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Abstract. We investigate the osmotic equilibrium between a bulk polyethylene glycol (PEG) solution
and DNA tightly packed in a spherical capsid. We base our analysis on the equations of thermodynamic
equilibrium in terms of osmotic pressure. The equality between external osmotic pressure of PEG and
osmotic pressure of tightly packed DNA gives us the DNA encapsidation curves. In this way we directly
connect the wealth of existing osmotic pressure data for DNA in the bulk with the DNA encapsidation
curves within small viral capsids. Specific calculations are made for a monovalent salt, Na+-DNA and a
divalent salt, Mn2+-DNA that have quite di!erent DNA encapsidation behaviors. The main conclusion of
our work is that bending energy of DNA is of minor importance regarding the encapsidated DNA length,
but has a non-negligible influence on the density distribution of DNA within the capsid.

PACS. 87.15.-v Biomolecules: structure and physical properties – 82.39.Wj Ion exchange, dialysis, osmosis,
electro-osmosis, membrane processes – 61.25.H- Macromolecular and polymer solutions; polymer melts

1 Introduction

Recent studies of packing of viral DNA in bacteriophages
such as T7 [1], epsilon15 [2] and !29 [3], are starting to
provide a very detailed picture of the genome organiza-
tion inside bacteriophage capsids. At elevated densities
DNA appears to be wrapped into a coaxial inverse spool,
with pronounced ordering and high density close to the
capsid wall that both appear to decay towards the cen-
ter of the capsid. This packing allows DNA to act like a
coiled osmotic spring piled up against the inner surface of
the capsid [4] ready to release its chemical and mechani-
cal energy through the portal complex on docking onto a
bacterial wall [5].

The energetics of packaging and ejection of DNA in
bacteriophages has recently received a lot of attention
from the biophysical point of view [6–13]. The Odijk-
Gelbart inverse spool model based on the idea of decom-
position of the DNA chemical potential within the viral
capsid into an interaction term and a curvature term was
shown to describe the genome ejection reasonably well [14,
15]. Apart from the simulations of the genome packing
within the capsid [16,17], all theoretical approaches are
based on certain assumptions regarding the form of the
curvature energy of the DNA forced to reside within the
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confines of the capsid, as well as the interactions among
the highly charged and hydrated DNA segments packed
at high densities within the capsid. Simulations of course
rely on other sets of assumptions that we will not address
in what follows.

Elastic curvature energy appears to be the lesser of
the two unknowns alluded to above, though some very
recent work might point to the contrary [18]. It is propor-
tional to the square of local DNA curvature and in fact
follows from the Euler-Kirchho! model of an elastic fil-
ament. Though this model contains some subtle features
due to the strong interhelical forces between the segments
of the molecule [19], it nevertheless appears to be a con-
sistent description of DNA [20] on mesoscopic scales [18].
The parameters of the Euler-Kirchho"an model of DNA,
such as its persistence length, are well established and
have been measured by a variety of methods with satis-
factory consensus among the results [21].

The interaction energy enters the inverse spool model
rather di!erently. It is measured in osmotic stress experi-
ments directly [22] and can be deconvoluted into a longer
ranged electrostatic contribution [23] and a shorter-ranged
hydration component [24]. Both of them have been quan-
tified in terms of magnitudes and decay lengths [25]. The
experimental variable is thus the osmotic pressure in DNA
arrays in the bulk. However, the way the inverse spool
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model has been formulated, it is not the osmotic pres-
sure that enters the chemical equilibrium equations for
the DNA confined within the capsid, but it is rather its
chemical potential for which various expressions are used:
some based entirely on theoretical polyelectrolyte mod-
els [26,6,7] and others based on semi-empirical chemical
potential expressions [9,10,12,13].

Of course there is a standard thermodynamic relation
between the osmotic pressure, p, at DNA density ", and
the corresponding chemical potential µ, i.e. µ =

!

dp
!(p) ,

the deconvolution of which however requires knowledge
of the osmotic pressure for all densities. Experimentally
and necessarily only a limited regime of DNA densities
has been available for osmotic pressure studies [22]. The
semi-empirical chemical potential expressions should thus
be considered at best as very rough estimates. One could
of course live with that, but we suggest it might be more
appropriate to reformulate the entire Odijk-Gelbart in-
verse spool model in terms of DNA osmotic pressure as
opposed to its chemical potential. One would thus be able
to use directly, without deconvoluting, the wealth of os-
motic pressure data measured over the years [27–29]. The
conceptual framework of the inverse spool model would
thus become directly related to the conceptual framework
of the osmotic stress experiments, which we believe is a
rather important and necessary development.

In what follows we will present a polymer nematic
droplet model for the DNA packing within a spherical
viral capsid which is just a variant of the inverse spool
model that treats the DNA subphase within a continuum,
mesoscopic framework. However, this is not the most im-
portant facet of this contribution. Indeed, we will formu-
late this model in such a way that the interaction osmotic
pressure as measured in the osmotic stress experiments,
will feature directly in the basic equations of the chemi-
cal equilibrium of DNA confined to a spherical capsid. We
will then assume an ansatz for the DNA packing geom-
etry and solve the equilibrium equations in terms of the
measured osmotic pressure. This will allow us to deconvo-
lute the osmotic stress experiments for a variety of ionic
conditions into the packing fraction of the genome as a
function of external osmotic pressure, also referred to as
the DNA encapsidation curve. We will show how peculiar-
ities of the DNA osmotic pressure in the bulk with mono
(Na+-) and polyvalent (Mn2+-) counterions transpire in
the encapsidation curves. Our approach will also allow us
to assess the relative importance of bending vs. osmotic
energies in the viral packing of DNA.

2 Polymer nematic droplet model

We assume that the viral genome is in osmotic equilibrium
with an external PEG solution of known osmotic pressure
and known activity of the salt. The viral capsid is assumed
to be permeable to small salt ions but is impermeable
to PEG. The presence of the PEG gradient across the
boundary of the viral capsid creates a pressure gradient
that would in general tend to change the density of the
solution within the capsid and put the capsid itself under

mechanical stress. In what follows we shall assume that
this e!ect is small and will not consider it any further.

According to Lepault et al. [30] the packing of DNA
within bacteriophages seems to be governed by the ten-
dency of DNA to form local alignments (nematic liquid
crystals) whose orientational order is constrained by the
bacteriophage capsid. This constrained nematic crystal-
lization within the bacteriophage capsid suggests to us to
treat the viral genome packing in the framework of the
liquid crystalline nanodroplet model. We thus formulate
a local thermodynamic mesoscopic theory based on the
director field and the density field of the polymer just as
was done in the context of DNA toroidal aggregates [31].

We assume that the polymer shows local nematic order
and that the corresponding deformation energy density is
given by the Frank-Oseen ansatz [32,33] as

fD(", ni, #lnk) = 1
2K1(! · n)2 + 1

2K2(n · (! ! n))2

+ 1
2K3(n ! (! ! n))2, (1)

just as in the case of bulk DNA nematic liquid crys-
tals [25]. The bending elastic modulus in the case of a
semiflexible polymer liquid crystal has the form

K3 = Kc"
(2) +

V (D)

D
= Kc"

(2) + K0, (2)

where Kc = kBT LP is the intrinsic elastic modulus of
the polymer with LP its persistence length. "(2) is the 2D
density of the polymers perpendicular to the director, D
is the average axial separation between the polymers and
V (r) is the interaction potential [25]. The other two terms
in the elastic free energy are assumed to be negligible. The
splay term, proportional to K1, is small because the splay
modulus in nematic polymers is renormalized due to the
coupling between local polymer density and local nematic
director, in such a way to penalize any appreciable splay
deformation [34]. Also the cylindrical spool ansatz that we
use below automatically satisfied the condition ! ·n = 0.
The twist term in equation (1), proportional to K2, is
small on the length scale of a viral capsid [25]. In this
work of the three terms in the Frank-Oseen elastic energy
only the bending term will be treated as significant.

Inside the liquid crystalline (LC) drop, thus inside the
viral capsid, the connection between the 3D monomer den-
sity " and "(2) is given by " = ("(2)/Lbp) ! (L/Lbp).
In other words: the density is the number of phosphates
L/Lbp, where Lbp is the phosphate-phosphate separation
along the DNA and L is its total length, times one over
volume per single phosphate group, which is "(2)/Lbp. The
3D density represents the number of base pairs per volume
whereas the 2D density represents the number of DNA
strands per unit area normal to the director. Incidentally
"(2) is also the density of phosphates in a nematic phase
which can be measured experimentally [25]. Obviously the
elastic constant in equation (2) entering this model free
energy has a term that is linear in the polymer density, as
well as a term, K0(") that is in general non-linear and its
specific form is unknown. In the range of densities inside
viral capsids this term is much smaller then the first one
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(see Section II. of [25]) and remains only a small pertur-
bation. The deformation free energy can be thus written
to the lowest order as

fD(", ni, #lnk) = 1
2kBT LP

" L2
bp

L
(n ! (! ! n))2

= K(") g(ni, #lnk). (3)

Here we decomposed the deformation free energy into
a product of a density-dependent elastic modulus K(")
and the part that depends only on the director field,
g(ni, #lnk). The density as well as the director field are
by assumption both position dependent, " = "(r) and
n = n(r). Assuming now that the encapsidated DNA is
in chemical equilibrium with the outside world, so that
it can be partitioned partly inside and partly outside the
capsid, the total free energy of thus encapsidated DNA
can be decomposed as

f(", ni, #lnk) = f0(") + fD(", ni, #lnk) " "µ, (4)

where the first term represents the part of the free energy
that depends only on the density and thus describes bulk
DNA at density ", while µ is the (constant) chemical po-
tential associated with the equilibrium between the inside
and the outside compartments, depending on the osmotic
pressure in the external compartment. The index 0 will
from now on be used to stand for the bulk properties of
DNA that is not enclosed and thus elastically deformed
inside a capsid.

The thermodynamic equilibrium conditions are ob-
tained from the Euler-Lagrange (EL) equations that can
be derived in the standard form [33,32]

#

#"
f0(") +

#

#"
fD(", ni, #lnk) = µ, (5)

and

#k

"

#

#(#kni)
fD(", ni, #lnk)

#

"
#

#ni
fD(", ni, #lnk) = $ni,

(6)
where we have taken into account the fact that n is a unit
vector. $ is the Lagrange multiplier associated with the
constraint n · n = 1. The derivatives in the last equation
can be evaluated straightforwardly (see [32]). The equa-
tions (5) and (6) are the explicit equilibrium conditions
that determine the director and the density equilibrium
profiles of the DNA nematic droplet inside the viral cap-
sid: "(r) and n(r). We will not venture to solve these equa-
tions directly —they are very complex non-linear di!er-
ential equations— but will rely rather on the semi-inverse
method and assume an ansatz for the director field corre-
sponding to an appropriate packing geometry.

What we would first like to do first is to formulate the
equations of chemical equilibrium of DNA in such a way
that they would contain DNA osmotic pressure directly
rather then its chemical potential. For further reference
let us first introduce the chemical potential of an unde-
formed bulk DNA nematic LC at density " that can be
written as µ0(") = "

"!f0("). In local thermodynamics [35]

this would be the local chemical potential of the sample at
local density "(r). To this chemical potential there corre-
sponds the osmotic pressure p0 that can be derived from
the thermodynamic identity dp0 = " dµ0 valid for the
bulk. The osmotic pressure p0(") is what is measured in
the osmotic stress experiments [22]. Futher manipulation
of the mechanical equilibrium conditions (5) and (6), by
following directly the standard approach [33,32], allows us
to write them in the form of a first integral

p0(") + fD(", ni, #lnk) = p, (7)

where p is the external osmotic pressure. The details of the
derivation are relegated to the Appendix. Note here that
this condition can be derived exactly for a non-uniform
polymer nematic, i.e. n = n(r) as well as " = "(r), and
thus represents an extension of the standard result [33,32]
valid for a uniform nematic, " = const. The only assump-
tion needed while deriving the above result is that the
elastic constant K3 is linear in density (see App. A). The
first integral of the EL equations in general does not exist
in this simple form for non-linear dependence of elastic
constants on the density field.

Equation (7) simply states that for a deformed poly-
mer nanodrop the total osmotic pressure p is composed of
an interaction contribution to the osmotic pressure, p0("),
that can be measured separately in an undeformed ne-
matic DNA phase as, e.g., in the osmotic stress experi-
ments [22], and an elastic stress contribution to the to-
tal osmotic pressure, which is simply equal to the elastic
free-energy density. The situation here is quite analogous
to the first integral of the Poisson-Boltzmann equation
in the theory of electrostatic interactions in colloids [36].
Within this analogy the first term of equation (7) would
correspond to van’t Ho! expression for the osmotic pres-
sure of the ions and the second one to the electrostatic
Maxwell stress tensor.

Simply stated this relation equates the total osmotic
pressure inside the capsid, composed of the bulk and bend-
ing contributions, to the external osmotic pressure. In ex-
tenso, taking into account everything said previously, we
remain with

p0(") + 1
2kBT LP

" L2
bp

L
(n ! (! ! n))2 = p. (8)

The equality between the internal and external osmotic
pressures follows from simple thermodynamic arguments
since the water molecules can exchange between the two
compartments. The mechanical-chemical equilibrium of
DNA within and outside the enclosing capsid is thus re-
duced to the constancy of osmotic pressure.

3 Equilibrium director profile

Instead of solving the EL equations directly for the spatial
director and density profiles, we will rather assume a cer-
tain nematic director profile and deduce the correspond-
ing density profile. In an inverse spool DNA is packed
with cylindrical symmetry [37]. This Odijk-Gelbart in-
verse spool model has already been used quite successfully
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Fig. 1. Definition of unit radial r̂, meridional/zenith !̂ and
azimuthal/zonal "̂ director vectors in spherical coordinates.

in the same context [6–13]. The assumption of cylindri-
cal symmetry is reasonable both on theoretical as well as
experimental grounds: the splay elastic energy in nematic
polymers is large because of the coupling between nematic
director and local density changes [34]. Thus in equilib-
rium any configuration with pronounced splay will be pe-
nalized. Also, experimental studies of DNA configuration
inside viral capsids show configurations with cylindrical
symmetry [1–3].

In the case of the director configuration with cylindri-
cal symmetry one remains with only an equatorial com-
ponent with respect to the z axis, see Figure 1

n = "̂. (9)

For this director spatial profile we get

! ! n =
cos %

r sin %
r̂ "

1

r
!̂ ,

n ! (! ! n) =
cos %

r sin %
!̂ +

1

r
r̂ . (10)

The mechanical equilibrium condition (8) is now of the
form

p0("(r, %)) + 1
2kBT LP

L2
bp

L

"(r, %)

r2 sin2 %
= p. (11)

To this equilibrium condition we have to add the con-
straint on the length of DNA inside the capsid, L(p). This
is defined as

L(p)

Lbp
= 2&

$ #

0

$ R

0
"(r, %)r2 sin %d% dr. (12)

Above we have acknowledged that the DNA density within
the capsid has the form "(r) = "(r, %) due to cylindrical

symmetry. The mechanical equilibrium condition (11) has
a zero-radius limit viz.

r "# 0 : "(r, %) =
2 p L

kBT LP L2
bp

r2 sin2 % + . . . . (13)

The curvature stress obviously depletes the core (r "# 0)
of the DNA liquid crystalline nano-drop within the capsid.
This is the physical origin of the Odijk-Gelbart inverse
spool. It emerges naturally from the formalism adopted in
this paper.

4 Osmotic encapsidation of DNA

Let us now discuss the osmotic pressure curves or equiva-
lently the bulk equation of state of DNA: p0(") [23]. The
osmotic pressure is usually measured in nematic hexago-
nal or line hexatic arrays via the osmotic stress method
as a function of the interaxial spacing D, and is usually
referred to as the equation of state of DNA. This equation
of state has been investigated very thoroughly in mono-
valent (NaCl) [28] and divalent (MnCl2) [29] salt environ-
ments and a wealth of osmotic pressure data in the bulk
has been assembled. In everything that follows we always
assume that DNA is locally hexagonally packed [27].

The osmotic encapsidation equation, meaning the de-
pendence of the amount of encapsidated DNA as a func-
tion of external osmotic pressure, for cylindrical symme-
try has been obtained in the form (11) together with the
corresponding total amount of DNA within the capsid.
We solve these equations numerically by taking the mea-
sured osmotic stress data, p0("), and convert them into
the length of encapsidated DNA. This can also be easily
transformed into encapsidated fraction of the entire viral
genome as a function of the applied total osmotic pressure,
p. As instructive examples we take the cases of monovalent
NaCl and divalent MnCl2 salt that have vastly di!erent
behaviors in the bulk [28,29]. We consider the bacterio-
phage capsids of radii 10 and 30 nm and first analyze os-
motic stress data for a monovalent salt with Na+ as the
counterion and then continue to the divalent Mn2+ as the
counterion.

4.1 NaCl salt

To solve equation (11), we discretize r and % coordi-
nates in Nr and N$ points. This transforms equation (11)
into Nr ! N$ nonlinear algebraic equations, one for each
(r, %) point. The normalization condition in equation (12)
becomes an additional algebraic equation coupling the
Nr!N$ equations together. In total, this yields Nr!N$+1
equations with the same number of unknowns (Nr ! N$

values of density and the unknown value of L(p)). We
solve this system of equations numerically [38]. Typically,
Nr $ 100 and N$ $ 20 are needed to obtain convergence
of the total length of encapsidated DNA to four significant
digits.
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Fig. 2. The length of the encapsidated DNA as a function
of the osmotic pressure in the solutions containing 0.15 M
(squares) and 2 M of NaCl (diamonds). The symbols denote
numerical results obtained by solving equation (11). Full lines
are predictions of equation (15). The capsid radius in these cal-
culations is R = 10 nm. The region of bulk osmotic pressures
left from the vertical dashed line is not determined in the os-
motic stress experiments and was obtained by extrapolating
the existing results in the way indicated in reference [28]. The
relative error in L changes with pressure and depends on the
relative errors of osmotic pressure and DNA density measure-
ments in the bulk. It is smallest at high pressures (typically
below 7%).

We first concentrate on the dependence of encapsi-
dated DNA length on external osmotic pressure, p. The
results for a capsid of radius R = 10nm in two di!er-
ent concentrations of NaCl salt are shown in Figure 2.
The values obtained by solving equation (11) are denoted
by symbols. The full lines were obtained by neglecting
completely the DNA bending energy contribution, i.e. by
setting "(r, %) = "0 from

p0("0) = p, (14)

and evaluating the encapsidated length as

L(p) =
4

3
R3&"0(p)Lbp. (15)

Note that the encapsidated lengths obtained by this sim-
ple method are practically indistinguishable from the full
numerical results which indicates that the DNA bending
energy contribution to the total energy balance for this
choice of parameters is secondary at best. Similar results
are obtained for a capsid of larger radius, R = 30nm,
as shown in Figure 3. Of course, the total encapsidated
lengths are much larger in this case, but again, approxi-
mate values obtained from equation (15) are in excellent
agreement with numerical results. We thus conclude that
DNA bending does not contribute significantly to the ener-
getics of viral packing. For bacteriophage $ EMBL3, that
has a mean capsid radius close to 30 nm, our results pre-
dict that the full length of its genome (14.4µm) at 0.15M
NaCl would be packed at osmotic pressure of 24.4 atm, in

Fig. 3. Same as in Figure 2, only for capsid radius of R =
30 nm.

Fig. 4. Dependence of the encapsidated DNA length L on
persistence length LP of the DNA. The calculations (symbols)
were performed for R = 10 nm capsid, osmotic pressure p =
1 atm in a solution containing 0.15 M of NaCl. The dashed line
is a prediction of equation (15). The full line is a function L =
L(p;Lp = 0) " CLp, where C is treated as a fitting parameter
(C = 0.0104).

excellent agreement with experimental data of Evilevich
et al. [39]. One should also note the convergence of the en-
capsidation curves in Figure 2 at high osmotic pressures.
This is a straightforward consequence of the behavior of
DNA in the bulk, where the equation of state at high val-
ues of osmotic pressure gradually ceases to be dependent
on the salt concentration.

The scale of the bending energy contribution in these
calculations is set by the persistence length, LP of DNA,
taken as 50 nm in all calculations shown in Figures 2 and 3.
To pinpoint the influence of the DNA bending rigidity
on the total length of the DNA encapsidated in bacterio-
phages we show how the results for the encapsidated DNA
length change with LP in Figure 4. The numerical results
are represented by symbols. It can be shown analytically
that the (negative) correction to the loaded genome length



322 The European Physical Journal E

Fig. 5. The DNA density distribution in the capsid of R =
10 nm under osmotic pressure of p = 0.5 atm in a solution
that contains 0.15 M of NaCl. Panel (a) represents a three-
dimensional cut-through view of the density. The curves in
panel (b) display the DNA densities along the directions (fixed
angles ! = "/40, 4"/40, 7"/40, . . . , 19"/40) indicated in panel
(a). The thin dashed line shows the r2 dependence of the den-
sity predicted by equation (13). For the calculation of 3D pro-
file, Nr = 90 and N! = 42 divisions were used. The length of
encapsidated DNA is 68.5 nm.

due to finite DNA persistence length should be in the
lowest order proportional to Lp, and the full line in Fig-
ure 4 shows the function L(p) = L(p;Lp = 0)"C(R, p)Lp,
where C(R, p) is a dimensionless constant for given R and
p. Note that variation of bending rigidity from 5nm to
500 nm produces only a 4% decrease in the length of en-
capsidated DNA. Our conclusion on the marginal impor-
tance of DNA bending energy in viral packing energetics
thus appears quite robust.

Although the energetics of DNA bending is of minor
importance concerning the encapsidated DNA length, it
has nevertheless a visible and non-negligible influence on
the density distribution of encapsidated DNA, i.e. on the
DNA density profile within the capsid. This is shown in

Fig. 6. The length of the encapsidated DNA as a func-
tion of the osmotic pressure in the solutions containing 5 mM
(squares) and 50 mM of MnCl2 (diamonds) together with
0.25 M NaCl. The symbols denote numerical results obtained
by solving equation (11). Full lines are again predictions of
equation (15). The capsid radius in these calculations is R =
10 nm.

Figure 5. One can clearly discern a cylindrical region of
depleted DNA density. The depletion e!ect is always more
prominent for smaller radial distances, consistent with the
approximate solution (13), but is clearly observed only
for su"ciently low pressures (small genome packing frac-
tions). For high enough pressures, the depletion region
becomes “compressed” and its e!ective radius small on
the scale set by the capsid radius. Figure 5 also clearly ex-
plains why the depleted region has only a minor influence
on the encapsidated length of DNA. Note that the radius
of a cylinder of depleted DNA density is about 0.05R,
and its volume is thus 0.016 R3 which is only 0.4% of the
capsid volume (this is consistent with the data shown in
Fig. 4). All these conclusions stemming from the numer-
ical analysis of our model are completely consistent with
recent investigations of the three-dimensional architecture
of the bacteriophage !29 packaged genome [3].

We should also note here that though the first inte-
gral (11) depends only on the radial distance from the
cylindrical axis, i.e. r sin %, the length constraint (12) does
not! Nevertheless, numerical results indicate that the den-
sity profile looks almost like a function of the distance
from the cylindrical axis.

The experimental points on osmotic encapsidation ob-
tained by Evilevitch et al. [39] are within the range of cal-
culated values obtained from the Na+ bulk osmotic stress
data at low ionic strength, which is consistent with the
stated ionic conditions in the experiment (very low salt
and TM bu!er). The same conclusion would hold also for
the other data presented by the same group [40,14] though
there is a small variation in the length of the genome in-
vestigated. Unfortunately no systematic study of the os-
motic loading curves as a function of salt concentration
was attempted in this work so we cannot make a detailed
comparison at this point.
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Fig. 7. Same as in Figure 6, only for capsid radius of R =
30 nm.

Fig. 8. The DNA density distribution in the capsid of R =
10 nm under osmotic pressure of p = 5 atm in a solution that
contains 5 mM of MnCl2 and 0.25 M of NaCl. Panel (a) repre-
sents a three-dimensional cut-through view of the density. The
curves in panel (b) display the DNA densities along the direc-
tions (fixed angles !) indicated in panel (a). For the calculation
of 3D profile, Nr = 90 and N! = 42 divisions were used. The
length of encapsidated DNA is 657.8 nm.

4.2 MnCl2 salt

In the case of divalent salt the bulk osmotic pressure
curves, with Mn2+ as a counterion, show breaks in the de-
pendence on DNA density, or equivalently interaxial spac-
ing [29]. This behavior is pertinent to this specific diva-
lent counterion only, but are ubiquitous for higher valency
(three or more) counterions. These breaks are due to at-
tractions between DNAs conferred by the hydrated poly-
valent counterion and correspond to thermodynamically
unstable osmotic pressure regions, for details see [29]. The
DNA osmotic pressures thus become constant for a certain
range of densities, depending on salt concentration.

The non-monotonicity of the first derivative of the os-
motic pressure is expected to be translated into a discon-
tinuity in the loaded DNA length that appears at certain
“critical” pressure. Indeed, this is what we observe from
our calculations for viruses in solutions with MnCl2 salt.
Figure 6 shows the encapsidated DNA length as a func-
tion of the osmotic pressure for a capsid of R = 10nm ra-
dius. The results of analogous calculations for R = 30nm
capsid are displayed in Figure 7. The full lines are again
approximate predictions of equation (15) which are very
accurate in this case also. Again this corroborates our
previous conclusion on the marginal influence of DNA
elasticity on viral encapsidation energetics. For high
osmotic pressures the encapsidation curves for various
amounts of the divalent salt converge to the same value,
consistent to the behavior of DNA equation of state in the
bulk, just as in the case of the monovalent salt.

The first derivative discontinuity in the osmotic pres-
sure dependence of the bulk DNA density can be observed
also in the density distributions of the packed DNA for
osmotic pressures that are not too far away from the dis-
continuity region. This is shown in Figure 8. The jumps in
the DNA density separate the high-density DNA regions
from cylindrically depleted viral core containing the DNA
of low density.

5 Conclusions

The approach introduced in this work is based on the
reformulation of the Odijk-Gelbart inverse spool model
by casting it in terms of osmotic pressure directly, which
is the experimental variable figuring in the bulk osmotic
stress experiments [22]. Standard chemical potential for-
mulation, that figures in the EL equations (5, 6), and in
previous work on DNA packing within viral capsids [6,7,
9,10,12,13,26], which demands that the chemical poten-
tial of osmotically stressed DNA is calculated from the
measured bulk DNA osmotic pressure, is thereby circum-
vented. This is particularly convenient in the analysis of
encapsidation curves for polyvalent salts where the os-
motic pressure shows discontinuities. In our approach this
feature of the bulk DNA equation of state can be taken
into account directly, whereas if one formulates the equa-
tions of thermodynamic equilibrium in terms of the chem-
ical potential, its form would have to be reconstructed
from the osmotic pressure curves—certainly a non-trivial
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exercise. The packing geometry of the DNA director in
this work has been conveniently formulated in the frame-
work of cylindrically symmetric director profiles within
the bacteriophage capsid, which allows for some impor-
tant simplifications in the analysis and leads to a very
simple form of the first integral of the EL equations that
can be solved straightforwardly numerically. The reformu-
lation of the inverse spool theory described in this work
allows us finally to obtain concurrently the encapsidated
fraction as well as the spatial density distribution of the
DNA inside the viral capsid.

The main di!erence between the divalent (MnCl2) and
the monovalent (NaCl) salt considered here, very similar
and related to the respective behavior of the bulk osmotic
pressures [29], is the discontinuous variation of the loaded
genome fraction as a function of external osmotic pressure.
This di!erence, which is one of the main results of our
work, is clearly discernible and is qualitative. The jumps in
bulk osmotic pressure are directly translated into disconti-
nuities in the size of packed genome as a function of exter-
nal PEG osmotic pressure. Once again, these results fol-
low straightforwardly from the reformulation of the inverse
spool model advocated here, whereas they would involve
heavy numerical work in order to deconvolute the discon-
tinuous osmotic pressure into the corresponding chemical
potential.

These e!ect are not universal for all divalent counte-
rions and are in fact quite specific for Mn [29]. We are
not aware at this point of any experiments that would
systematically investigate the ionic strength dependence
of the osmotic loading curves, particularly in the case
of polyvalent counterions that we addressed above. It
would be quite interesting to see whether our theoretical
predictions would show any similarity to experiments in
progress on polyvalent counterions (Evilevitch, personal
communication).

The other important conclusion of our work is that
the contribution of DNA bending energy to energetics of
DNA encapsidation and specifically to DNA encapsidation
curves, seems to be marginal. The encapsidation curves
can be quite accurately fitted without any contribution
from DNA elasticity. Nevertheless, DNA bending energet-
ics does influence the details of the density distribution of
encapsidated DNA. It thus appears that DNA elasticity
is important for local density of DNA packing within the
capsid, but does not influence the global properties, such
as the integral of the DNA density within the capsid.

There are several features pertaining to the approx-
imations introduced in this work that deserve special
comment. First of all the free-energy ansatz for the ne-
matic nanodroplet does not include higher-order gradient
terms since the corresponding correlation length would be
smaller than the range of variation in the density field.
Also since DNA is depleted from the center of the capsid,
the nematic droplet ansatz is strictly speaking not appli-
cable in the central region of the capsid that corresponds
to DNA densities well within the isotropic regime, where
the nematic free-energy ansatz is not valid. One would
have to modify the free energy by including terms that

would allow for the isotropic-nematic transition within the
capsid to describe properly the depletion and nematic or-
dering of DNA in the vicinity of the center of the capsid.
That such a transition occurs has been clearly stated in
recent work [3]. Though these terms would complicate the
mathematical analysis, we might venture to amend the
free energy ansatz along these lines in the future.
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Appendix A.

Consider first a deformed DNA subphase corresponding
to a spatially varying director profile, in thermodynamic
equilibrium with bulk DNA, which is undeformed. Fol-
lowing closely the standard derivation [32] we first obtain
straightforwardly from the EL equations, equations (5, 6)
that

#ip0 + K(")#ig = 0, (A.1)

a relation identical to the case, where the elastic modulus
is a constant, K(") = const [32]. Here we used the thermo-
dynamic identity #ip0 = " #iµ0. However, the above form
can be derived only if K(") is at most a linear function
of the density, which is indeed the case we are considering
here. Equation (A.1) does not yield a first integral of the
EL system if K(") is not a constant. In order to arrive at
the first integral one has to rework it as follows. First we
have

K(")#ig = #i(K(") g) " g
#K(")

#"
#i". (A.2)

From the first EL equation (5) it now follows directly that

g
#K(")

#"
#i" = (µ " µ0("))#i". (A.3)

Thus remembering that µ is a constant chemical potential,
we remain with

#ip0 + #i(K g) = µ#i" "
#f0(")

#"
#i" = #i(µ" " f0(")).

(A.4)
By the well-known thermodynamic relation [35] the (os-
motic) pressure is defined as

p(") = µ" " f0(").

This is the bulk (osmotic) pressure, i.e. it contains no
contribution from the deformation energy, at the chemi-
cal potential µ. From here we conclude that in thermody-
namic equilibrium between the deformed and bulk DNA
subphases the following condition should be valid, viz.

p0(") + fD(", ni, #lnk) = p("). (A.5)
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One should remember here that on the l.h.s. p0(") is the
(osmotic) pressure at µ0(") and is thus not equal to p(").
Furthermore let us reiterate that the above first integral
of the EL equations exists in this simple form only if K(")
is at most a linear function of the density and is thus not
universal!

The last step in the derivation of equation (7) is con-
ceptual. We now add a third component to our system: a
solution of PEG in thermodynamic equilibrium with the
bulk system characterised by p("), at the same osmotic
pressure. This is the situation usually encountered in the
osmotic stress experiments [22]. The deformed DNA ne-
matic system is in thermodynamic equilibrium with the
undeformed DNA bulk nematic, which is in thermody-
namic equilibrium with PEG. Thus the deformed DNA
nematic is also in equilibrium with the PEG at osmotic
pressure p. Therefore

p0(") + fD(", ni, #lnk) = p. (A.6)

This concludes the argument and demonstrates the valid-
ity of equation (7).
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