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Abstract

The conformation of DNA inside bacteriophages is of paramount importance for understand-
ing packaging and ejection mechanisms. Models describing the structure of the confined macro-
molecule have depicted highly ordered conformations, such as spooled or toroidal arrangements
that focus on reproducing experimental results obtained by averaging over thousand of configu-
rations. However, it has been seen that more disordered states, including DNA kinking and the
presence of domains with different DNA orientation can also accurately reproduce many of the
structural experiments. In this work we have compared the results obtained through different
simulated filling rates. We find a rate dependence for the resulting constrained states showing dif-
ferent anisotropic configurations. We present a quantitative analysis of the density distribution and
the DNA orientation across the capsid showing excellent agreement with structural experiments.
Second, we have analyzed the correlations within the capsid finding evidence of the presence of
domains characterized by aligned segments of DNA characterized by the structure factor. Finally,
we have measured the number and distribution of DNA defects such as the emergence of bubbles
and kinks as function of the filling rate. We find the slower the rate the fewer kink defects that
appear and they would be unlikely at experimental filling rates with our model parameters. DNA

domains of various orientation get larger with slower rates.

I. INTRODUCTION

Bacteriophages are genome-delivery machines that infect bacterial cells. The importance
of these viruses lies in their ability to kill pathogenic bacteria [1] and their key role in the
emergence of both molecular and physical biology [2-4]. In this work, we consider a coarse
grained model with the packing density of bacteriophage ¢29[5], whose relatively short
genome makes it an ideal candidate for computational simulations. This system contains
a double-stranded DNA (dsDNA) molecule of 19285 bp genome confined inside its capsid.
The genome packaging to near liquid-crystalline density is done in the biological setting by
an ATP powered portal motor, able to overcome forces up to 60pN [6, 7]. DNA packaging
is a critical aspect of dsDNA bacteriophages life-cycle and during this process defects such
as knots, kinks, loops, etc may emerge that hinder both the insertion and the ejection

processes of the DNA. Probing the conformation of the DNA molecule inside phages is very



challenging for experiments, mainly because in most cases they only provide information
about the probability distribution of DNA density by averaging data from a large number of
phages. Simulations are a tool that can model the ensembles of structures and the process

of DNA packaging thus producing a probability distribution of structure of the DNA.

Many studies have been performed to better understand how DNA packs inside the cap-
sid of bacteriophages [5, 8, 9], but aspects of the problem are not resolved. In order to deal
with typical genome sizes in phages, computational studies have used either continuum-
elastic theories [10-13] or coarse-grained models for computer simulations [14-19]. Both
approaches consider DNA essentially as an elastic rod modeling B-form dsDNA with a per-
sistence length of ~50 nm; they predict a highly ordered spool-like conformation that can
vary depending on capsid characteristics and method of filling [9]. Whereas these studies
are in agreement with the ring-like density maps found by cryo-electron microscopy experi-
ments and three-dimensional image reconstruction [20-23], the ejection times predicted are
several orders of magnitude larger than those seen experimentally [24]. In addition, as it
was noted in Ref. [25], these image reconstructions only show averaged structures obscur-
ing some details of the DNA domains inside phage capsids. These domains were revealed
early on by cryo electron microscopy and X-ray [26-28] and more recent studies of DNA in
vitro [29, 30] and are incompatible with the near-perfect spool models. A recent simulation
considering the presence of kinked DNA conformations has shown that very disordered and
improbable conformations are also able to reproduce the experimental ring-like distribu-
tion, while reducing the electrostatic component of the energy and pressure of the confined
genome [31]. Even a set of unconnected DNA segments confined in a sphere lead to density
profiles showing ring-like behavior as a result of surface-induced ordering [32]. Given the
lack of polymer correlations, that work set an unrealistic upper bound on the amount of
DNA disorder possible while demonstrating the simple requirement for correlations to agree
with averaged experiments. Here we consider what kinds and how much order/disorder is
reasonable (or required) when a DNA is confined in the phage capsid using a fully polymeric

model with sequence dependent properties.

It is known that the molecular motor responsible for DNA insertion into the phage capsid
must overcome electrostatic repulsions, volume exclusion and DNA flexibility. For this
reason, in order to analyze the degree of order/disorder of the confined DNA it will be

essential to take into account as many features of the polymer as possible. Here we have



employed a single-nucleotide level coarse-grained model of DNA [33], to mimic the packaging
process using simulations. To simplify and avoid confounding issues with the details of the
protein capsid we have used a simplified model for the elongated capsid of the phage: a
purely repulsive spherical wall. This simple model is able to capture the spatial confinement
of the DNA and the high density of the final state in a computationally efficient way.
By considering an ensemble of statistically independent simulations we have found that,
although the individual structures diverge due to the nonlinear dynamics, certain common
features can be extracted showing evidence of both order and disorder present in the DNA
final conformation. Finally, we note here that the actual filling rate induced by the portal
motor, 100 bp/s [7], is impossible to achieve computationally currently with the level of
detail used here; so the process needs to be accelerated. We use different filling rates to
determine the sensitivity of the properties to rate. The confined DNA molecule has been
shown to exhibit non-equilibrium dynamics due to kinetic constrains on packaging timescale
[34] - we have found that a rate slow enough to allow DNA diffusion inside the capsid strongly

impacts the DNA final conformation, individually and on average.

II. METHODS

DNA packaging process was modeled by performing molecular dynamics simulations. We
used the freely available oxDNA2 package taking advantage of its CUDA acceleration [35].
Simulations were performed at a fixed temperature of 300.15K (27C) by using a thermostat
emulating Brownian dynamics - the so-called “John” thermostat in oxDNA package - with a
time step of 3.03 fs. DNA was represented using oxDNA2, a nucleotide-level coarse-grained
potential model using rigid nucleotides that account for the sugar-backbone connectivity,
excluded volume, the hydrogen bonding and stacking between the bases, which has shown
to successfully reproduce many thermodynamic, structural and mechanical properties of
DNA [36-38]. This model has been parameterized to fit experimental melting temperatures,
persistence lengths and successfully reproduces the effect of salt and groove asymmetry on
DNA elasticity [36, 37]. A Debye-Hiickel screening term incorporated into oxDNA[38] is
used to account for the effect of monovalent salt on DNA electrostatics. The ionic strength
was set at 1 M, a value that is not meant to model the cytosol but to reflect the concentrated

state in the final packed capsid. Solvent is considered implicitly in the effective potential.
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While this simplistic representation of the electrostatic interactions allows one to perform
molecular dynamics simulations with the large number of nucleotides considered here, it
may also compromise some resulting local structure between strands caused by the presence

of bridging water molecules or/and ions in concentrated DNA.

We have used a simplified model to represent the confining nature of the mature prolate
capsid of phage ¢29 consisting of a spherical, rigid and purely repulsive harmonic wall
characterized by the half harmonic potential E .psia = k(r — R)? for r > R, where R is
the radius of the capsid, r is the distance of the nucleotide to the center of the capsid,
and k = €/0? with €=4.142x1072J and 0=8.518x1071%m. The radius of the capsid, 21.5
nm, was chosen to reproduce the estimated value of DNA density or concentration inside
the phage (around 0.5 g/ml [5]), given that a 10 bp long dsDNA segment weights 6500
g/mol. Pairs of nucleotides were inserted two at a time into the capsid by placing them
at the opening of the mouth applying harmonic forces to both base and phosphate groups.
The intensity of these forces, 12.1575 nN, ensures an average displacement along the mouth
during the simulation, but do not exclude highly energetic configurations. To avoid excessive
overlap of the new nucleotides being inserted with those already present in the capsid we
have built a “entry portal” consisting of a cylinder attached to the spherical capsid of radius
2.1 nm that decreases to 1.3 nm at 4.50 nm from the capsid. We have considered two filling
rates to introduce the DNA molecule inside the capsid: 3.03 10 bp/s (fast rate) and a
rate of 3.03 10° bp/s (slow rate). All the structural features shown in this article have been
performed considering the center of mass of each nucleotide, and correspond to the average

over a number of independent runs: 15 and 33 for the slow and fast rates respectively.

The distribution and orientation of the DNA molecule within the capsid have been quan-
titatively assessed by means of density and angular correlations. First, the radial density
profile has been used to describe the probability of finding DNA at a given distance from the
capsid wall. Second, we have quantified DNA orientation by looking at the angles between
the vectors rpya (vector tangential to the DNA molecule at each pair-base) and 444 (ra-
dial vector in spherical coordinates) or r.yindricar (vector tangential to the cylinder defined
by the portal axis). These angles consider respectively about whether the DNA polymer
shows a spherically or coaxially spooled preferential conformation. Being aware of the pos-
sible different behavior depending on the distance to the capsid wall, we have considered

separately the DNA located in each of three distinct layers that can be distinguished in



the radial density profile and in the inner region of the capsid. We have calculated the
histograms of the cosines and weighted them with the number of base-pairs present in each

of the regions to being able to compare the results.

Pair correlation functions provide additional information about the degree of order in
the system and we have used them to detect and quantify the presence of ordered domains
of DNA inside the capsid. We have calculated the pair correlation function g(r), giving
the probability of finding a base-pair at a distance r from another one, and the angular
correlation function Go(r) that measures the relative orientation of two DNA segments
separated a distance r. Gy(r) is defined as Ga(r) = 5 < Py(cosbis) >, where < ... >,
denotes the time and ensemble average in a spherical shell. Py(z) = (322 — 1)/2 is the
Legendre polynomial of order 2, and 6, is the angle between the axes of two DNA segments

[39).

To further characterize the presence of ordered domains we have calculated the structure

factor defined as the Fourier transform of the pair density distribution function:

Aﬂ@:1+p/mﬂ—%ﬂﬂﬂw

where p is the microscopic density and k is the scattering vector. The structure factor reflects
the internal configuration of the B form of DNA through several maxima at wide scattering
angles, the presence of the capsid via a short-wavelength modulation with a reciprocal
spacing compatible with the capsid internal diameter, and DNA packing in parallel arrays
whose distance is given by the position of a strong peak at intermediate angles, absent for
empty phages [40]. The width of this peak allows the estimation of the apparent size of
the domains exhibiting a regular orientation, D, by applying the Scherrer equation [41],

D =~ 7 /d, where d is the width at half peak-height.

The potential for spontaneous defect formation in the confined DNA molecule shifting
it away from the perfect B form has been explored. We have defined kinks as the base
pairs characterized by a large roll angle (larger than 1.1 rad as in Ref. [42]) between two
continuous DNA segments consisting of 6 base pairs, and bubbles as the base pairs with a
distance between the bases larger than 1.5 times the average equilibrium distance between

them (0.34 nm).



III. RESULTS

A. DNA final conformation

Filling Rate

FIG. 1. Typical configurations resulting from a MD simulation of DNA filling inside phage ¢29
capsid. Upper row corresponds to the fast rate of 3.03 10'° bp/s and bottom row to the slow
rate of 3.03 10 bp/s. Sections parallel to the mouth axis are also provided (right column). We
note here that only the center of mass of each base-pair has been represented for clarity. Color

indicates the first (blue) and last (red) parts of the inserted genome.

We performed MD simulations modeling the DNA packaging process inside the capsid
as described above. We found that each of these simulations yields a different final confor-
mation, but certain average features emmerge, as we will show below. In Fig. 1 we display

typical conformations resulting from our MD simulations where the coloring scheme allows
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one to distinguish between the first part or head (blue) and the last part or tail (red) of
the inserted genome. The upper row corresponds to the fast filling rate and the lower row
to a rate ten times slower. A view of the system following the mouth axis and a cross
section showing DNA structure inside the capsid (right column) are shown. In all these
representations and the analysis done below, only the center of mass of each base-pair has
been considered.

Clearly different DNA conformations arise depending on the filling rate. The final struc-
ture of the confined DNA for the slowest rate exhibits more homogeneous features than for
the fastest rate we have considered that shows an anisotropic preferential arrangement per-
pendicular to the filling axis. We can also see that the first inserted nucleotides for the fast
rate go to the far side and layer showing that diffusion and mixing inside the capsid has been
highly constrained. To better illustrate this feature, Figure S1 in Supplemental Material [43]
shows snapshots at different stages of the filling process for both filling rates. The filling
rate we have called fast does not allow the mixing diffusion of the genome throughout the
capsid volume while being inserted, and this is especially clear for the early stages of the
filling process (panels a and b). This is also reflected in the density profile of Figure S2 in
Supplemental Material [43], where we have divided the capsid volume into three spherical
sectors along the filling axis: close to the portal, equatorial and far from the portal. While
DNA density is more isotropic and mixed for the slow rate and similar in both sectors, it
tends to stay closer to the mouth for the fast rate.

We wish to understand the features of the confined DNA molecules and how they differ
depending on the filling rate. The radial density profile of the confined DNA averaged over
all the independent simulations is plotted in Figure 2 for the two filling rates considered.
The shape suggests a layered structure near the capsid wall with 3 to 4 pronounced peaks
separated by a distance around 2.44 nm in excellent agreement with the experimental value
[22]. The density in the central shell, excluding the 3 outer layers, is around 0.42 base
pairs/nm? (0.45 g/ml). We note that the error is much higher at small values of r — rq due
to poorer statistics in the center of the sphere where the volume in the sampled shells is
smaller.

The radial density profile corresponding for the total DNA molecule is very similar for
both filling rates considered here, but there is a greater difference when analyzing separately

the first, intermediate and final segments. This analysis is shown in Figure S3 of Supple-
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mental Material [43] and quantitatively reflects that the first inserted DNA is confined in
the outer layers leading to an inhomogeneous DNA distribution for the fastest rate versus a
more homogenous repartition for the slowest rate. The latter showing almost no difference
between the initial, intermediate and final sections of the genome inserted. Finally, the evo-
lution of the radial density profile during the filling process for both filling rates is shown in
Figure S4 of Supplemental Material [43] which shows that DNA is evenly distributed across
the capsid from the beginning and that the peaks near the wall arise progressively as the
DNA density increases. Those peaks clearly reflect the density waves or correlations with

the capsid wall one would expect in any liquid system of sufficient density [31].

DNA shows a clear trend to arrange in a coaxial spooled conformation when we fill the
capsid at the fastest pace, especially for the outermost layer, but this tendency almost
vanishes for the slowest rate. This feature is visible from the snapshots in Figure 1 but it
has also been quantitatively analyzed looking at the distribution of the cosine of the angle
Qeylindrical =0T DN A, Teylindrical) Detween DNA segments and the vector tangential to the
cylinder defined by the portal axis, which is plotted in Figure S5 in Supplemental Material
[43]. Here 1 means DNA is cylindrically spooled around the axis of the portal. In contrast,
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FIG. 2. Spherical density profiles for the DNA molecule packaged in a spherical model of
phage ¢29 through the fast (black dashed line) and slow (red solid line) filling rates where
r — ro is the distance to the center of the spherical capsid. Error bars for the fast rate are

similar to those of the slow rate and they are not plotted for clarity.



the angle @ qgiaqt=(rpN A, Tradiar) gives information about the angle between DNA segments
and the radial vector perpendicular to the capsid wall at each point, see Figure S6 in the
Supplemental Material [43]. In this case 0 corresponds to DNA parallel to the capsid wall
and 1 perpendicular. There were no significant differences found in cos(a;qq4ia) With respect
to filling rate. The first layer in both cases showed at least twice the population parallel to

the wall (cos = 0).

B. Signatures of order and disorder

We can see from the density correlation function (left in Figure 3) that besides the
strong local correlations between consecutive nucleotides, separated by 0.34 nm, there is
also intermediate range order reflected by the peak at 2.8 nm, near the average distance
between neighbor DNA segments; however there is no dependence of this property on filling
rate. On the other hand, the angular correlation function plotted in right graph of Figure
3 shows that the orientation between DNA segments shows some difference with respect to
filling rate. The former suggests the existence of domains where neighboring segments of
DNA arrange parallel to each other, which is in agreement with experimental results from
cryo electron microscopy [29, 44] and can also be noticed from the snapshots plotted in

Figure 1.
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FIG. 3. Density (a) and Angular (b) correlation functions for fast (dashed black) and slow
(solid red) filling rates. Error bars for the fast rate are similar to those of the slow rate

and they are not plotted for clarity.
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Small-angle X-ray scattering has been used to characterize DNA conformation inside
phages in experiments [26, 45, 46] predicting the presence of domains of hexagonally packaged
DNA. We have calculated the structure factor of the confined genome for both filling rates,
Fig. 4. It shows the signature of long-range order through a rippled modulation at ¢ =0.153
nm™!, corresponding to the capsid size in the direct space: 27/q = 43 nm. The intermediate-
range order is reflected in the peak around ¢q.,=2.59 nm~! and, assuming hexagonal order,
yields an estimate of the inter-helix DNA distance as 47/ V3¢mar = 2.80 nm. To better
compare with hexagonal order we have also shown in Figure 4 (dotted line) the structure
factor corresponding to a 3x3 array of parallel DNA segments 50 pair-bases long. This value
agrees with previous experiments [5, 46] and with the position of the first peak in g(r) (Figure
3). We have found that the apparent size of the domains exhibiting a regular orientation
is, according to the Scherrer equation [41], D ~ 5.68 nm for the fast rate and somewhat
larger D ~ 7.30 nm for the slow rate, which agrees with the angular correlation in Fig. 3.
This suggests a larger angular correlation for the slower rate. Figure S7 in Supplemental
Material [43] shows the evolution of the structure factor during the filling process for both
packing rates, indicating that the DNA segments come closer and the domains of aligned

DNA become bigger as the density inside the capsid increases.

The experimental detection of DNA defects inside the bacteriophages is very challenging
and, to our knowledge, has not been well explored. However, the presence of high-affinity
ethidium-binding sites found in T7 has been interpreted as an experimental evidence of
kinked DNA sites within the capsid [47]. This feature could be important since kinks have
been seen to reduce the repulsive electrostatic component of the free energy and pressure
of the confined genome [31]. We have analyzed the structure of the DNA molecule inside
the virus during the filling process and find that some defects such as kinks and bubbles
arise spontaneously. The spatial distribution and number of defects have been analyzed, see
Figures 5 and 6 respectively, and they strongly depend on the filling rate. We have found
that around 80% of the defects emerge close to the portal when DNA is packed using the
fastest rate, but the distribution is more homogenous and far less numerous when using the
slowest rate. The distribution within the capsid layers however is relatively uniform in both
cases. The number of large roll angles is bigger for the fast rate suggesting that most of this
defects are due to the inability of DNA to ”"relax” while being packed. Furthermore, we have

explored the effect of temperature and ionic strength finding that higher temperatures and
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lower salt concentration may increase the number of defects in the DNA slightly. Higher
temperature and lower salt concentration do not seem to modify any other feature of the
DNA conformation analyzed here (data not shown).

It has been seen that certain DNA sequences have higher probability to break or kink
than others due to a different DNA stability [42, 48]. However, even though the model
we are using includes a sequence-dependent parametrization of the hydrogen-bonding and
stacking interactions, we have found that defects emerge for this model with little sequence
dependence for the statistics at hand. We note here that the time scale of our simulations is
very short (by many orders of magnitude) compared to the actual packing rate, the number
of independent configurations we are averaging over is small and we are not twisting the

DNA.

IV. DISCUSSION AND CONCLUSION

In this contribution we have presented a systematic and quantitative study to consider

the effect of filling the capsid of
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FIG. 4. Structure factor for the last conformation of the DNA molecule averaged over all
statistically independent simulations. Dotted line shows the structure factor corresponding
to a 3x3 hexagonal array of parallel chains of spheres separated by 0.34 nm (same as the

nucleotides in our model).
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phage ¢29. The DNA distribution inside the capsid, the intermediate-range ordered domains
and the emergence of defects evolve during the filling process have been considered. We
showed that many structural features of the confined DNA molecule found experimentally
can be reproduced by using a coarse grained model for the DNA and a simple repulsive
spherical wall for the capsid of the ¢$29 phage. Our simulations have predicted the presence
of DNA layers in the outermost region, with the distance between these layers similar to
that found experimentally, 2.44 nm [22]. The angular correlation function and the structure
factor have revealed the presence of domains of aligned DNA segments in agreement with
cryoEM and Xray experiments [5, 26, 29, 44, 46]. The distance between neighbor DNA
segments is of 2.85 nm, justifying the general assumption of some local hexagonal packing

order inside the phage.

On the other hand, we have found that too fast a filling rate arrests DNA diffusional mix-
ing within the capsid and yields an inhomogenous DNA distribution and coaxial orientation.
Using this fast filling rate causes the emergence of more kinks in the DNA molecule than a

slower rate, especially at the end of the process. If we linearly extrapolate the number of
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FIG. 5. Snapshots of the final conformation of DNA confined inside the capsid for the fast (a)
and slow (b) rates emphasizing the presence of defects: black corresponds to bubbles and white to
kinks. (c) Histograms of the distribution of kinks among the layers defined by the density profiles.
The number of defects has been normalized by the fraction of base-pairs contained within each

layer (n;= number of base-pairs in shell i / total number of base-pairs)
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defects expected to the experimental filling rate we would rarely expect to see such a defect
under the idealized conditions of the model considered here. Nevertheless, more realistic
features such as capsid shape and size, presence of multivalent ions, burst and dwell stages
or twisting forces while filling may change the probability. Finally, the size of the domains
of hexagonally packed DNA segments is also affected by the filling rate, being larger for
the slowest rate considered here. Our computational limit for the filling rate leads to a
simulation time in the microsecond range, comparable to previous simulations such as the
ones in Ref. 49, 50 and 15 which is over a million times faster than the real process. This
comparison is not straightforward though because we are considering a constant rate with
no dwells. We suspect that using a different filling approach considering a variable filling

rate or including pauses especially at the final packaging stage may affect the results and
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FIG. 6. Evolution of the emergence of large roll angles in the DNA molecule during the filling
process for both fast and slow rates averaged over all the independent simulations for each
case. The effect of a bigger temperature and a lower salt concentration are represented by lines
ending in a symbol corresponding to a single simulation with a temperature of 37C and salt
concentration equal to 0.5M. The other data showing the error bars correspond to the standard
ensemble ofsimulations performed in this work at a temperature of 27C and a salt concentration

of 1M.
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we intend to analyze this feature in future contributions.

Ion concentration affects the DNA persistence length [51] and the model we are using is
able to capture this behaviour [36]. Preliminary simulations show that, for the fastest rate
considered here, there is no significant difference in the final DNA structure for different
concentrations of monovalent salts. However, it has been seen experimentally that the
presence of multivalent ions affect both DNA packaging and portal motor function in phages
[52].

Our present study used a simple spherical containment model for the capsid. Even with
such a simplification we found two dominant modes of filling structures result: One with
the DNA coiling around the filling axis and one with structures and domains predominantly
perpendicular to the first. Many features in a more realistic capsid model might contribute
to the emergence of these or other patterns. Specific molecular recognition between the
capsid proteins and the DNA could cause profound ordering and seems evident in some
recent virus structures [53]. In future works more realistic models for the capsid - such as
an elongated shape or the presence of attractive/repulsive sites - and for the filling process -
torsional forces twisting the DNA or capsid expansion and contraction - may also contribute

to modulate the effect of each studied feature of the confined DNA.
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