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Concept and outline

•Present research topics in current biophysics

•Example of biology papers where concepts from physics 
turned out to be important

•One lecture = one paper + background material

•Most lectures will be by us, but students are encouraged to 
contribute





Phages -- bacterial viruses

lambda phage T4 phage

phages attached to a bacterium

50 nm



Phage -- hydrogen atom of Molecular Biology

• Discovery that DNA is the carrier of 
hereditary information

• Collinearity of DNA and protein

• Triplet nature of the genetic code

• the first organism to have its DNA 
sequenced

We continue to learn from phages!



The phage and its genome

• Diameter: 52nm
• Genome length: 

50000bp = 15µm
• DNA is highly charged

Work has to be done to 
get the DNA inside: 
Molecular motor



Packing of DNA



How does it get in there?

ATP hydrolysis = 25 kT
kT = 4 pN nm



Images: Wikipedia

Optical tweezers

Force range: 150pN



Ejection of DNA from the phage

• Passive process, driven by the work done during packaging

• “spring loaded”

• triggered by interaction with a protein on the bacterial surface

Friction in the tail

Friction due to 
rearrangements



Dynamics of DNA ejection

Control parameters

• Amount of DNA packed into the phage: 38kb vs 48.5kb

• ionic strength of surrounding solution: NaCl vs Mg SO4

from: Mangenot et al, 2005



The paper is organized as follows: in Results, we describe what
we have observed about ! ejection using the single-molecule
assay. In Discussion, we analyze these results, looking specifically
at what they can tell us about the source of friction during
ejection. We conclude by summarizing what we have learned
about the ejection process, with recommendations for further
work. Detailed procedures are give in Methods, and further
details are available in supporting information (SI) Text, SI
Movies 1–4, SI Figs. 6–11, and SI Table 1.

Results
To reveal details of the ! ejection process, we measured the rate
of ejection as a quantitative velocity with units of kbp/s, following
recent work in which single phage T5 ejections could be seen by
fluorescence microscopy (18): The ! capsids were bound to a
microscope coverslip and washed with a dye/LamB solution to
initiate ejection, with a high enough dye concentration to stain
the DNA immediately after ejection. An oxygen-scavenging
system reduced photodamage, allowing high frame-rate (4 s!1)
real-time measurement of the amount of DNA leaving the capsid
(see Methods for details). As mentioned in Introduction, we can
compare our results to models of the ejection process by varying
the phage genome length and ion type. The genome length
dependence was addressed by using two ! mutants, !b221 (38
kbp) and !cI60 (48.5 kbp), which together represent a range
close to the maximum allowable range of DNA lengths for ! (21).
To gain an understanding of the effects of various ions on the
ejection process, we compared ejection in two buffers, with
either Mg2" or Na" ions at a concentration of 10 mM (see
Methods). What we expected to see is that the force driving
ejection is significantly reduced in the Mg buffer as compared
with the Na buffer. These ions are significantly less concentrated

than those within an E. coli cell, but the cytoplasmic concen-
trations are not relevant for the ejection process, which takes
place when the capsid is bound to the outer surface of the cell.

Fig. 1 shows real-time views of genome ejection from !. A total
of 81 such single-molecule trajectories were selected from the video
data and processed, representing different solution conditions, flow
rates, and genome lengths. For each set of experimental conditions,
the ejection followed a reproducible trajectory: except for experi-
mental noise or photodamage, there were no apparent differences
between events, as shown in Fig. 2. Fig. 3 shows the speed of the
ejection process. As these graphs show, the translocation of DNA
reaches a high rate of up to 60 kbp/s, slowing as it approaches a
maximum extension near 100% ejection, after a total of 1–11 s. This
is to be contrasted with the T5 genome, which exhibited multiple
random pauses during the ejection process (18). At its maximum
extension, however, the ! DNA remained attached for a random
amount of time, seconds to minutes, often a long enough time that
it was destroyed by photodamage before the release could be
measured. Just as the pauses in the case of T5 were due to a feature
of the T5 genome, this effect could be due to a unique feature of
the ! genome: the 12-bp overhang at the end of the DNA might
form nonspecific hydrogen bonds with the capsid protein. However,
the present experimental technique does not have the resolution to
address exactly how large the piece of DNA remaining within the
capsid is.

Another important feature of the ejection process is the
waiting time before translocation begins. Although all ejections
proceed nearly identically once they have started, ! exhibits a
random waiting time of seconds to minutes, during which time
no visible DNA has emerged from the capsid. Fig. 4 shows the
number of ejections that have been triggered as a function of
time, with exponential fits to determine the approximate time
constant t0 of the waiting process.

Discussion
The previous section described the general features of the !
ejection process: a stochastic initiation process followed by a

Fig. 1. Images: time series of single genome ejections from !cI60 and !b221,
taken at a frame rate of 4 s!1. For each of the phages, the ejection in buffer
with 10 mM NaCl (Upper) is significantly faster than ejection in 10 mM MgSO4

(Lower). The 16-"m scale bar is approximately the contour length of a 48.5-
kbp piece of DNA. Graphs show length of the DNA that has emerged from the
capsid at each time point, as computed by using a computer image-processing
algorithm together with DNA length standards as described in the text.
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Fig. 2. Graphs of ejection trajectories, comparing NaCl and MgSO4 buffers
and two genome lengths. Single-ejection events were analyzed as described
in the text, resulting in trajectories giving the length of DNA out of the capsid
as a function of time. These trajectories are aligned and plotted for visual
comparison; the offset of the starting time of the ejection is not used in further
analysis. The graphs show that ejection proceeds on a time scale of #1 s in NaCl
buffer, or #10 s in MgSO4 buffer. The ejection speeds of phages with different
genome lengths appear similar in this view.
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The paper is organized as follows: in Results, we describe what
we have observed about ! ejection using the single-molecule
assay. In Discussion, we analyze these results, looking specifically
at what they can tell us about the source of friction during
ejection. We conclude by summarizing what we have learned
about the ejection process, with recommendations for further
work. Detailed procedures are give in Methods, and further
details are available in supporting information (SI) Text, SI
Movies 1–4, SI Figs. 6–11, and SI Table 1.

Results
To reveal details of the ! ejection process, we measured the rate
of ejection as a quantitative velocity with units of kbp/s, following
recent work in which single phage T5 ejections could be seen by
fluorescence microscopy (18): The ! capsids were bound to a
microscope coverslip and washed with a dye/LamB solution to
initiate ejection, with a high enough dye concentration to stain
the DNA immediately after ejection. An oxygen-scavenging
system reduced photodamage, allowing high frame-rate (4 s!1)
real-time measurement of the amount of DNA leaving the capsid
(see Methods for details). As mentioned in Introduction, we can
compare our results to models of the ejection process by varying
the phage genome length and ion type. The genome length
dependence was addressed by using two ! mutants, !b221 (38
kbp) and !cI60 (48.5 kbp), which together represent a range
close to the maximum allowable range of DNA lengths for ! (21).
To gain an understanding of the effects of various ions on the
ejection process, we compared ejection in two buffers, with
either Mg2" or Na" ions at a concentration of 10 mM (see
Methods). What we expected to see is that the force driving
ejection is significantly reduced in the Mg buffer as compared
with the Na buffer. These ions are significantly less concentrated

than those within an E. coli cell, but the cytoplasmic concen-
trations are not relevant for the ejection process, which takes
place when the capsid is bound to the outer surface of the cell.

Fig. 1 shows real-time views of genome ejection from !. A total
of 81 such single-molecule trajectories were selected from the video
data and processed, representing different solution conditions, flow
rates, and genome lengths. For each set of experimental conditions,
the ejection followed a reproducible trajectory: except for experi-
mental noise or photodamage, there were no apparent differences
between events, as shown in Fig. 2. Fig. 3 shows the speed of the
ejection process. As these graphs show, the translocation of DNA
reaches a high rate of up to 60 kbp/s, slowing as it approaches a
maximum extension near 100% ejection, after a total of 1–11 s. This
is to be contrasted with the T5 genome, which exhibited multiple
random pauses during the ejection process (18). At its maximum
extension, however, the ! DNA remained attached for a random
amount of time, seconds to minutes, often a long enough time that
it was destroyed by photodamage before the release could be
measured. Just as the pauses in the case of T5 were due to a feature
of the T5 genome, this effect could be due to a unique feature of
the ! genome: the 12-bp overhang at the end of the DNA might
form nonspecific hydrogen bonds with the capsid protein. However,
the present experimental technique does not have the resolution to
address exactly how large the piece of DNA remaining within the
capsid is.

Another important feature of the ejection process is the
waiting time before translocation begins. Although all ejections
proceed nearly identically once they have started, ! exhibits a
random waiting time of seconds to minutes, during which time
no visible DNA has emerged from the capsid. Fig. 4 shows the
number of ejections that have been triggered as a function of
time, with exponential fits to determine the approximate time
constant t0 of the waiting process.

Discussion
The previous section described the general features of the !
ejection process: a stochastic initiation process followed by a

Fig. 1. Images: time series of single genome ejections from !cI60 and !b221,
taken at a frame rate of 4 s!1. For each of the phages, the ejection in buffer
with 10 mM NaCl (Upper) is significantly faster than ejection in 10 mM MgSO4

(Lower). The 16-"m scale bar is approximately the contour length of a 48.5-
kbp piece of DNA. Graphs show length of the DNA that has emerged from the
capsid at each time point, as computed by using a computer image-processing
algorithm together with DNA length standards as described in the text.
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Fig. 2. Graphs of ejection trajectories, comparing NaCl and MgSO4 buffers
and two genome lengths. Single-ejection events were analyzed as described
in the text, resulting in trajectories giving the length of DNA out of the capsid
as a function of time. These trajectories are aligned and plotted for visual
comparison; the offset of the starting time of the ejection is not used in further
analysis. The graphs show that ejection proceeds on a time scale of #1 s in NaCl
buffer, or #10 s in MgSO4 buffer. The ejection speeds of phages with different
genome lengths appear similar in this view.

Grayson et al. PNAS ! September 11, 2007 ! vol. 104 ! no. 37 ! 14653

BI
O

PH
YS

IC
S

Dynamics of DNA ejection

depends strongly on ionic strength, but not on total DNA 
length. Only on amount of DNA inside the virus.



From where does the friction originate?

Overdamped motion: 

head

tail

continuous, reproducible translocation. Now we will discuss the
quantitative details in light of recent theories that model the
phage genome, predicting the forces that will be produced by
compressed DNA during ejection, as shown in Fig. 5.

For DNA translocation to initiate, some kind of molecular
door that blocks the exit of the DNA must first open. Fig. 4 shows
that the parameters known to affect pressure and velocity affect
the waiting time before ejection, denoted by t0. For example, in
Na buffer, !cI60 has t0 ! 79 s and !b221 has t0" ! 166 s. Here
we have chosen to use an exponential function corresponding to
a one-step kinetic process, because this is the simplest form that
is supported by the data. In this case, the Arrhenius relation
holds

exp ##E" " E$ /kBT$ # t"0/ t0 # 2.1, [1]

where E and E" are the energies of the transition state for
initiation of ejection in the two phages. This results in

E" " E # 3.1 pN nm. [2]

As shown in Fig. 5, the force F on the DNA with 48.5 kbp of DNA
in the capsid is predicted to be 36 pN, whereas it is 23 pN with
38 kbp of DNA. How could the transition state energy be
coupled to F? In the transition state, the door may be partially
open, having moved a distance %x along the phage axis. In that
case, we find

E" " E # % x!#F " F"$; % x # 0.24 nm. [3]

Similarly, in Mg buffer, we find forces of 14 and 6.2 pN. For
!cI60, we find t0 ! 116 s, whereas the t0 value for !b221 is
unmeasurable. Comparing !cI60 in the two buffers, we get %x !
0.07 nm, of the same order of magnitude as the value above.
However, this method predicts a value of t0 for !b221 of &100
s, which should have been observable. It is possible that the
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Fig. 3. Averaged speeds of DNA ejection for !cI60 and !b221. The plot shows
the DNA ejection speed as a function of the amount of DNA within the capsid,
averaged in bins of width 2.5 kbp (shown as the horizontal error bars.) Vertical
error bars are computed from the standard deviation of the calibration data;
there are additional systematic deviations in all curves due to inaccuracies in
calibration at the different ionic conditions. The curves for phages of different
genome lengths lie close to each other, whereas most of the variation is caused
by the difference in buffer conditions. A maximum of &60 kbp/s is reached in
NaCl buffer, whereas the maximum in MgSO4 buffer is &17 kbp/s. Vertical gray
lines represent the genome lengths of !cI60 and !b221.
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Fig. 4. The number of ejections that have been triggered as a function of time. For each experiment, the total number of ejections that had been observed
was plotted as a function of time; these are the same ejections that were used for the analysis above. Also plotted are exponential least-squares fits of the form
a(1 ' exp('t/t0)) ( b, where t0 is the time constant of triggering. To take into account the delay before LamB entered the flow chamber, we set t ! 0 at the time
of the first observed ejection.
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• Friction in the tail: independent of 
arrangement in head

• Force is larger when there is more 
DNA in the head.

• But the velocity seems to peak at 
intermediate packing fractions

Tail probably not dominating



Friction is dominated by DNA in the capsid

change in buffer conditions has altered the details of the
mechanism that initiates ejection.

The values of !x given above have the right order of magni-
tude for a transition that involves, for example, the breaking of
hydrogen bonds, suggesting that the waiting time distribution can
tell us about the mechanics of the initiation process. However,
we do not have enough data to make a claim about exactly what
this process is.

After initiation, the DNA begins translocation through the
phage tail, proceeding continuously with a varying speed until
the entire genome has exited. We would like to understand the
details of this process, with particular attention to the source of
friction that limits the speed of translocation. Figs. 1 and 2 show
that the presence of Mg2" has a dramatic effect on the overall
speed, with !cI60 taking #1.5 s to eject its DNA in Na buffer,
which should be compared with 8–11 s in Mg buffer. The most
obvious interpretation of this result, in agreement with the
findings of bulk DNA pressure measurements (19), is that the
higher pressure in Na buffer is responsible for the faster ejection.

However, this simplistic view is not entirely correct, as we discuss
below.

Fig. 3 shows v for each set of parameters. As expected, v is a
function only of the ionic conditions and the amount of DNA
inside the capsid, independent of the original genome length.
The graph shows that the maximum v is actually reached at an
intermediate stage of ejection, whereas it is reduced by #50%
when the capsid is fully packed. The maximum of F is when the
capsid is fully packed, so we know that v cannot simply be
proportional to F. This suggests a modification to the simplistic
idea of v being proportional to the force F with which the DNA
is being ejected. The ratio of the two values represents the
strength of the friction, which we denote by " $ F/v.

Apparently, " depends on the amount of DNA within the
capsid. A reasonable interpretation is that when the capsid is
fully packed, contact between strands of DNA or the capsid walls
increases ", slowing translocation below the maximum. It is also
possible that " will be different for Na and Mg buffers.

In Fig. 5 we plot " as a function of the amount of DNA within
the capsid, showing that the value of " strongly depends on the
amount of DNA in the capsid, increasing to #100 times its initial
value as the phage becomes fully packed. In fact, over most of
this range, " is independent of all parameters except for the
amount of DNA in the capsid. As discussed in Introduction, this
dependence on DNA density strongly points to friction origi-
nating from hydrodynamic drag within the phage head rather
than in the phage tail. The question now becomes whether we
can understand the magnitude of " theoretically. However, two
challenges limit the development of models: First, the DNA
remaining in the capsid will rearrange as it becomes progres-
sively less dense; it is important to know how its structure
changes to estimate how fast these changes can occur. The
second is that the forces between DNA strands, water, ions, and
the protein capsid are not well understood and are particularly
difficult to calculate for the interaction of DNA with the
narrowest part of tail. As a result, most theoretical modelers have
‘‘deliberately avoided’’ explicit calculations of the time scale of
DNA translocation (15, 16, 22, 23). We believe that the data
presented here will encourage the development of models that
can quantitatively account for the actual ejection velocity.

In this paper, we have shown that the ejection of DNA from
bacteriophage ! can reach speeds of up to 60 kbp/s, comparable
to the lower bound of 75 kbp/s found for the translocation speed
in T5 (18) and clarifying an earlier bulk experiment (13). The
speed may also be compared with the slips of 10 kbp/s or greater
observed during "29 DNA packaging under force (24). This
assay provides a quantitative way to look at parameters that
might affect the ejection process: here, we have examined the
effects of ions and the phage genome length, comparing them to
expectations from theory. Other factors could be incorporated
into the assay, such as external osmotic pressure, DNA-
condensing agents, or DNA-binding proteins, in an effort to
develop a better theoretical understanding of the ejection pro-
cess. Additionally, because we have seen the ejection process
from so many different points of view in !, it would be interesting
to know more about the forces and dynamics of DNA packaging
in that phage. The ejection assay could also be replicated with
other phages, to provide points of comparison to !. In particular,
"29 has been shown to experience forces of up to 100 pN during
packaging; its ejection could be significantly different from that
of ! (24, 25).

We used SYBR Gold as a fluorescent marker for visualizing
DNA, which may affect the translocation velocity, because the
dye penetrated the capsid on a time scale of #10 min. The lowest
possible dye concentration was used for this experiment, and dye
was added immediately before ejection, which should minimize
any dye-related effects. We did not notice any systematic dif-
ference between earlier or later ejections in each recording.
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Fig. 5. The relationship between force and velocity. (Upper) Force on the
DNA, as a function of the amount of DNA left within the capsid, according to
theoretical calculations (M. Inamdar, personal communication). Calculations
for both buffers were run according to the method of Purohit et al. (33), which
requires two parameters, F0 and c, that must be determined experimentally.
We used F0 $ 12,000 pN/nm2; c $ 0.30 nm for Mg buffer and F0 $ 660 pN/nm2;
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(Lower) Computed friction coefficient ", showing the relationship between
DNA packing within the capsid and its friction. The graph shows that "
generally increases with increasing DNA density. For low concentrations of
DNA, " is much lower for Na buffer than for Mg buffer. However, with more
than #20 kbp in the capsid, " becomes independent of the type of buffer. The
value of " appears to increase to a very high value when 100% of the DNA is
packed. Error bars are computed as in Fig. 3.
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Friction is a function of the DNA left in the head: 
interstrand DNA friction seems to dominate the ejection process.



Conclusions

•Single molecule techniques used to elucidate phage 
DNA packaging and ejection

•physics of polymers and poly-electrolytes is necessary to 
understand these aspects of phage biology. 

•physical constraints determine what is possible in the 
evolution of these simple viruses


