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ABSTRACT Confined mixtures of a polymer and nonspecifically binding particles (condensers) are studied as models for
viruses containing double-stranded DNA (polymer) and condensing proteins (particles). We explore a model in which all inter-
actions between the packed content (polymer and particles) and its confinement are purely repulsive, with only a short-range
attraction between the condensers and polymer to simulate binding. In the range of physical parameters applicable to viruses,
the model predicts reduction of pressure in the system effected by the condensers, despite the reduction in free volume. Con-
densers are found to be interspersed throughout the spherical confinement and only partially wrapped in the polymer, which acts
as an effective medium for the condenser interactions. Crowding of the viral interior influences the DNA and protein organization,
producing a picture inconsistent with a chromatin-like, beads-on-a-string structure. The model predicts an organization of the
confined interior compatible with experimental data on unperturbed adenoviruses and polyomaviruses, at the same time
providing insight into the role of condensing proteins in the viral infectious cycles of related viral families.
INTRODUCTION
Virus genomes are confined inside a capsid assembled from
proteins. In viruses with a double-stranded DNA (dsDNA)
genome, confinement of a highly charged DNA molecule
may result in huge internal pressures acting on the capsid, de-
pending on the DNA length (25–100 atm in some phages
(1,2)). Such pressures can be reduced through the action of
multivalent ions (3) and basic proteins like histones (4).
Basic (condensing) proteins have been found accompanying
the genome in particles of polyoma- (5,6) and papillomavi-
ruses (7), as well as in adenovirus (8), baculovirus (9),
poxvirus (10–12), chlorovirus (13), African swine fever virus
(14), mimivirus (15), and marseillivirus (16). Most of these
condensing proteins have unresolved structures, leaving
open questions regarding their DNA-binding mechanism
and mode of action, except in polyoma- and papillomavi-
ruses, which have been shown to borrow cellular histones
to pack their DNA into a ‘‘minichromosome’’ (7,17).

The presence of proteins within the capsid may seem a
nuisance: they take up the volume that would otherwise be
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available to viral DNA. Obviously, not just any protein
will serve for compacting purposes—only those that bind
DNA sufficiently strongly while using up the smallest vol-
ume possible. Understanding the role of condensing pro-
teins in packing of genomes inside viral capsids is
important in the context of the whole viral infection process
and the host cell response (18) and may also provide an
evolutionary context, as some of the viruses using them,
such as adenovirus and mimivirus, seem to be evolutionarily
related (19). Condensing proteins may have evolved in
parallel with new viral genes, as a physical support for
compacting the longer genome, or their genes may have
been hijacked from the host and adapted. Understanding
the role of condensing particles (proteins and nanoparticles)
is also important in the context of targeted cargo delivery
with viruses or other nanocages (20) and gene therapy
(21,22). Packing and ejection of dsDNA in bacteriophages
(23) has been intensively studied using various numerical
methods (24,25) that helped elucidate physical aspects
of the bacteriophage infectious cycle (26). Although
the compaction of eukaryotic and bacterial DNA with
condensing proteins is also a well-known problem (4), the
mode of action of condensing proteins present within the
confines of viral capsids is still a mystery.
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Most of the evidence on nucleoprotein structures in viruses
with DNA condensing proteins is based on the study of dis-
rupted particles. Data on the structure of the core in intact vi-
ruses are scarce due to lack of order or symmetry in the
particle contents. Disrupted viral cores show cluster, fiber-
like, and bead-on-a-string structures reminiscent of those
found in cell chromatin (4) as observed by electron micro-
scopy (EM) after disruption of capsids of SV40 (27), human
and bovine papillomavirus (7), and adenovirus (28–30).
Nucleoprotein filaments have also been found using atomic
force microscopy in mimiviruses (15), vaccinia (31), and
chloroviruses (13). Cryoelectron tomography showed dense
areas of presumed DNA-protein complexes in disordered
vaccinia capsid interiors (11). Standard methods used to
reach high resolution in studies of virus structure rely on
averaging data from many particles and enforcing high sym-
metry, but they give little insight into the core structures,
which may be neither ordered nor identical in all particles.
Icosahedrally averaged cryo-electron microscopy (cryo-
EM) results of studies on adenovirus capsids (28,32,33) indi-
cate a more or less flat density profile that lacks the DNA
shelling typical of viruses packing naked dsDNA (34–36).
Similar to adenovirus, the polyomavirus SV40 cores
have a flat density profile seen by both cryo-EM (37) and
small-angle x-ray scattering (5), with no pronounced DNA
ordering. A recent cryo-electron tomography study on undis-
turbed adenovirus virions, where no averaging or symmetry
enforcement was used, showed a disordered virus interior
containing �200 objects that are assumed to consist of
condensing proteins binding or wrapping the DNA (38).
There are no structural data for any of the adenovirus core
proteins (called V, VII, and m) (33). Two of these have
been proposed to contribute to DNA condensation via two
universal mechanisms (39): bridging two dsDNA strands
(protein m) or wrapping the DNA (protein VII) (40). EM im-
ages of disrupted adenovirus cores showed a bead-on-a-
string architecture, where beads would be mainly formed
by protein VII bound to the DNA (29,30). The beads (also
called ‘‘adenosomes’’ by analogy with cellular nucleosomes)
had an estimated diameter between 2 and 10 nm, and might
correspond to the 200 objects observed by cryo-electron
tomography inside the intact particle (38). Distributions of
adenosome locations extracted from the three-dimensional
maps of individual (nonaveraged) particles were explained
using a model that treated adenosomes as particles with
mutual interactions mediated by the (effectively smeared
out) background DNA medium. Elaborations of the model
that included the ‘‘backbone’’ between the adenosomes,
representing them as beads on a DNA string, were found to
produce worse agreement with experiments and adenosome
distributions incompatible with the experiments. In a some-
what similar model proposed for SV40, the core was
described as a ‘‘molten droplet’’ containing �20 nucleo-
some-like entities bound together by the effective backbone
of DNA (5). The SV40 and the adenovirus cases may not
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be comparable, however. The histones in SV40 are evolved
to bend and bind the DNA in chromosomes, and they are
likely to perform a similar function within SV40. Much
less is known about condensing proteins in adenovirus and
they may be quite different from histones.

The role of condensers in virus morphogenesis is also un-
known. Two assembly pathways are possible: 1) a sequential
pathway, where the DNA is injected into a preformed capsid
using a motor complex, or 2) a concurrent pathway, where
the capsid is assembled around the genome. The sequential
pathway is well established for viruses packing naked
DNA, such as bacteriophages (41), but the mode of assembly
is much less clear for viruses containing protein condensers.
It is in general accepted that polyomavirus assembly follows
a concurrent pathway (42). For adenovirus, it has long been
assumed that assembly and packaging would occur sequen-
tially, but evidence supporting a concurrent pathway has
recently been reported (43). Intriguingly, one of the adeno-
virus condensing proteins is dispensable for assembly but
required for proper uncoating (44). Proteins VII and m are
cleaved by the adenovirus maturation protease, and this
cleavage may change their interactions with DNA: after
maturation, their condensing action is decreased, resulting
in an increase of internal pressure involved in metastabiliza-
tion of the viral particle for successful initiation of uncoating
when entering the host cell (28,40,45,46).

In short, the exact mechanism of DNA binding by the
condensing proteins in viruses is unknown; it is not clear
whether dsDNA packed together with condensing proteins
exhibits some kind of organization and whether the
condensing proteins promote it or disrupt it, and there is
considerable uncertainty regarding the precise role these
proteins play in the virus cycle. All these uncertainties call
for a theoretical approach able to encompass general fea-
tures of a confined and crowded mixture of DNA with
condensing particles. Our aim is to study the most basic fea-
tures of the problem in a simplified model, with the hope of
explaining features observed experimentally and providing
the basis for future construction of more detailed models.

In previous studies of DNA and condensing proteins in-
side viruses, the DNAwas treated implicitly, either as a teth-
ering bond between proteins or as an effective medium
renormalizing the inter-protein interactions (5,38). In this
work, we propose and evaluate a model that explicitly treats
the condensing proteins and the DNA polymer in confine-
ment. The explicit treatment of the DNA allows for the ex-
amination of DNA-protein complexation without assuming
it from the start. It should also shed additional light on the
ordering of the core, as DNA appears with its degrees of
configurational freedom and not only as a background or
linker/spring. The model we use is necessarily simplified,
because the DNA, the proteins, and the virus interior are
too complex to be treated in all their molecular detail. Still,
the same model framework has successfully been applied to
naked DNA packing in viral capsids (25,47), as well as to
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systems where condensing particles are added to a dilute
‘‘solution’’ of DNA (48). The additional reason for the
simplification of the model is to identify the robust aspects
of the system. Our approach does not take into account the
exact protein shape and amino acid composition, and thus
excludes any specificity in binding to the genome. The
model should thus be viewed not merely as a description
of present day, evolved viruses, but rather as a deliberately
simplified variant constructed to elaborate on the possible
evolutionary purpose and mechanisms behind compacting
proteins. It should serve to pinpoint situations where
condensing proteins may be required to compact and pack
the DNA, as well as situations where their presence is a
tolerable disturbance.
METHODS

The system we study comprises two particle types: 1) spheres representing

condensing agents and 2) polymer beads on a string, representing DNA, all

confined inside a sphere of radius Rc. The model used for condensing par-

ticles and polymer is based on previous studies in the literature (25,47,48).

Notice that in the terminology used here, one condensing particle does not

necessarily correspond to a single protein molecule, since homo- or hetero-

oligomers may exist and our model does not make any assumption in this

respect. To explore the possible configurations of our system, molecular dy-

namics simulations were performed using the Langevin thermostat as im-

plemented in LAMMPS (49,50). All particle and particle-confinement

interactions are exclusively repulsive, except for condenser-polymer inter-

actions, which have a short-range attractive interaction. DNA connectivity

is imposed by finitely extensible nonlinear elastic (FENE) springs acting

between neighboring beads (47). The polymer resistance to bending is

introduced via the Kratky-Porod potential, which depends on the angle be-

tween two neighboring bonds (springs) in the polymer reproducing the

polymer persistence length, Lp (51). The number of polymer beads, Np,

and their radius, Rp ¼ a0, determine the volume fraction, fp, they occupy

in confinement, such that Np ¼ fpR
3
c=R

3
p cp, where cpz1:015 is a correc-

tion due to small overlap of neighboring beads. Condensing particles (pro-

teins and condensers) are represented as spheres of radius Rs (in units of a0)
interacting with each other via (repulsive only) excluded-volume interac-

tions. Their interaction with polymer beads is represented by a short-range,

almost-contact, nonspecific attractive potential, such that the energy gained

in a ‘‘bond’’ is e. The attractive part of the potential is constant and acts only

in a spherical shell around the condenser particle, with interior and exterior

radii of Rs and Rs þ a0, respectively. There are Ns condensers in the system

with volume fraction fs, where Ns ¼ fsR
3
c=R

3
s . The properties of such a

system are studied by Langevin dynamics simulations as explained in detail

in Supporting Material, Section S1. The configurations for different random

starting conditions of the system are sampled after sufficient time has

passed, so that neither the internal energy nor any of the studied indicators

change with time. The initial states of the system represent a random config-

uration of DNA and polymers within the capsid confinement. We have also

tested how a change of protocol for generating starting configurations (e.g.,

starting from a looser confinement to simulate the situation before genome

packaging, Supporting Material, Section S2) or the addition of screened

electrostatic interactions extended to include many neighbors (Supporting

Material, Section S3) would change the studied indicators, and we have

found no significant influence.

To probe the internal organization of the packed DNA and condensing

particles, we use the density distribution of particles inside the confinement

and correlations between particle positions, along with how the DNAwraps

around the condensing particles. The procedures used are explained in

detail in the next subsections.
Structural indicators

The radially symmetric (angle-averaged) density, rðrÞ, was calculated by

determining the probability of finding a particle in a spherical shell,

<r; r þ Dr > . The obtained density distributions were normalized to repre-

sent the probability density, prðrÞ, so that
RN
0

prðrÞdr ¼ 1. We opt to pre-

sent the probability density, and not the particle density, as it allows

direct comparisons between different condenser sizes and different particle

numbers in the system.

To determine the correlations between positions of condensing proteins,

we use the normalized (reduced) radial distribution function (RDF), RðdÞ
(52). The normalized RDF is obtained by calculating the RDF, R0ðdÞ,
and normalizing it to account for the finite size and shape of the ‘‘sample’’

in question. The RDF, R0ðdÞ, is defined as

R0ðdÞ ¼ 1

4pr2Nr0

X
i;j

d
�
d � dij

�
; (1)

where N is the number of particles and r0 ¼ N=V the average particle den-

sity, and the sum is averaged over all particle pairs i; j at a mutual distance,

di;j, in the configuration. The particle density has the volume, V, which does

not necessarily correspond to the whole volume of the confinement, Vc. In

some cases, condensers might not access the whole interior due to being

bound to the polymer and preferring to be away from the repulsive confine-

ment. The function R0ðrÞ obtained on a finite sample, in our case a spherical

cluster of particles, decays to 0 for r ¼ 2Rc, as the largest distance between

two particles in such a cluster is about two times the cluster’s maximal

radius. To compare correlation functions to bulk samples, or two samples

of different size, one needs to renormalize the size (and shape) effects.

The normalized RDF is then defined as RðdÞ ¼ R0ðdÞ=f ðdÞ, where f ðdÞ is
the shape factor. The shape factor f ðdÞ has the property f ð0Þ ¼ 1 and decays

to zero at sufficiently large d. The shape factors can be obtained in analyt-

ical form for most basic shapes with homogeneous density, but in our case,

although the shape is spherical, we do not have a homogeneous particle

density. The shape factor normalizes the radial density-density distribution

function (52)

f ðdÞ ¼ 1

v0

Z
rðxÞrðxþ dÞd3x; (2)

where f(d) represents the probability of finding two units of density rðrÞ at a
mutual separation of d. v0 is a normalization constant ensuring that

f ð0Þ ¼ 1.

Our normalized RDFs, RðdÞ, are obtained by first calculating the shape

factor from the corresponding particle density function, rðrÞ. We then

use the sum rule property of the shape factor (52)Z N

0

2pr2f ðrÞdr ¼ V; (3)

which gives us the volume of the sample. This sum rule allows us to recheck

the effective radius of confinement in our simulation runs, and we find that

the confinement radius is always within 1% of the specified value. The

RDF, R0ðdÞ, is then calculated with the obtained true particle volume, V,

for each configuration, and then averaged over all configurations obtained

in simulations. After that, we use the shape factor to obtain the normalized

RDF, RðdÞ ¼ R0ðdÞ=f ðdÞ.
Wrapping indicator

To study the polymer wrapping around a condenser, we need to define what

constitutes a bead bound to a condenser. A polymer bead at rb and

condenser at rs are considered bound if their center-to-center distance,
Biophysical Journal 113, 1643–1653, October 17, 2017 1645
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d ¼ jrb � rs j , is such that the bead-condenser interaction is attractive, i.e.,

ðRs þ a0Þ � a0=2<d < ðRs þ a0Þ þ a0=2. This corresponds to the bead be-

ing located in the attractive part of the condenser-DNA interaction

potential.

The wrapping number, w, of a particular condenser is defined as the

longest length of polymer, in number of beads, that is bound to it. For

each snapshot, we make a probability distribution function, pðwÞ, that
any condenser in the current configuration has the longest continuous length

of polymer consisting of w beads. The total probability of such a function is

normalized to unity
PN

j¼0pðw ¼ jÞ ¼ 1. The value pðw ¼ 0Þ thus corre-

sponds to the probability that a condenser has no polymer beads bound to

it, whereas pðwÞ corresponds to the probability that a condenser has the

longest number of continuously wound beads equal to w. Note that pðwÞ
does not give any information on the number and distribution of shorter

bound segments <w, or whether there are multiple segments of length w.

As such, w is an indicator of the maximal achieved wrapping length on

the condenser.
RESULTS

In the following text, all units in the model are reduced so that
a0 ¼ 1 and kBT ¼ 1 (Boltzmann energy). The correspon-
dence between our model and DNA is obtained by taking
a0z1 nm leading to three basepairs per polymer bead (47)
and pressure units of p0 ¼ kBT=a

3
0z40:6 atm. To make

parallels to real systems, we use a capsid radius of
Rc ¼ 30a0 matching the internal mid-radius of adenoviruses
(� 32:5 nm) (28) and comparable to that of SV40 virions
(18nm) (53).Although the short-range part of the electrostatic
repulsion is accounted for by the model, we do not include
long-range electrostatic repulsion. Coarse-grained modeling
of SV40 cores showed that steric interactions are sufficient
to explain the internal structure at such high crowding, as
the electrostatic interactions provide a minor correction (5).
The crowdedness of the system is determined by volume frac-
tions of the polymer and the spheres. Viruses that pack DNA
using condensing proteins have smaller DNA densities than
typical bacteriophages (T7, f 29, T4, or l), which have
genome volume fractions (at least fp � 0:5� 0:6 at dense
packing) in the capsid several times larger than SV40 (23)
or adenoviruses (38). We estimate the volume occupied by
DNA of an effective diameter of 2.5 nm to be fpz0:33 for
adenovirus (38), fpz0:37 for vaccinia (12), fpz0:25 for
SV40 (5), fpz0:35 for chloroviruses (13), and fpz0:17
for mimivirus (15). These viruses, all of which are thought
to use proteins to compact the DNA, should have sufficient
free space in their cores to permit the addition of condensing
proteins. In the following, we fix the polymer (DNA) volume
fraction atfp ¼ 0:3, consistentwith the viruses of interest and
representative of adenovirus, and we study how a change of
other parameters modifies the organization of DNA and con-
densers in the core.
Pressure of the confined mixture

An important indicator of the state of the viral core is the
pressure it exerts on the capsid, which depends on the
1646 Biophysical Journal 113, 1643–1653, October 17, 2017
amount of packaged DNA (54). The resulting stress on
the capsid is different for various capsid structures (55)
and is known to cause capsids to burst (56). A comparison
of pressures for different condenser-DNA binding strengths
indicates the existence of two compaction regimes (see
Fig. 1 a) determined by the magnitude of binding energy.
In a weak (strong) binding regime, e is smaller (larger)
than the thermal energy. For comparison, histones are
assumed to have a binding strength of � 6kBT per binding
point to DNA in physiological conditions (4), which would
correspond to a strong binding regime in our case. The
strong binding enables reduction of pressure on the capsid
to below the pressure produced by the polymer packed
without condensers, at least for a range of condensed vol-
ume fractions. In the weak binding regime, the pressure
on the capsid always increases, irrespective of the
condenser volume fraction. This means that the con-
densers’ entropic contribution to the pressure dominates
over the binding energy they introduce to the system.
Weak binding and/or large condensers do not help the
compaction of the genome, yet this does not exclude the
existence of such particles in the virus, as their biological
role may be different (e.g., facilitation of other aspects of
the infection process).

Fig. 1 b shows the pressure exerted on the capsid by the
mixture of polymer and condensers as a function of the
volume fraction of condensing particles, fs, for different
condensing-particle radii, Rs, and e ¼ 2 (strong binding
regime; see below). When only a polymer is confined
ðfs ¼ 0Þ, the pressure exerted on the capsid is a growing
function of polymer volume fraction, fp (Fig. 1 c). The
addition (increase of fs) of the strongly binding condensers
ðe> 1Þ reduces the pressure until a minimum is reached for a
certain, optimal fs. Further addition of condensers increases
the pressure of the mixture, since at high volume fractions,
steric repulsion becomes the dominant force and the pres-
sure increases irrespective of the size or binding strength
of the condensers. The pressure reduction depends on the
size of the condensers, smaller condensers being more effi-
cient. Sufficiently large condensers (depending on e)
become inefficient and always increase the pressure of the
mixture. The minimal volume fraction of a condensing pro-
tein in adenoviruses can be calculated from the hard-core
radius of adenosomes estimated from experimental data in
(38). For 230 adenosomes of radius � 2 nm this gives
fs � 0:05. Alternative estimates that utilize the information
on the total protein content presumed to reside in adeno-
somes and using typical densities of globular proteins (57)
would produce a volume fraction two to three times larger.
In the following analysis, we take fs ¼ 0:05 as the value
representing the volume fraction of the adenosome hard
cores found in our previous work. Note that the value ex-
tracted from the experimental data on adenovirus corre-
sponds well with the interval of fs values that minimize
the internal pressure (from �0.06 to �0.08, see Fig. 1 b).
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FIGURE 1 Pressure on the capsid from a confined mixture of DNA and condensing particles. (a) Pressure versus condenser-DNA interaction energy, e, for

a DNA volume fraction of fp ¼ 0:3 and condenser volume fraction of fs ¼ 0:04. Data are shown for three different condensing particle radii, Rs. The

horizontal dashed line shows the pressure value without condensers ðfs ¼ 0Þ. (b) Pressure versus volume fraction, fs, of condensing particles for a DNA

(polymer) volume fraction of fp ¼ 0:3 and attractive interaction energy between condensers and polymer of e ¼ 2. Data are shown for three different

condensing protein radii, Rs. (c) Pressure as a function of DNA (polymer) volume fraction, fp, for three different cases: strongly binding condensing particles

ðe ¼ 2Þwith sizes Rs ¼ 1 and Rs ¼ 3 and no condensing particles, fs ¼ 0. The shaded area corresponds to typical ranges of volume fractions found in viruses

discussed in the text. To see this figure in color, go online.
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One could thus speculate that the number of condensing
proteins in a virus is tuned to minimize its internal pressure.

We find that condensers efficiently reduce the pressure
(by almost an order of magnitude, depending on their
size) only below about fp � 0:3 (Fig. 1 c). This corresponds
to the range of DNAvolume fractions in viruses that contain
proteins in the core (fp � 0:15� 0:35, as estimated before),
which points to their role in genome compaction and pres-
sure reduction. The efficiency of pressure reduction depends
on the size of the condensers. The maximal number of bind-
ing sites that can be realized per condenser is proportional to
its surface area, � eR2

s , whereas the number of condensers,
Ns, is proportional to � fsR

�3
s . This means that the free en-

ergy that can be realized from binding scales as � efsR
�1
s .

Thus, for the same volume fraction, the smaller condensers
have a larger exposed surface, which enables them to
permeate the crowded DNA structure better and realize
more bonds with the DNA they compact—making larger
condensers less efficient.
Structure of the confined condenser-polymer
mixture

To gain insight into the structure of the condenser-polymer
mixture, we examined the particle density distributions
and the correlations between condenser particle positions
(Fig. 2). The angle-averaged probability density of con-
denser particles, prðrÞ, based on the particle density, rðrÞ
(see Methods), represents the probability of finding a parti-
cle at a radial distance, r, from the capsid center normalized
so that the total probability is unity. prðrÞ depends on both
the condensing interaction energy, e, and the size of the
condensing particles, Rs. In the weak binding regime
ðe ¼ 1=2Þ, the density of the condensers is either constant
(small condensers, Rs ¼ 1), or increases upon approaching
the confinement interior surface (larger condensers,
Rs ¼ 2; 3). In all cases, layering of condensers is present
on the interior surface of the confining sphere (capsid)
despite there being no attractive interactions with the
confining surface. Surface layering is a well-known phe-
nomenon in models that contain either only spherical parti-
cles (58) or only DNA polymers (59) and originates in the
confinement wall inducing ‘‘ordering.’’ Here, we observe
it in the case of a sphere-polymer mixture. Interestingly,
we observe layering both in the density of the condensers
and in the polymer density (see Fig. 2 a, inset). A similar
layering of the total particle density is seen in BK polyoma-
virus, whose interior density exhibits several discernible
layers near the interior capsid surface (6). The particle layer-
ing near the capsid surface has been previously detected not
only in density but also in the orientation of elongated
condensing proteins in the coarse-grained model of SV40
(5). Layering in prðrÞ is weaker in the strong binding regime
(Fig. 2 c), especially when the condensers are small
ðRs ¼ 1Þ. Density for sufficiently small condensers
ðRs � 1Þ in the strong binding regime shows good agree-
ment with experimentally determined densities. In both
cases, a flat density profile in the core and a gradual decay
of the density near the interior surface of the confinement
(a depletion region) are observed (38). The total density as
detected by EM would be a weighted sum of DNA
(Fig. 2, a and c, insets) and protein densities. The DNA
density shows little layering, and the weighted sum of
the two densities corresponds well to density profiles
measured in viral cores, which is also mostly constant
near the center of the core and features a depletion region
near the capsid interior surface (5,38). Larger condensers
tend to occupy regions closer to the confining surface with
greater probability, so that their density depletes from the
core center and accumulates near the core surface. A some-
what similar phenomenon is found in vaccinia, where an
increase in density is seen at the inner-core rim (11).
Biophysical Journal 113, 1643–1653, October 17, 2017 1647
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FIGURE 2 Internal structure of confined mix-

tures in the weak and strong binding regime. (a)

Radial probability density, prðrÞ, for finding a

condenser in a spherical shell centered at r, for

different condenser radii, Rs, with binding param-

eter e ¼ 1=2 (weak binding). (b) RDF for con-

densers as a function of the interparticle distance,

d, for different condenser radii, Rs, in the weak

binding regime ðe ¼ 1=2Þ. (c) The same as in (a),

but with binding parameter e ¼ 2 (strong binding).

The inset shows the probability density for DNA

polymer beads. (d) The same as (b) but in the

strong binding regime ðe ¼ 2Þ. Two schematic

representations of direct contact between two

condensing proteins and indirect (condenser-

bead-condenser) contact are shown with arrows

pointing from the corresponding correlation peak

in the Rs ¼ 1 case. All plots (a–d) show data for

fp ¼ 0:3, corresponding to Np ¼ 8221 polymer

beads, fs ¼ 0:05, and stiffness K ¼ 25: To see

this figure in color, go online.
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For comparison, protein units that most likely perform the
condensing role in vaccinia and mimivirus have rough diam-
eters of � 4 nm (12) and 6 nm (15), respectively, compara-
ble to the � 4 nm diameter of adenosomes in adenoviruses
(38). With a better knowledge of condensing protein struc-
ture, as well as interactions of DNA and condensers with
the capsid, it would be possible to make a more rigorous pre-
diction of the interior structure based on protein size and
interactions.

The structure and order of the mixture is further character-
ized by the RDF of the system. The variant used here is
normalized to account for finite size effects so that it satu-
rates at 1 at large inter-particle distances, d, i.e., it can be
readily compared to RDFs characteristic of bulk systems
(see Methods). Two characteristic peaks are observed in
the RDFs in Fig. 2, b and d. The first is at the position of
direct contact between two condensers, d ¼ 2Rs, whereas
the second is at d ¼ 2Rs þ a0 and corresponds to the config-
uration in which the two condensers have a polymer bead be-
tween them. The first peak shows that although there are no
attractive interactions between two condensers, they are still
forced to be in direct contact due to crowding and polymer
topological constraints. The second peak is more prominent
for larger condensers, i.e., in such systems, it becomes less
likely for the two condensers to touch each other, whereas
the probability of a single-bead-mediated contact increases.
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For sufficiently large condensers, the first peak vanishes
and all interactions between the condensers become effec-
tively mediated by a polymer layer around them—con-
densers are better able to realize bonds with the polymer
despite the polymer backbone imposing topological con-
straints. A suppression of direct contacts between condensers
and the confinement is seen also in prðrÞ as the binding
strength is increased. It should be emphasized that the RDF
peaks represent positional correlations between condensers
due to a high confinement density, and that they do not neces-
sarily signify tethering of the condensers by the DNA.
Whether the polymer wraps around condensers, connecting
them to form a beads-on-a-string structure, cannot be
answered with the RDF.

In our previous work (38), we suggested DNA wrapping
around the condenser as a possibility, but without
sequence-specific binding and with DNA easily sliding
around the protein. As our new model explicitly accounts
for the polymer (DNA), we can examine whether wrapping
of the condensers occurs in the equilibrium state of the
core. We introduce a wrapping number, w, as the largest
number of monomers (beads) in a continuous polymer
segment directly attached/bound to the same condenser.
Thus, w ¼ 1 represents a single contact between the
condenser and the bead, whereas w> 1 corresponds to
the situation where w successive polymer beads bind to
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the condenser. It should be remembered that w is an indica-
tor of the maximal achieved wrapping length on a particular
condenser—it does not contain information on the length
distribution of all bound polymer segments. Fig. 3, a and
b, shows the probability distribution for w averaged over
all the condensers. For small condensers ðRs ¼ 1Þ, we see
that the most probable wrapping number is 2 in both weak
and strong binding regimes, leading to a very incomplete
wrapping. For larger condensers (e.g., Rs ¼ 3), the probabil-
ity that w ¼ 4 is �20% in the strong coupling regime. In the
ideal case of all four polymer beads being in a plane, this
corresponds to only about a quarter of a full circle. The
probability of half-circle and more complete wrappings is
practically negligible (see Fig. 3), in line with the lack of
specific interactions promoting wrapping. An increase of
condenser radius should enable a larger w on average, due
to geometry only. The obtained growth of mean w with Rs

is linear in Rs and, somewhat surprisingly, shows no major
dependence on the interaction strength. This indicates that
the condenser-polymer complexation is mostly influenced
by the geometric constraints effected by the confinement,
a b

d e

FIGURE 3 Connectivity of DNA and condensing particles in confinement. (a)

sentative configurations of the system in the weak binding regime. (b) Same as i

wrapping geometry for a polymer with Rs ¼ 3, corresponding to w ¼ 4 or about

of the system ðRs ¼ 3Þ in the strong binding regime. (d) Same as in (a), but aft

confinement. (f) Equilibrium state of the system ðRs ¼ 3Þ in the strong binding re
(e) ðRs ¼ 1; 3Þ represent simulations done when starting from a random configu

history of confinement). To see this figure in color, go online.
with the strength of the attractive interaction playing a lesser
role.

To better understand the degree to which confinement de-
termines the structure, we study how its removal influences
the mixture. After the capsid is removed and a sufficient
time has passed for the system to equilibrate, we observe
that the mixture relaxes, but it still retains the overall shape
of a cluster (Fig. 3 f). When the condensers are small and
weakly binding ðe ¼ 1=2Þ, almost all of the condensers
leave the cluster (Fig. 3 d), which is left to unravel after suf-
ficient time. The wrapping numbers of the mixtures without
spherical confinement are shown in Fig. 3, d and e. In the
weak binding regime, the majority of small condensers do
not bind the polymer at all, as they escape the cluster—
this is seen as a large probability of w ¼ 0 ðpðw ¼ 0ÞÞ. As
our simulation starts from a preformed DNA and protein
cluster, it can be argued that after sufficient time, the struc-
ture will unravel and loose all its condensing proteins. To
test this possibility, we performed a simulation of the
same DNA length and number of proteins in a simulation
box of the same size as the case with a history of
c

f

Probability distribution for the wrapping number, w, averaged over all repre-

n (a), but for strong binding ðe ¼ 2Þ. The cartoon shows a schematic of the

one-fourth of a full turn of DNA around the condenser. (c) Equilibrium state

er removal of the confinement. (e) Same as in (b), but after removal of the

gime and after removal of the confinement. Dashed lines in (d) ðRs ¼ 3Þ and
ration of DNA and condensers in free space (i.e., configurations without a
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confinement but starting from a random configuration
without confinement. In Fig. 3, d and e, we can see that
for weak binding, almost all of the condensing particles
can be lost, whereas with strong binding, >60% of con-
densers are bound to the DNA. Thus, one would expect
the DNA cluster to unravel after sufficient time in the
weak binding case, whereas in the strong binding case
(Fig. 3 e), a compact structure will remain. This is relevant
for capsid assembly, but also for core disassembly, as weak
binding cannot support compact structures that might be
required for capsid formation, whereas strong binding re-
tains compact structures, thus limiting the release of the
genome in the later stages of uncoating. In all cases, the
wrapping number decreases when the confinement is
removed, indicating a relaxation of the cluster. Confinement
promotes wrapping of the polymer on condensing particles,
despite the lack of a preference for such behavior in the
interactions.
DISCUSSION

Molecular dynamics simulations of mixtures composed of a
polymer and the particles that condense it in spherical
confinement were performed with the aim of relating the re-
sults to viruses that use condensing proteins to pack dsDNA.
We found two binding regimes that depend on the
condenser-polymer binding strength and that differ with
respect to whether condensers can reduce the pressure
induced by the packed polymer (strong binding) or not
(weak binding).

The density of condensers inside the confinement, and
their RDFs, provide a picture of a disordered organization.
The density profiles are consistent with the lack of symme-
try and order observed in adenoviruses (33,38), polyomavi-
ruses (5,6), mimivirus (15), and vaccinia (11) and in stark
contrast to the ordered dense packing of DNA in bacterio-
phages (36). The obtained profiles, although based on a
simplified model, are able to cover a range of behaviors
seen in experiments, from flat densities, decaying close to
the capsid (SV40 and adenovirus) (5,6,28,38), to an increase
in the probability of finding condensing particles near the
capsid surface in vaccinia (11) and BK (6). However, the
RDFs of the condensers indicate some degree of positional
correlation. Comparison of the RDFs calculated here with
those obtained for condensing proteins in adenoviruses
(38) reveals that our model can reproduce two previous find-
ings rooted in experiments. First, there exists a regime in
which condensers interact only through a polymer medium,
consistent with our previous observations in adenoviruses
(38). A tightly bound entity (‘‘quasi-particle’’) of a
condensing particle and its polymer ‘‘coat’’ is found in
which DNA acts as a medium for condenser-condenser in-
teractions. Second, our model does not reduce to proteins
tethered by wrapped-around DNA, which could be modeled
as an effective spring between them. Each condenser is only
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partially wrapped by the DNA-like polymer and no posi-
tional correlation is seen in condensers beyond the poly-
mer-mediated contact of quasi-particles. It was found in
earlier studies that after opening of adenovirus or SV40
capsids, the core assumes a beads-on-a-string configuration
(17,29,30). However, it has also been shown that the state of
the SV40 minichromosome depends on the experimental
conditions (60) and, more generally, that a picture of a
uniform and regular chromatin structure in vivo is being
challenged (61,62). Thus, care must be taken when extrap-
olating experiments in diluted solutions to crowded environ-
ments like the viral capsid. The model also successfully
reproduces the decay of rðrÞ with r, i.e., it features a deple-
tion layer seen also in adenoviruses, so it seems that it can
successfully explain the most salient features of the internal
structure in adenoviruses, despite its simplicity.

This model explains features observed in adenovirus
maturation, which are critical for successful propagation
of the virus. As explained above, during maturation, the
condenser adenovirus proteins VII and m are cleaved by
the virus protease (63). The observed effects of these cleav-
ages are an increase in internal pressure (40) and a decom-
paction of the core, such that when the capsid is open, the
immature core still forms a tightly knitted sphere, whereas
the mature core easily spreads out of the open shell
(28,45,46). Both aspects (pressure increase and core decom-
paction) are consistent with our model prediction on the
effects of a change of regime from a strong polymer-
condenser interaction (before maturation) to a weaker one
(after). On the other hand, a weakening of DNA-condenser
interactions is necessary for successful genome uncoating.
The stability of the genome-protein condensate without
confinement is also important for the assembly pathway of
virus particles. Adenoviruses may follow a concurrent
pathway (43) where capsids assemble around a preformed
DNA-protein condensate. Our simulations without confine-
ment support this mode of assembly, with strong binding
producing stable DNA-protein structures that could provide
a base for stable capsid assembly (64).

Based only on modeling effective particles of adeno-
somes, we previously estimated a minimal internal pres-
sure of �0.1 atm in mature adenovirus (38). Assuming
a0 ¼ 1 nm, in the model presented here (with fp ¼ 0:3
and fs ¼ 0:05 and Rs between 1 and 2), adenovirus would
have a pressure of at least �0.8 atm in the strong binding
regime and �2 atm in the weak binding regime, depending
on the true size of the condensing particles, with a more pre-
cise estimate requiring additional repulsive electrostatic in-
teractions. This estimation agrees with the pressure increase
upon maturation previously reported, although it is still
smaller than the�30 atm value estimated from atomic force
microscopy indentations interpreted using continuous elas-
ticity and linear unbranched polymer models (40). As
more experimental knowledge on these viruses becomes
available, it is expected that more refined models can be
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built. Also, in icosahedrally averaged maps of immature
adenovirus, a weak sign of layering is observed (a slightly
higher density beneath the capsid shell over the general
flat profile of the core) that disappears upon maturation
(28). This effect would be consistent with our model predic-
tion for a decrease in condenser size upon protein cleavage.
However, a decrease in condenser size would also be
expected to produce a pressure decrease, which is not
what is experimentally observed. A possible explanation
for this discrepancy is that the apparent weak layering in
the immature adenovirus maps comes from the presence
of a packaging protein (65). Alternatively, the change in
interaction regime between condensers and DNA may pre-
dominate over the change in condenser size.

Although condensing proteins seem to help in reducing in-
ternal pressure, they are not used by all dsDNAviruses. Other
dsDNA viruses, such as tailed bacteriophages, are known to
have extreme internal pressures with no condensing proteins
present. The different strategy in dsDNA packing and pres-
sure control may be related to differences in the virus infec-
tious cycle. Viruses with medical relevance, such as
polyoma- and papillomaviruses, pack histone-bound dsDNA
genomes (7,17). Virus-encoded condensers seem to be most
common inmembers of the PRD1-adenovirus structural line-
age, an extended group of viruses infecting hosts throughout
the tree of life, from bacteria to humans. Members of the
PRD1-adenovirus lineage use b-barrels orthogonal to the
capsid surface to assemble icosahedral capsids with diame-
ters ranging from 0.06 to 1 mm (19). The largest, most com-
plex members of the lineage form the recently proposed
Megavirales order (66), which includes viruses of ecological
(amphibian ranaviruses), economical (fish iridoviruses and
poxviruses and African swine fever virus), and biomedical
(human poxviruses) importance. There is a strong indication
from gene sequencing, as well as molecular and structural
analyses, that the presence of DNA-condensing proteins
is likely to be a common trait in this growing virus family
(8–16,67). Assembly of most of these viruses is poorly char-
acterized, and even less work has been done to understand
DNA packing within their capsids. Intriguingly, no genes
for condensing proteins have been reported for the smallest
members of the PRD1-adenovirus lineage (those infecting
bacteria), suggesting that this trait is linked to some kind of
gene interchange with eukaryotic hosts. Indeed, it has been
observed that a particular kind of eukaryotes, phylum Dino-
flagellata, lack histones but possess a positively charged,
DNA-binding protein whose only known sequence similarity
outside the phylum is to a megavirus protein (68). Cryo-EM
maps of the PRD1-adenovirus lineage members lacking
condensing proteins show internal layered densities similar
to those of tailed bacteriophages (69,70), revealing how the
presence of condensers alters DNA packing within the
capsid. Although tailed bacteriophages and the PRD1 bacte-
riophage package their genomes using an ATP-driven motor
in a sequential pathway (41,71), there are experimental indi-
cations that viruses with condensing proteins assemble their
capsids around the compacting genome (42,43,72) in a con-
current pathway. In adenoviruses, proteolytic maturation of
the condensing proteins results in physical changes required
to turn the particle metastable for successful triggering of
sequential uncoating (28,40,45,46). Stepwise dismantling
is required for infection of eukaryotic cells, but not so for bac-
teriophages, which inject their genome through the cell wall,
leaving the intact capsid behind. Some of the viruses pre-
sumed to use condensing proteins are among the largest
known (notably the giant mimivirus). The capacity for a viral
capsid to survive internal pressure before bursting drops as
the size of the capsid is increased (55). Additionally, no sig-
nificant change in genome length is required to encode pro-
teins forming larger capsids, and the extra length required
to encode the condensing proteins, which also needs to be
packed, is more than compensated for by their existence.
Both differences in the infectious cycle and the effect of
capsid size could explain the lack of condensing proteins in
smaller viruses.
CONCLUSIONS

Our results clarify the role of condensing proteins in virus
particle stability and internal pressure reduction. It is
intriguing that a rather generic model, without a specific
and detailed account of binding interaction or condenser
shape, indicates a potential benefit of condensing proteins
in compacting DNA and reducing the pressure in the packed
state. We find that the benefits are particularly pronounced in
viruses that are not particularly densely packed, i.e., that
contain the DNAwith volume fractions up to�0.3, of which
adenovirus is a prime example. Our model, combined with
previous experimental observations on adenovirus matura-
tion, indicates how changes in the condenser-binding regime
may be critical to ensure the assembly/disassembly interplay
during the infectious cycle. The dependence of internal pres-
sure on the condenser size, binding strength, and concentra-
tion, which we document and explain here, will contribute to
the current understanding of stability modulation of complex
virus capsids, advance their development as nanocontainers
for controlled cargo delivery in therapeutics, and ultimately
illustrate the different mechanisms used for DNA compac-
tion throughout nature.
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S1. LANGEVIN DYNAMICS SIMULATIONS

To explore the possible configurations of our system, molecular dynamics simulations were performed using the Langevin
thermostat (1). The corresponding equation for the time dependent position ri

mi
d2ri
dt2

= Fi − λi
dri
dt

+
√
2kBTλiηi(t). (S1)

is solved for all particles i in the system. Here Fi represents the total force on the particle i, mi the mass of the particle, λi
the friction coefficient, kB the Boltzmann constant and T is the temperature. The mass of the particles depends on the particle
radii Ri such that mi = R3

i and the friction coefficient as λi = Ri according to Stokes law. ηi(t) is a random time-dependent
Gaussian δ-correlated noise of magnitude 1. The simulation region is confined to a sphere of radius ≈ Rc (representing the viral
capsid) by positioning a repulsive potential on a sphere of radius Rc + 1 so that the probability of finding a particle with radial
coordinate r > Rc is negligible at thermal energies. The size of the effective confinement was later confirmed to be within 1%
of this values using the shape factor f(r) (see main text).

The polymer is represented with a beads on a spring model (2). Neighboring beads in the polymer interact with the finitely
extensible non-linear potential (FENE) representing bonds of the form:

UFE(d) = −1

2
KFEr

2
0 ln

(
1− d2

r20

)
(S2)

where d is the distance between two neighboring beads, and the parameters of the bond KFE = 30 kBT/a
2
0 and r0 = 3.0a0

which have been adapted from previous DNA models (2, 3). The stiffness of the DNA (bending rigidity) is represented by the
Kratky-Porod potential Ub depending on the angle θ between three neighboring beads in the polymer (4),

Ub = Kb(1 + cos θ) (S3)

where Kb = 25a0 corresponds to a persistence length of Lp = 2a0Kb or in our non-dimensional units Lp = 2Kb (a0 = 1 nm
gives Lp = 50 nm).

All interactions between particles of the same type (polymer-polymer and condenser-condenser) and the confinement are
repulsive only Lennard-Jones with the potential energy as a function of interparticle distance d (See Fig. S1 )

U(d) = 4εLJ

[(
b

d

)12

−
(
b

d

)6
]
+ εLJ if d < 21/6b (S4)

where b is a constant equal to diameter of the interacting particles b = 2Ri, or for the case of confinement-particle interactions
to b = Ri+a0. The potential is cut-off at the minimum of the Lennard-Jones potential and shifted so that the resulting force and
potential is exactly 0 at the cut-off distance. For all particle-particle cases εLJ = 1, while for confinement-particle interactions,
εLJ = 10 (in units of kBT ) is used to ensure that the confinement has an effective radius Rc. In the case of the repulsive-only
Lennard -Jones interactions, εLJ determines just the stiffness of the interparticle interactions.

Interaction between condensers (spheres) and polymer beads is of the Lennard-Jones type

Us−p(d) = 4ε

[(
b

d

)12

−
(
b

d

)6
]

if r < 2.8b, (S5)

with b = Rs + a0. This interaction results in a non-specific binding with the maximum bond energy of ε. The spatial extent of
the attractive potential allows only one layer of polymer beads to interact (attractively) with the condensing sphere.
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FIG. S1: Example of interaction potential U used in the simulation for different particle pair types as a function of the interparticle
center to center distance d. Figure shows interaction potentials used between particles with Rs = 2 and ε = 0.5. Interaction between the
confinement and all particles is also repulsive only as for like particle pairs. Note that interactions between like particles are shifted so that the
potential is zero at the cut-off distance. The cut off distance for polymer-condenser interactions presented here is at d = 8.4.

S2. SAMPLING SYSTEM CONFIGURATIONS

Langevin dynamics simulations of dense systems can be sensitive to the way the initial configuration of the system is set up,
so special care needs to be taken to emulate in vivo capsid formation. Our study focuses on modeling a random configuration
of DNA and condensers inside confinement. To set up the initial state of the system, we first randomly place condensers and a
random walk representing the DNA in the confinement. Interactions between all particles are initialized to act as a soft repulsive
force with a barrier for penetration (and crossing) of a height of 100 kBT and harmonic bonds between beads so that any overlap
between particles is phased out. The total energy of the system is minimized by iteratively adjusting atom coordinates using the
provided conjugate gradient procedure as implemented in LAMMPS (5). Afterwards the system is imbued with true interactions
and the total energy minimized again. Then the system was equilibrated for at least 500 000 time steps using a Verlet time
integrator with time step dt = 0.05 in simulation units (

√
ma20/kBT ). After the system total internal energy stabilized to a

constant value to within ∼ 1% (See Fig. S2a) its configuration was sampled every 10 000 timesteps for 300 000 timesteps. We
also tested if any of the studied indicators would change if a longer wait time is used before sampling (Fig. S2b) and found that
a four times longer wait time does not change any of the indicators in a significant way.

When studying systems with the confinement removed, the free configurations were obtained using the core configurations
arrived at with the described protocol as initial states. Confinement was removed and the released core was evolved in a cubic
bounding box with a base of length 360a0 with periodic boundary conditions. After at least 1200000 equilibration steps to
allow the total energy of the cores to stabilize, the system configuration was sampled every 10 000 timesteps for 300 000
timesteps. In addition, to test the long term behavior we performed simulations with the same parameters but without a history
of confinement: the same number of polymer and condenser particles were randomly placed in a box (of the same size as with
the previously stated removal of confinement) with periodic boundary conditions which was then equilibrated until the total
energy has stabilized. This approach would approximate the most disentangled possible state of the core cluster.

All pρ(r) and RDF given in the main text were averaged first over configurations corresponding to 30 different snapshots
in time, and then 48, 72 and 90 for Rs = 1, Rs = 2 and Rs = 3, of those were averaged for different randomized simulation
starting conditions for a total of 1440, 2160, and 2700 different configurations, respectively. All p(w) given in the main text were
averaged first over configurations corresponding to 30 different snapshots in time and then 48 randomized simulation starting
conditions.

To test to what degree a different initial scenario would influence the studied indicators, e.g. to start from an unconfined
mixture of DNA and condensers simulating the situation before packaging starts, we performed simulations with an alternate
protocol to test if these initial conditions influence the pressure or other indicators (Fig. S3 and Fig. S4). In this alternate protocol
DNA and proteins are generated in a large confinement (five times the size of the final radius Rc) and the confinement is slowly
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FIG. S2: Equilibriation of total internal energy and structure. a) Total energy of the simulated system as a function of time (in timestep
units) during a sampling of the system for 48 different initial conditions (parameters used ε = 2.0 and Rs = 3.0) after a 500 000 timestep
wait time for equilibration. b) Comparison of indicators (radial distribution function R, density ρ and the wrapping number w) for ε = 2.0
and Rs = 3.0 with a 500 000 timestep equilibration wait time (marked as "normal") and a 2 000 000 timestep equilibration wait time (marked
as "long wait").

compressed to the desired final radius. This allows the condensing particles sufficient time to bind to the DNA and find a most
favorable configuration as the density of particles is slowly increased. We find no significant change in any of the indicators
studied, with only a quantitative difference in the density (near the confinement) which does not influence any of our conclusions.

S3. INFLUENCE OF ELECTROSTATIC INTERACTIONS

To test whether the non-contact electrostatic interactions influence the internal organization and especially the wrapping
number we implemented a Debye-Hückel interaction (6) of the form:

V (r) =
q1q2
ε

e−κr

r
(S6)

which was added to polymer-polymer interactions in addition to the (steric) repulsive only interactions. The largest plausible
parameters for the interaction were chosen: we used q1 = q2 = 6e corresponding to the maximal number of 2 charges per base
pair for DNA, i.e. about 6 charges per polymer bead for DNA, and ε = 80 for the water solvent and the Debye screening length
κ = 1 a−10 with a cut off distance of d = 7a0. We find a minor increase in the capsid pressure (Fig. S3) and no change on the
structural indicators and wrapping in confinement (Fig. S4). It should be noted, however, that the calculations were performed
with the screened potentials, which means that they strictly apply only to the cases when the linearization is valid (7). They
do, nevertheless, include effects pertaining to screened interaction throughout the capsid interior (large cut-off radius). These
results indicate that the effect of non-contact nature of screened electrostatics is secondary as indicated in previus works detailing
packing of DNA (2, 8) and DNA with condensing particles (9, 10) at similar densities. As the Debye-Hückel linearization is
assumed from the start, this does not account for the more complicated aspects of electrostatic interaction in the strong-coupling
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FIG. S3: Pressure on the capsid from a confined DNA and condensing particle mixture for different condensing particle volume
fractions φs. The pressure dependence is shown for three protocols: a) the normal protocol used in the main text, b) the alternate protocol
with a different initial configuration setup, and c) the normal protocol with added long range electrostatic interactions. See text for details.

and nonlinear regime (7, 11). The strong electrostatic interaction of DNA with the condensers is, however, at least partially and
in a short-range sense, included in the attractive interaction between them. Our result indicate that the most salient features of
the electrostatics are covered by the present calculation.
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