
BI
O

PH
YS

IC
S

A
N

D

CO
M

PU
TA

TI
O

N
A

L
BI

O
LO

G
Y

DNA–DNA interactions in bacteriophage capsids are
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Recent experiments showed that the linear double-stranded DNA
in bacteriophage capsids is both highly knotted and neatly struc-
tured. What is the physical basis of this organization? Here we
show evidence from stochastic simulation techniques that suggests
that a key element is the tendency of contacting DNA strands to
order, as in cholesteric liquid crystals. This interaction favors their
preferential juxtaposition at a small twist angle, thus promoting
an approximately nematic (and apolar) local order. The ordering
effect dramatically impacts the geometry and topology of DNA
inside phages. Accounting for this local potential allows us to repro-
duce the main experimental data on DNA organization in phages,
including the cryo-EM observations and detailed features of the
spectrum of DNA knots formed inside viral capsids. The DNA knots
we observe are strongly delocalized and, intriguingly, this is shown
not to interfere with genome ejection out of the phage.

DNA packaging | Monte Carlo simulations

H ow is genomic DNA organized? This simple yet formida-
ble question has not yet been fully answered, not even for

bacteriophages, viruses of bacteria which span only a few tens
of nanometers in size (1). Thanks to experimental advancements
in single-molecule manipulation and imaging techniques (2), we
now understand in remarkable detail the process of DNA loading
inside the phage capsid, and its subsequent ejection (3–7). Never-
theless, the problem of DNA organization and storage inside the
capsid (i.e., after completion of the loading process and before
ejection) has proved much more elusive because of the experi-
mental and computational difficulties in probing the dense state
of viral DNA molecules, which are several μm long and are pack-
aged inside capsids having their diameter comparable with the
DNA persistence length (50 nm).

Here we show that several experimentally accessible features of
viral genome packaging can be reproduced and understood via a
suitable mesoscopic model of double-stranded DNA which can be
studied by computer simulations. In addition to accounting for the
well-known bending rigidity and thickness of the DNA, our model
incorporates a crucial phenomenological aspect, the fact that con-
tacting DNA segments are chiral and meet with a preferred twist
angle. To the best of our knowledge, this interaction has not been
previously considered in models for DNA organization inside bac-
teriophages, although it is known to be ultimately responsible for
the appearance of cholesteric phases in dense suspensions of DNA
segments (8–11).

There are two main kinds of experimental assays for genome
organization in bacteriophages, one probing the geometry, the
other the topology of the confined genome. Both give important
terms of reference for any study of dsDNA packaging.

On one hand, advanced cryo-EM techniques that do not rely
on a priori symmetry assumptions have revealed that close to
the capsid internal wall, the DNA of ε15 and φ29 is arranged
in ordered concentric shells (12, 13). An increasingly disordered
DNA arrangement, possibly due to the loss of experimental
resolution, was instead observed when moving away from the
capsid internal surface.

The second type of assay was carried out on specific mutants of
the P2 and P4 bacteriophages, whose cohesive DNA ends could
meet and anneal inside the capsid. Once the ends anneal, their
interaction is so stable that the topology of the molecules is fur-
ther experimental manipulation (14–16). After extraction from the
capsid, these DNAs were subjected to electrophoretic migration
in a gel to infer their topological knot type (17–20). The analysis
of the knot spectrum proved to be extremely important in other
biological contexts (21–24). This analysis also provided several
important indications about genome organization within phages.
First, the large majority of the molecules were found to be knotted
(16, 19). Second, the knot complexity was high because knots with
minimal crossing numbers ranging up to 40 were reported (19).
Finally, the population of the simplest types of knots was found
to be strongly biased towards torus knots and against achiral ones
(20). In particular, the populations of the achiral knot 41 and of
the twist knot 52 were much smaller than those of the torus knots
31 and 51.

The observed knot spectrum provides an important, if indi-
rect, indication of DNA arrangement, as it cannot be explained by
simple models for semiflexible polymers subject to spatial confine-
ment. For example, the extremely high (95%) knotting probability
is at odds with predictions from DNA-packaging models where
ordered and mostly unknotted spools are obtained as a result of
minimization of the bending energy (25). Accounting for thermal
disorder in semiflexible polymers confined in a spherical cavity
produces, on the other hand, highly entangled configurations (26).
Although the resulting disorder reflects in a high fraction of knots
and high knot complexity, it fails to account for the observed bias
among the simplest types of knots (27, 28). At present, the latter
only appears to be qualitatively reproduced in a mildly confined
ring polymer sampled with a preferential bias for configurations
with high writhe (20). In this regard, it is important to observe that
the writhe, which is widely used to characterize open or closed
chains (29–31), provides a quantitative measure of global geo-
metric properties. This observation leads to the question of what
plausible local DNA interactions are responsible for the observed
knot spectrum (possibly, but not necessarily, also resulting in the
writhe bias).

Results and Discussion
Our programme in this paper is to set up a mesoscopic model
able to explain these two major experimental observations: the
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DNA surface ordering and the DNA knot spectrum. Like previous
work (see, e.g., refs. 20, 26, 28, and 32–35), we build on the notion
that viral capsids are permeable to ions in solution (36), which
effectively screen electrostatic interactions inside the capsid.

To capture these essential polymer physics considerations, we
model dsDNA as a semiflexible chain of beads having a hard core
diameter equal to 2.5 nm. The chain bending rigidity is introduced
based on the known value (50 nm) of the DNA persistence length
(37). The DNA self-interaction associated to steric hindrance
and self-repulsion is accounted for by a truncated Lennard–Jones
potential and a Debye–Hueckel potential, with the Debye screen-
ing length set to ≈0.9 nm, corresponding to a buffer with a
(physiological) 0.1-M NaCl concentration.

We note that the model does not account either for DNA
torsional rigidity or for desolvation effects. The latter are very
important in systems where DNA strands are packed at interaxial
distances smaller than 3 nm (38). For the particular systems con-
sidered here, model calculations (33, 39) indicate that the expected
average separation of the packaged DNA ought to be larger than
this spatial threshold and therefore, to mantain the model com-
plexity at a minimal level, no attempt is made to incorporate effects
resulting from interaction with the solvent.

The potential energy terms introduced above are known to be
sufficient to account with remarkable detail for the main confor-
mational properties for unconstrained DNA in solutions of high
ionic strength (40). As discussed later, these ingredients alone
are not sufficient to reproduce either the cryo-EM or the P4 DNA
knotting data. To make contact with these experiments, we include
another crucial term in our short-ranged potential, which intro-
duces a preferred “twist angle” between DNA segments that are
close in space (Fig. 1). This cholesteric twist interaction has a
strong phenomenological basis and leads to the onset of choles-
teric phases in dense solutions of DNA fragments, typically for
DNA densities between about 160 and 380 mg/mL (41). Hence,
accounting for the cholesteric interaction appears mandatory for
systems where the DNA density is larger than ≈150 mg/mL, as
in the case for several phages, including P4, where a lower bound
for the DNA density is ≈200 mg/mL (calculated assuming homo-
geneous density). Microscopically, the interaction results from an
interplay of the helical nature of DNA (which favors the juxta-
position of contacting DNA segments at an angle reflecting the
groove “inclination”) and the interaction between the effective
electrostatic charges on the double-helical molecule (42).

The DNA model (see the Materials and Methods section for fur-
ther details) is used to study the packaging of the P4 genome. The
latter consists of 10 kilo-base pairs (kb) and hence is modeled with
chains of 1,360 beads. On the other hand, the P4 capsid is approx-
imated as a nondeformable sphere with a diameter of 45 nm (43).
The process of DNA loading inside the capsid is followed via a
kink-jump simulation scheme (44), which accounts for thermal
fluctuations of the loaded portion of the chain and its stochastic
growth inside the capsid.

In the absence of the cholesteric term, the configurations gener-
ated by packaging the full P4 genome have the typical appearance
shown in Fig. 2A. The highly disordered organization of the DNA
at the inner surface of the capsid is apparent, at odds with the
cryo-EM experiments.

Introducing the cholesteric orienting potential, with the inter-
action strength, range, and amplitude of the angular bias deduced
from available data (10, 42, 45), results in a dramatic change
of DNA ordering at the surface (see Fig. 2B). Projection views
of the resulting arrangement (see SI Appendix) convey a level of
order consistent with cryo-EM observations of various bacterio-
phages (12, 13). This finding provides a strong indication that the
introduction of the cholesteric potential profoundly affects the
organization of DNA inside the capsids. Although the arrange-
ment of Fig. 2B resembles an inverse spool, the coloring scheme
reveals both an appreciable degree of interweaving of the layers

Fig. 1. DNA is modeled as a semiflexible chain of beads with diameter equal
to 2.5 nm. The flexural rigidity of the DNA molecule is treated by introducing
a potential energy term that disfavors bent-chain configurations. As shown
in A, the local degree of bending is measured through the angle θ formed by
the virtual bonds that join the centers of consecutive beads. As shown in B,
a cholesteric interaction between contacting portions of DNA is introduced
by favoring a preferential twist angle, α0, between virtual bonds that have a
close spatial separation. The figure highlights the pairs of consecutive beads
(shown as spheres) bridged by the virtual bonds. The directionality of the
latter is shown with colored sticks. The twist angle is calculated accounting
for the nonoriented character of dsDNA.

and the occurrence of hairpin defects. In particular, it is observed
that there is (i) no systematic progression of the chain from bottom
to top (or vice-versa) of the capsid and (ii) no unique winding direc-
tionality. These aspects, particularly the second, reflect the apolar
character of the cholesteric interaction because the symmetry of
the DNA double-helix implies that the potential bias is insensitive
to the directional orientation of interacting DNA segments.

The analysis of the DNA-packaging process reveals that ini-
tially the DNA chain tends to form a coaxial spool, with loops
having maximum (equatorial) diameter. As more DNA is fed
inside, the spool proceeds maintaining the initial winding direc-
tionality (which can change from run to run) and moving away
from the equatorial region toward the poles. In doing so, it attains
tighter radii of curvature and the accompanying increase in bend-
ing energy makes it possible for the chain to change winding
directionality near the poles producing hairpin defects, like the
one shown in Fig. 2B.

We next turn to the second and key issue, namely the bias in the
knot spectrum of circularized DNA molecules. Characterizing the
knot spectrum requires the collection of hundreds of configura-
tions where DNA is fully loaded inside the capsid. The duration
of each of the packaging simulations depends very strongly on the
final filling fraction of the capsid. In fact, the effective rate of DNA
loading shows a noticeable reduction upon increasing the fraction
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of packed genome. For reasons of computational efficiency, we
therefore took as a term of reference not the knotting experiments
on the full P4 genome but those on the half-P4 genome recently
carried by Trigueros and Roca (46). In this study, the knotting
of the 4.7kb-long DNA still occurred inside the P4 capsid and
produced a spectrum that, except for a decrease in the aver-
age level of knot complexity, maintained the same biases of the
full-genome case among the simplest types of knots. The shorter
genome is still expected to attain local packing densities in the cho-
lesteric range (see SI Appendix) and therefore provides an ideal,
computationally viable, test bed for the proposed model.

The same simulation setup described before was used to pack-
age chains of 640 beads (corresponding to 4.7 kb-long DNA) inside
the P4 model capsid (see Movies S1 and S2 in the SI Appendix).
Interestingly, in most of the configurations we generated, the two
DNA ends were found at the surface of the confining spherical
capsid. This is the simplest nonambiguous situation where the
topological state of the molecule can be established by closing
the DNA chain outside the capsid (“at infinity”).

Several hundred configurations were generated for various val-
ues of the cholesteric potential strength kc (from 0.25 KB T to
3.0KB T), for different values of the interaction range Δ (from
≈3 to 5 nm) and of the preferred twist angle α0 (from 0◦ to
10◦). These values cover the range of available estimates for kc,
Δ, and α0 (10, 42, 45). In general, increasing the strength of the

Fig. 2. Model conformations of the fully packaged 10 kb-long P4 genome
in the absence (A) and presence (B) of the cholesteric potential (of strength
kc = 1 KB T range Δ = 3 nm and biasing angle α0 = 1◦). In each of the two
frames, the first two images present front and top views of DNA arrange-
ment. In both cases, a rainbow-coloring scheme (red → yellow → green →
blue) is used to follow the indexing of the chain beads (the red end is the
one rooted at the portal motor location). The progression of the DNA chain
and its winding directonality are also highlighted in the images at bottom,
where an oriented arrow is used to represent each triplet of beads.

Fig. 3. Knot spectrum. Probability of occurrence of the simplest types of
prime knots in 4.7 Kb-long DNA inside the P4 capsid (the cholesteric inter-
action is taken into account); the error bar is calculated from the Poissonian
statistics. Chiral and torus knots prevail, as evident from the predominance
of 31, 51, 61, and 71 knots. The index 7x is used for the cumulative set of 72,
73, 74, and 75 knots.

cholesteric interaction simplifies the average topological complex-
ity of the generated (closed) configurations. In spite of this, the
relative probability of occurrence of the simplest types of knots was
found to be only mildly affected by the specific parametrization
of the cholesteric potential and was therefore taken as a mean-
ingful term of comparison against available experimental data.
As, aside for a difference in the average knot complexity, the key
features of the half- and full-genome knot spectrum are consis-
tent with each other, we take as reference the 10 kb case, for
which finer experimental data are available (20). As shown later,
the best quantitative agreement between the experimental and
computed relative probabilities of nontrivial knots was found for
kc = 1 KB T , Δ = 5 nm and α0 = 1◦. Unless otherwise stated, the
results presented hereafter pertain to this choice of parameters.

The packaging dynamics were used to generate 250 configu-
rations which, on average, appeared to be highly knotted (with
≈70% of them being nontrivial knots). After all possible geomet-
rical simplifications, ≈20% of the configurations remained too
complex to be correctly identified against a lookup table of knots
having crossing number smaller than 17∗. In particular, the aver-
age number of crossings after simplification was 12 (with ≈25%
of the knots with more than 14 crossings), consistent with exper-
imental findings (46). Among the simplest types of knots, those
with up to 7 crossings, the most populated ones were torus knots.
As shown in the histogram of Fig. 3 the achiral knot 41 is severely
suppressed when compared with both the simpler torus knot 31
and the more complex torus knot 51. The latter is, furthermore, in
excess of the 52 counterpart, reversing the trend observed in mod-
els of confined self-avoiding flexible polymers (20, 28). Overall,
at least 20% of the conformations correspond to the torus knots
31, 51, 71, 819, 91, and 10124 which, in fact, appear to possess an
average lower energy than knot types of comparable complexity
(see SI Appendix).

For the purpose of a comparison with the experimental data of
ref. 20, we recall that the experimental relative population of 31,
41, 51, and 52 knots were 57%, 3.8%, 39%, and < 1%, respec-
tively. Within estimated uncertanties, the knots populations in
Fig. 3 is in good agreement with the above data as the relative
probability profile is the following: 51% for 31, 8% for 41, 36%
for 51, and 5% for 52. The comparison indicates a level of accord

∗The KnotScape software package created by J. Hoste and M. Thistlethwaite was used to
identify prime and composite knots of up to 16 crossings.
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with experiments that was not achieved in previous studies where
both equilibrium and dynamical processes were used to sample
compact configurations of DNA models of varying complexity
(20, 25, 27, 28).

Our results therefore suggest that the knot spectrum can be used
to discriminate the viability of several force fields for DNA interac-
tions in confined geometries. Indeed, as expected, simulations with
kc = 0, when compared with the experimental data, lack the char-
acteristic bias toward torus knots and provide too complex a knot
spectrum. We also performed simulations with self-attractive force
fields (coming, e.g., from multivalent counterions in the buffer)
which led to better spooling but, once more, produced a knot
spectrum qualitatively different from the experimental one.

It is worth pointing out that the bias in favor of torus knots is not
accompanied by a detectable bias on the geometrical writhe, which
has an average value compatible with 0. A related observation
is that no statistically significant difference is observed between
the types of handedness of the occurring torus knots. These two
aspects reflect the small bias angle α0 = 1◦ of the cholesteric
interaction which, on the length scale given by the capsid size,
essentially promotes a nematic, collinear ordering of contacting
packaged strands. In fact, the knot spectrum is compatible with the
one obtained for a perfectly nematic bias, α0 = 0◦. Furthermore, in
spite of the apolar character of the interaction, it is found that most
pairs of contacting strands are codirectional (assume that orien-
tation is given by chain indexing) so that pronounced differences
in the handedness of torus knots are observed upon using larger
absolute values of α0. For example, α0 = 10◦ produces an appre-
ciable majority of right-handed torus knots (see SI Appendix). The
results suggest that future experiments where the handedness of
torus knots in circularized P4 DNA is probed in dependence of
the concentration of polycations (which can modulate the biasing
angle) would be valuable to confirm the present findings.

The spatial organization of the DNA in the capsid reproduced
by our model can also explain the apparent contradiction between
the occurrence of highly knotted DNA configurations inside the
mutant phage capsids and the necessity of a highly efficient deliv-
ery, by ejection, of the wild-type genome into the cytoplasm of
the infected cell (4, 32, 33, 47, 48). In this respect, it is important
to recall that, though most of the experiments on the knotting of
the P4 DNA have been carried out for the P4 tailless mutant, a
nonnegligible fraction of knots (47%) was found also for the wild-
type mature P4 phage. In this case, only one of the DNA ends
is inside the capsid, and the other is anchored to the phage tail.
At variance with the mutant case, the annealing of the two cohe-
sive ends occurs outside the phage after the destruction of the
capsid. Considering that a partial DNA relaxation occurs between
the extraction of the DNA and its circularization (which “traps”
its knotted state), the fact that a substantial fraction of knotted
DNA is still found under these conditions is therefore indicative
of two facts. First, DNA is highly entangled inside the wild-type
virus. As these viruses are infective, the second conclusion is that
the entanglement does not hinder the ejection of DNA into the
host cell.

Our study provides valuable insight into both of these aspects.
Consistent with the first observation, we have verified that both in
the wild-type case, where one end of the DNA is kept anchored at
the portal motor location, or the mutant case, when both ends are
free to reptate and anneal inside the capsid, the majority of the
configurations are found to be knotted upon closure at infinity.

The implications of our results for the ejection process are best
discussed in relation to the fact that the occurring knots are not
tight but highly delocalized. For example, for the most abundant
simple knot types, 31 and 51, the knotted portion of the chain (49)
is, on average ≈60% (ranging from a minimum of 30% to a max-
imum of 85%). This result indicates an extremely high degree of
knots delocalization, as 31 and 51 knots can be tied very tightly
with as little as ≈5% of the chain. Based on this quantitative

Fig. 4. Percentage of ejected genome as a function of time (in simulation
steps, each step corresponding to about 1–5 ns), for three different starting
configurations of the fully loaded half-P4 genome. (Upper) The initial con-
figurations correspond to an unknot (black curve), a 91 knot (red curve), and
a knot that was too complex to be identified against a lookup table of prime
knots of up to 16 crossings (green curve). The ejection proceeds in a fash-
ion that is largely independent of the initial knotted state. A slowing down
of the ejection is seen after 70% of the genome has ejected. The ejection
speed up for the very last portion of the genome is ascribable to the entropic
pulling of the expelled chain (this regime is expected to be sensitive to var-
ious details such as the presence of a phage tail). (Lower) Snapshots of the
ejection process for the 91 initial knot.

observations we formulate the proposal that the delocalization
of the knots is a key factor for avoiding a plug-like obstruction of
the exit pore during DNA ejection, which invariably occurs in the
presence of tight knots (50).

In principle, knot delocalization may not be sufficient to ensure
an effective delivery of the genome, as even delocalized knots may
be badly entangled geometrically and slow down ejection. We have
verified that this is not the case for the knotted configurations gen-
erated with our model. To establish this point, we have performed a
series of simulations where fully loaded chains with different topo-
logical state (upon closure at infinity) were left free to diffuse out
of the capsid by taking advantage of thermodynamic forces, which
disfavor the confined, packaged, state (51). Strikingly, the ejection
kinetics were found to be largely independent of the initial topo-
logical state, and all the configurations are ejected without any
significant geometrical or topological hindrance (see Fig. 4 and
Movies S1 and S2 in the SI Appendix).

In conclusion, we have presented a theoretical study of several
aspects of DNA packaging in viral capsids for which experimen-
tal measurements are available and that were unaccounted for
by previous theoretical and computational investigations of the
problem. The typical mesoscopic description of DNA employed
by such studies was that of a self-avoiding semiflexible chain. This
treatment is highly successful in reproducing the observed features
of unconstrained DNA (40). Our findings show that the known
rich phenomenology of densely packed DNA inside phages can
be satisfactorily reproduced only when accounting for the known
preference of contacting DNA portions to meet with a preferred
twist angle.

If this is done, the salient features of the spectrum of knots
observed experimentally for P4 DNA are well reproduced. The
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structures we find are also consistent with the cryo-EM data, which
show regular organization close to the surface of the capsid. This
organization is at odds with most previous simulation data on bac-
teriophage DNA, which show much more disordered packing if,
as we do here, a buffer with monovalent counterions is considered.
The results presented provide not only a consistent explanation
of the experimental data on viral DNA organization but are also
used to formulate predictions regarding the DNA winding direc-
tionality inside capsids and the handedness of torus knots. We
hope these can guide the design of future experiments aimed at
advancing the current understanding of DNA organization inside
bacteriophages.

Materials and Methods
DNA Model. Double-stranded DNA is modeled as an open chain of N spher-
ical beads of diameter σ = 2.5 nm (each bead therefore comprises slightly less
than 8 base pairs). In the following, we shall indicate with �ri the position of
the center of the ith bead and with �bi ≡ �ri+1 − �ri the virtual bond vector
connecting beads i and i + 1.

The connectivity of the chain is treated within the finitely extensible non-
linear elastic model (52), and by further requiring that the bond length is
never either smaller than 0.7 σ or larger than 1.3 σ.

The bending rigidity of DNA is captured with a standard Kratky Porod
potential,

V bend = −κb

N−1∑
i=1

�bi · �bi+1

|�bi ||�bi+1| , [1]

and the bending energy amplitude is set so to reproduce the known persis-
tence length (lp = 50 nm) of unconstrained DNA, κb = KBTlp/σ, where KB is
the Boltzmann constant and T = 300 K is the temperature.

The mesoscopic DNA model includes three types of chain self-interaction,
namely Van der Waals, screened electrostatic and cholesteric interactions
(38). The Van der Waals interaction is modeled by using a truncated pairwise
Lennard–Jones potential,

V LJ =
⎧⎨
⎩ε

∑
i,j>i

[(
σ

|�rij |
)12

−
(

σ

|�rij |
)6

]
+ ε

4

⎫⎬
⎭ θ[21/6σ − r], [2]

where ε = 2
5 kBT , and �rij = �ri − �rj . Screened electrostatic interactions are

accounted for via a Debye–Huckel potential,

V DH = KBTσ2

a2 lB
∑

i

∑
j>i

1
|�rij | e

(
−|�rij |/lD

)
, [3]

where lB is the Bjerrum length (0.7 nm in water), a is the distance between
two elementary charges (≈1 nm for B-DNA; see, e.g., refs. 26 and 53), and lD
is the Debye length, which we take equal to 0.9 nm (corresponding to 0.1 M
solution of monovalent counterions such as NaCl).

Finally, the cholesteric twist interaction potential is

V c =
∑

i

∑
j>i+1

kc(α − α0)2f (dij), [4]

where

f (dij) =
{

1 if |�dij | < Δ

e−2(|�dij |−Δ)/(Δ) otherwise
, [5]

where �dij = (�ri + �ri+1 − �rj − �rj+1)/2 is the distance between the centers of
mass of the two bonds and Δ is the spatial range of the interaction. The twist
angle, α, formed by two bonds, �bi and �bj is defined by

tan α = [(�bi × �bj) · �dij ]/[(�bi · �bj)|�dij |]. [6]

With this definition of α the cholesteric interaction is apolar, i.e., insensitive
to the reversal �bi → −�bi of any of the two bonds �bi and �bj . The apolarity
is required in consideration of the symmetry of the DNA double helix. The
preferential twist angle is indicated as α0. A comparison with the case of polar
interaction is provided as supporting information.

The above potential arguably represents the simplest phenomenological
way to account for the preferential twist angle formed by contacting DNA
segments, in a chain-of-beads DNA model. This interaction, which is respon-
sible for the well-documented phenomenology of cholesteric phases of DNA
(41), results from the complex interplay of various atomic interactions, which
only in recent years are being systematically addressed (11, 45).

Viable values for the phenomenological parameters kc and α0 can be
obtained from available estimates of kt and k22, measured and computed
for dsDNA left-handed cholesteric phases. Specifically, it is found that α0

should be of the order of 1◦ (45), though larger values could be obtained
if the capsid is permeated by polycations. In addition, considering the energy
associated with the introduction of a cholesteric twist in a hexagonal arrange-
ment of parallel DNA strands (11), one has kc ≈ 1 KBT at T = 300K. Finally,
the interaction range Δ is expected to be ≈3–5 nm (11, 42).

Kink-Jump Dynamics. The simulations were performed by using the
constant-temperature kink-jump stochastic dynamics scheme (44). This algo-
rithm consists of the Metropolis acceptance/rejection of attempted local poly-
mer deformations. The elementary move entails a displacement of randomly
picked bead by a fraction of its diameter. The time step associated with each
kink-jump move can be mapped with the time span of 1–5 ns, over which an
isolated bead would diffuse over a length comparable with such a fraction.
At all stages of the loading process, one end of the DNA is held fixed at a
specific “portal motor” position on the surface of the spherical capsid (45
nm diameter) confining the beads. The progressive insertion of the genome
performed by the motor is described by the occasionally attempted addition
of beads at the free end of DNA until the desired length of the chain inside
the capsid is reached. The half-P4 genome packaging process lasts several ms,
consistent with the time span covered by other DNA-packaging simulations
(35, 54). The chain growth process is expected to capture the realistic aspects
of the DNA insertion inside the capsid, which is expected to mostly progress
by reptation (48).

Simulations of spontaneous (free) ejection are carried out within the kink-
jump scheme by modifying the potential field so that there is a hole (radius
5 nm) on the surface of the capsid from which DNA can exit. To model the
presence of a collar in the phage, beads close to the opening are subjected
to a harmonic potential toward the center of the opening.

DNA Circularization. Packaging simulations are performed by using an
open chain, which eventually must be closed in order to identify its topo-
logical (knotted) state. The closure procedure can be delicate, as different
ways of connecting the two ends produce different knots. The standard pro-
cedure used in this work is to connect the ends after prolonging them radially
out of the capsid. This scheme is equivalent to a closure at infinity. Virtually
all configurations produced with this scheme had their ends at the surface;
hence, for those configuration the radial closure unambiguously identifies
the knot.

Note Added in Proof. Other works of relevance to the present article
include the study of Katzav et al. (55), who employed a mean-field approach
to characterize ordering effects in packaged DNA, and the one of Arsuaga
et al. (56), in which the formation of torus and chiral knots in confined ring
polymers was promoted by favoring coaxial spooling with a constant winding
direction.
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