A typical in vivo ejection event for phage A.cl60 (48.5 kbp) is shown in Figure 2. The
attachment of the viruses to the host is revealed by diffraction-limited spots on the cell
surface (Figure 2A). We identified pixels associated with either the virus or the cell (Figure
2B) and queried the fluorescence intensity as a function of time. As shown in Figure 2C, the
ejection process is characterized by a loss of fluorescence intensity in the phage and a
concomitant increase in fluorescence in the cellular interior (Figure 2D; representative
Movies S1 and S2). The fluorescence inside the cell is diffuse: this reflects the dye
molecules unbinding kinetics from the phage DNA (residence time ~1 s [5]) and
redistributing themselves along the host genome, as verified in the Supplemental
Experimental Procedures (Figures S3B and S3C). In the particular trajectory shown, the
increase in cellular fluorescence is roughly equal to the decrease in phage fluorescence. The
decrease in signal at the end of the trajectories in Figure 2D can be accounted for by
photobleaching (Figure S3C).

Single-Phage In Vivo Ejections Are Two Orders of Magnitude Slower Than In Vitro and
Display Pausing

The results of a number of ejection events for Acl160 are shown in Figure 3. For the
measurements shown here, the viralfluorescence decreases on a timescale of minutes, a
factor of 10-100 times longer than the corresponding dynamics in vitro [6, 7]. Here, the
ejection time is the time required for 80% of the fluorescence intensity to leave the viral
capsid. The mean and SD for the ejection time for Ac160 was 5.2 + 4.2 min (n = 45). In
addition to the variability in ejection time, a number of ejections demonstrated pausing
events, which we define as a nondecreasing fluorescence level greater than 2 min (our time
resolution was typically 1 min); the mean pause time for Acl60 was 5.4 + 4.1 min (n = 14).
Both singlestep and paused ejections are shown in Figures 3A and 3B, respectively. A
sample paused ejection is shown in Movie S3.

We next asked whether a reduction in driving force would produce significant differences in
DNA translocation rates, an idea already used in our earlier in vitro measurements [7, 8].
Previously, the ejection of phage A.cl60 (48.5 kbp) was compared to the ejection of phage
strain Ab221 (37.7 kbp). Through bulk and single-molecule in vitro experiments, it was
shown that the amount of DNA inside the viral capsid was a control parameter for in vitro
DNA ejection [7, 8]. Once Acl60 has ejected 10.8 kbp of DNA, the ejection forces and
dynamics are equivalent to that of Ab221. To explore the effect of genome length changes
on DNA translocation rates in vivo, we performed our in vivo ejection assay for phage
Ab221. The mean time for ejection was 2.58 + 2.34 min (n = 18). One paused ejection was
also observed, with a pause time of 5 min. For Ab221, we also observed a number of
ejections (n = 10) that did not finish during the course of the movie, which we term a “stall.”
Stalled ejections were not observed for Ac160. One possibility is that stalling events are
related to Ab221’s shorter genome and the consequent loss of a potential binding site that
assists in entry. Stalled ejections were not included in the averages given earlier. The full set
of trajectories for Ac160 and Ab221 are online at http://www.rpgroup.caltech.edu/
publications.
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An Ensemble View of In Vivo Ejection Shows that the Amount of DNA in the Viral Capsid Is
Not the Governing Control Parameter

Measurements on both the wild-type and shortened genomes provide an opportunity to
quantitatively examine the DNA translocation kinetics. One quantity of interest is the first-
passage time for ejection: for each trajectory, we extracted the first-passage time for 20%,
50%, and 80% of completion, as determined by the decrease in the starting phage
fluorescence. The first-passage time distributions for Ac160 and Ab221 are shown in Figure
4A. By taking the mean of this distribution, we obtain the mean first-passage time (Figure
4B). We note that the mean first-passage time is a quantity that is amenable to theoretical
calculations [9]. Another way to view the mean first-passage time is as an “average” ejection
trajectory. When viewed in this way, one interpretation of Figure 4B is that, within the error
of the measurement, the “average” trajectories for Acl60 and Ab221 have considerable
overlap. For both A.cl60 and Ab221, the velocities plateau after ~50% of the genome length
(Figures 4C and 4D).

We also plotted the mean velocity at different amounts of DNA remaining in the capsid
during an ejection (Figure 4C). There is little overlap between the two curves, and for lower
amounts of DNA remaining in the capsid, the velocity for Ab221 is higher than Acl60. This
is to be contrasted with in vitro measurements where there is significant overlap between the
two curves, with the “data collapse” in that case signifying that the dynamics are equivalent
after A.cl60 has ejected its first 10.8 kbp [7]. An alternative way to visualize these data is to
plot the mean velocity versus the amount of DNA ejected into the cell (Figure 4D). When
plotted in this fashion, there is considerable overlap between the two curves, with a small
difference observed for the first 20 kbp of ejection. This analysis is consistent with the mean
first-passage time analysis, which showed considerable overlap when the first-passage time
was also plotted against the amount of DNA ejected.

Discussion

For bacterial viruses, genome delivery is at the heart of the viral life cycle, yet this critical
process remains enigmatic as does the in vivo process of polymer translocation more
generally. Beyond a purely intellectual understanding of this process, phage-mediated
transfer of nucleic acids has medical and evolutionary implications [10-13]. Our objective
was to design and perform an experiment with sufficient temporal resolution that would
permit us to measure single-molecule DNA transfer in real time; we accomplished this for
both WT (48.5 kbp) and mutant (37.7 kbp) A phage using SYTOX Orange and fluorescence
microscopy. These experiments reveal that the DNA translocation process is subject to
strong cell-to-cell variability (1-20 min). A number of ejections also exhibited pauses and
stalls. Our single-molecule measurements are consistent with earlier estimates of a minute
timescale for in vivo genome delivery of phage A from bulk experiments [14, 15].

A number of different hypotheses have been formulated for the actual translocation
mechanism for phage A.. In addition to the driving force due to the packaged DNA, these
models propose that thermal fluctuations, hydrodynamic drag, and active molecular motors
might each play a role in bringing the viral DNA into the bacterial cell [9, 15-18]. Our
results provide both surprises and useful insights that constrain the space of possible models
and will guide future modeling efforts. One key result is that the length of DNA remaining
inside the capsid is not the sole control parameter that governs the ejection dynamics, as it is
in vitro. In the in vitro experiments, the approximate collapse of the data from the different
genome lengths on a single curve revealed that the DNA within the capsid is driving the
kinetics of ejection [7, 8]. By way of contrast, in the in vivo ejection experiments reported
here, an approximate data collapse is only revealed when the velocity is plotted with respect
to how much DNA is out of the capsid and in the cell rather than how much DNA remains
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within the capsid. Data collapse has been previously used to identify control parameters for
in vitro DNA ejection as well as the lysis-lysogeny decision [7, 8, 19].

No collapse is seen when the velocity is plotted against the amount of DNA remaining
inside the capsid. This has significant implications for the role energy stored in the
compacted DNA plays during the in vivo ejection. If some significant portion of the ejection
process were governed solely by the energy in the compacted DNA, then during that portion
we would expect the dynamics of Acl60 and Ab221 to be identical when the amount of
DNA remaining in the capsid is identical. This is the in vitro case as studied in [7, 8].
Because the DNA-DNA repulsion inside the capsid is highest when the capsid contains
more DNA, such a period would likely be at the beginning of the ejection process. As seen
in Figure 4C, however, there exists no period of overlap between the velocity curves for the
two phage strains and, hence, no period during the ejection process where the length of
DNA in the capsid and, hence, intrastrand repulsion, is the sole control parameter. Two-step
models in which the first half of the genome is delivered by the energy stored in the
compacted DNA and the remainder is delivered by another mechanism are also not
consistent with our data.

Another consequence of the data collapse (Figure 4D) is the possibility that the amount of
DNA ejected (as opposed to the amount of DNA in the capsid) is a key control parameter for
this system. This picture is consistent with models in which the mechanism is internal to the
cell because the only information such a mechanism would utilize is the amount of DNA
that has been brought inside the cell. One limitation to applying this argument is that only
two genome lengths have been tested here. Such reasoning also does not exclude a mixed
picture, as mentioned above.

The origin of the apparent pauses might provide information about the ejection mechanism,
because DNA-based motors acting against a load have been observed to pause [20, 21].
However, the pauses observed here are much longer than the pauses observed for motors,
and it is possible that they could simply be a reflection of the cell-to-cell variability in turgor
pressure. Postpause resuming of DNA entry could thus indicate a secondary mechanism in
conjunction with pressure, for high turgor cells. Another possibility is that the pauses
observed here might also be related to mechanisms proposed for pauses observed in vitro for
phage T5 [22, 23]. However, this is unlikely because pauses are not observed for phage A in
vitro [6, 7].

Our results are contrary to what was shown in T7, in which a constant DNA ejection rate
was seen with bulk measurements [15]. T7 has a capsid similar in size to A (60 versus 58
nm, respectively) with a 40 kbp genome; however, its tail is considerably shorter (23 versus
150 nm, respectively) [24, 25]. It has been suggested that a constant velocity is suggestive of
a purely enzyme-driven model such as a molecular motor [15]. Such a feature is not seen in
our data because Figure 4D shows that once ~20 kbp of DNA has been ejected, there is a
marked decrease in the ejection velocity. However, the non-linear force-velocity relationship
seen in vitro and the presence of pN level forces from the DNA-DNA repulsion inside the
capsid make it unclear whether a constant ejection rate prediction would be true for A.

The current data do not match previous calculations of ejection dynamics for mechanisms
based on DNA binding proteins and thermal fluctuations [9]. Those calculations predict that
after the first 10.8 kbp of DNA from A.cl60 has been ejected, it should have the same
dynamics as Ab221, which is inconsistent with our data. Also perplexing is the timescale of
ejection. The origin of the friction that sets the timescale for ejection is poorly understood,
both in vitro and in vivo. A number of models assume a linear relationship between force
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and velocity, but it is now known that this assumption is not true in vitro [7, 9, 26]; we
suspect that it is not true in vivo either.

In summary, we have examined the DNA ejection process for bacteriophage A in vivo at the
single-molecule level. We note that the techniques explored in this work may be
generalizable to the study of other bacteriophages. It would be especially interesting to see a
comparison between the bulk and single-molecule dynamics for bacteriophage T7 because
bulk experiments have shown that the speed is constant throughout the ejection process in
vivo [15, 24], as opposed to the variable rate reported here. We also note that the
experimental platform presented here can be used to explore the effects of various genetic,
chemical, and mechanical perturbations on the ejection process.

Experimental Procedures

Real-Time Imaging of DNA Ejection In Vivo

Glass coverslips were cleaned by sonication for 30 min in 1 M KOH followed by sonication
in 100% ethanol with copious rinsing with purified water in between, and then dried on a hot
plate. The coverslips were then briefly (5 s) immersed in a fresh solution of 1%
polyethyleneimine, transferred into purified water, and finally dried with a stream of air. A
microscope slide, double-sided tape, and the treated coverslip were then assembled into a
flow chamber.

E. colistrain LE392 was grown up overnight in LB media at 37°C (see Supplemental
Experimental Procedures for all buffer formulations). The saturated culture was then diluted
1:100 in M9 maltose-sup and grown for 3 hr at 37°C until the culture reached an optical
density 600 of ~0.3. Plate lysate of the desired phage strain (see Supplemental Experimental
Procedures) was centrifuged for 5 min at 13,000 x gto remove bacterial debris. The
supernatant was recovered and then stained with SYTOX Orange at a final concentration of
500 nM for 3 hr at room temperature. Prior to binding stained phages to £. coli, free dye was
removed by diluting 100 .l of the phage suspension and then centrifuging the sample across
a 100 kDa (EMD Millipore,UFC910008) filter four times. Each round of centrifugation led
to a 40-fold dilution of dye, reducing the final free concentration of dye to less than 200 pM.
After the final round, the phages were brought up to the original volume of 100 pl with
M9sup. Phages were then bound to cells by mixing ~50 .l of cells with phage at a
multiplicity of infection (moi) of approximately seven for 1 min at room temperature. The
cells were then flowed into the flow chamber and allowed to adhere to the surface for 2 min
at room temperature. Occasionally, phages were bound to cells by mixing 10 .l of cells with
phage at a moi of approximately one to five and incubating on ice for 30 min. Incubation of
the cells in the flow chamber took place on ice as well. The initiation of phage ejection is
slowed down considerably within this time period in either of these two conditions [19, 27,
28].

After the incubation, the flow chamber was washed with 200 .l of M9sup with 1%
GODCAT mixture, 1% B-mercaptoethanol, and 0.5% glucose. The chamber was then sealed
with valap and imaged on a Nikon Ti-E Perfect Focus microscope using a mercury lamp and
TRITC filter (Semrock, LF561) set at 37°C. Snapshots of both the phase and fluorescence
channels were taken either one or four times a minute, with a fluorescence excitation time of
500 or 300 ms, respectively. Images were collected using a Hamamatsu C8484 camera, a
Photometrics CoolSNAP ES2 camera, or an Andor iXON EMCCD camera. We observed
better conservation of fluorescence between the phage and the cell with the Hamamatsu and
Photometrics cameras as opposed to the Andor camera. The electron multiplier gain of the
Andor camera allowed for shorter exposure times and higher time resolution.

Curr Biol. Author manuscript; available in PMC 2012 October 02.
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A Schematic for Monitoring DNA Translocation with Pre-Ejection Labeling

(A) The DNA is stained while still in the capsid. During ejection, the phage DNA carries its
complement of cyanine dye with it, transferring fluorescence intensity from the virus to the
cellular interior. Eventually, the dye falls off the phage DNA and rebinds to the bacterium’s

genome.

(B) The timing of ejection is determined by measuring the loss of fluorescence intensity
from the capsid; the concomitant increase in intensity in the cellular interior serves to verify
that phage DNA has entered the cell. See also Figures S1-S3.
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Figure 2.

Dynamics of DNA Ejection

(A) Viruses attached to the cell surface in this fluorescence image merged with its bright-
field counterpart.

(B) Segmentation masks of the cell (white), the phage that ejects its DNA (green), and the
phages that do not eject their DNA (red).

(C) Time sequence of the fluorescence in the cell is shown. The edge of the cell is outlined
for reference.

(D) Fluorescence intensity as a function of time is presented. The intensity of the phage
segmented region and the cell segmented region are each plotted separately. The
fluorescence intensity inside the nonejecting phage mask is stable; this is shown in Figure
S4A. Note that in this ejection there appear to be steps and pauses.

The scale bars in (A) and (C) are 2 mm.
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Figure 3.

Ejection Trajectories from Single-Cell Infections for Acl60

The red trajectories show the time history of the DNA intensity within the virus, and the
blue trajectories show the concomitant increase in the fluorescence in the cellular interior.
The solid-red color highlights a characteristic ejection, and the lighter-red color displays
other ejection events for reference. The conversion between arbitrary units and kilobase
pairs (kbp) was done by first subtracting each trace’s minimum observed fluorescence from
itself. Each trace was then normalized by the maximum drop in the phage fluorescence and
then multiplied by the genome length, which is 48.5 kbp for Acl60. Only two representative
traces for the intensity within the cell are shown, with the remaining trajectories available
online. Multiple lysate preparations from a single stock of CsCl-purified phages were used
with similar results.

(A) Trajectories displaying a rapid and continuous ejection are illustrated.

(B) Trajectories that exhibit pausing events are demonstrated.

See also Figures S3 and S4.
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Figure4.

An Ensemble View of Ejection Times and Dynamics for Phage A

(A) Distributions of first-passage times for different fractions of completion of ejection are
shown. The histograms are determined by setting ejection thresholds of 20%, 50%, and 80%
complete as measured using the fluorescence. The distributions for both Acl60 (48.5 kbp)
and Ab221 (37.7 kbp) are shown.

(B) Mean first-passage times for Ac160 and Ab221 are presented. The means of the
distributions shown in (A) were used to calculate the mean first-passage time. There is little
difference in the mean first-passage times of absolute amounts of DNA ejected between
Acl60 and Ab221.

(C) Velocity of ejecting DNA plotted as a function of the amount of DNA remaining in the
capsid is illustrated. The initial portion of the ejection process is faster for Acl60 than
ADb221. There is no significant overlap between the two curves.

(D) Velocity of ejecting DNA plotted as a function of the amount of DNA ejected is
demonstrated. There is a small difference between the two curves for the first 20 kbp and
significant overlap after that.

Only trajectories without pauses were used to generate (C) and (D). Error bars for (B)-(D)
represent SE (n = 45 for Acl60; n = 18 for Ab221).
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