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ABSTRACT DNA toroids that form inside the bacteriophage capsid present different shapes according to whether they are
formedby the addition of spermine or polyethylene glycol to the bathing solution. Spermine-DNA toroids present a convex, faceted
section with no or minor distortions of the DNA interstrand spacing with respect to those observed in the bulk, whereas polyeth-
ylene glycol-induced toroids are flattened to the capsid inner surface and showacrescent-like, nonconvex shape. Bymodeling the
energetics of theDNA toroid using a free-energy functional composed of energy contributions related to the elasticity of thewound
DNA, exposed surfaceDNAenergy, and adhesion between theDNAand the capsid, weestablished that the crescent shape of the
toroidal DNA section comes from attractive interactions between DNA and the capsid. Such attractive interactions seem to be
specific to the PEG condensation process and are not observed in the case of spermine-induced DNA condensation.
INTRODUCTION
The control of DNA condensation plays a crucial role in both
bacteria and eukaryotic cells at various stages of their cell
cycle (1). DNA is tightly packed inside viral capsids (2) in
densities almost approaching those of close packing. In an
effort to unravel the mechanisms governing the condensation
and decondensation processes at work in living cells, and
given the difficulty of investigating the structure of these dense
and complex DNA arrays without destroying them, investiga-
tors are focusingon simplified systems inwhich all parameters
can be precisely controlled. DNA condensation can be repro-
duced in vitro and has been observed to undergo a drastic
volume change upon addition of various condensing agents,
including polyvalent cations such as polyamines (spermidine
and spermine), Co(NH3)6

3þ, polylysine, and histone H1,
and even in the presence ofmonovalent cations with crowding
agents such as polyethylene glycol (PEG) (3).

A most interesting case of DNA condensation is pre-
sented by DNA toroid formation, which can be observed
under specific conditions such as very low DNA concentra-
tions. Various images of toroids formed by multivalent
cations and basic proteins can be found in the literature,
and their characteristics and dimensions have been exten-
sively discussed (4). By comparison, only a few micro-
graphs of individual DNA chains collapsed by PEG have
been presented (5,6), probably because of the preferred
spherical or ellipsoidal conformation of the PEG-induced
DNA globules (7). Ever since the DNA toroid was first
observed, the regular and highly ordered form of the toroidal
condensate has been attracting the interest of theorists (8,9).
New cryo-electron microscopy (cryo-EM) methods have
enabled a detailed, quantitative analysis of their internal
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structure and explicit visualization of the local DNA
ordering inside the toroid (10).

The formation of toroidal globules of single DNA chains
trapped inside a confining volume was recently revealed by
experiments in which the confining space was provided by
a nanochannel (11), a liquid droplet (12), a liposome (13),
or the virus capsid itself (14–16), either upon addition of
spermine (Spm4þ) or in a monovalent salt buffer containing
PEG. These experiments raise additional theoretical and bio-
logical questions. DNA is always confined invivo, regardless
of the system under consideration. Each DNA chain, with its
associated proteins forming chromatin, is confined in a chro-
mosomal territory inside the nucleus of the eukaryotic cell
(17), which is limited by the nuclear envelope. The bacterial
nucleoid is confined in the central volume of the bacteria by
the macromolecular crowding effect arising from other
macromolecules (18), and the viral genome is confined
within the protein capsid (19). This confinement is particu-
larly important in the latter case because the capsid is rigid
and entraps the entire genome under a very dense and as
yet unknown conformation. Recent studies made it clear
that after a partial ejection of the viral DNA, the fragment
of the chain that is kept inside can be collapsed into a toroid
(14–16). This transition between a confined coil and
a confined toroid, triggered by changes in the environment
of the virus, raises the question of how the capsid can influ-
ence the organization of the hedged-in DNA chain.

In this work, we focus on the formation of toroidal conden-
sates of a single DNA chain inside an intact viral capsid, with
corresponding DNA densities comparable to previous ob-
servations. We compare toroids formed by two different
mechanisms: addition of Spm4þ or PEG to the outside
bathing solution of the capsids. The toroidal DNA conden-
sate can interact specifically with the confining capsid wall
to the extent that its shape can be substantially modified by
doi: 10.1016/j.bpj.2011.03.012
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this interaction. We observe this kind of strong DNA-capsid
wall interaction only upon addition of PEG, which results in
a drastic modification of the shape of the toroid. In compar-
ison, the addition of spermine shows no modification in the
shape of the DNA, indicating that there is only a weak inter-
action of the DNA toroid with the inner capsid wall.
MATERIALS AND METHODS

Biochemical purification

T5 st(0) bacteriophages were produced in Escherichia coli, purified, and

concentrated at 2.5 � 1012 or 5 � 1012 phages/ml in 10 mM Tris-Cl� pH

7.6, 100 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2. The protein receptor

FhuA was purified as previously described (20) and stored at 4�C in

25 mM Tris-Cl pH 8.0, 250 mM NaCl, and 1% octyl glucoside (w:v) at

a concentration of 4 mg/ml.
Partial ejection and DNA condensation

Capsids containing only part of their genome were obtained either by

freezing the specimen before the entire DNA molecule was ejected (time-

resolved experiments (21)) or by applying an external osmotic pressure

(34). The phage solution was mixed with an excess of FhuA (phage/protein

ratio ¼ 1:1000) in the absence or presence of an osmolyte (PEG, MW ¼
6000; Fluka, St. Louis, MO) and immediately transferred to 37�C to trigger

the ejection. Lauryldimethylamine N-oxide (0.03%) was used to ensure the

stability and solubility of the receptor protein. DNase I (Sigma, St. Louis,

MO) was added at a concentration of 0.1 U/ml to digest the ejected DNA.

The ejection was allowed to proceed for 10 min (absence of PEG) or 3 h

(presence of PEG). Two alternative protocols were used to condense the

DNA segment remaining inside the capsid: 1), addition of spermine at a final

concentration of 5 mM (followed, when needed, by dilution of the sample to

decrease the PEG concentration below 1% while keeping constant the ionic

conditions); and 2), DNA ejection in the presence of 15% PEG 6000,

followed by direct freezing of the sample in the PEG solution.
Cryo-EM

A drop of the phage solution was deposited on an EM grid covered with

a holey carbon film (Quantifoil R2/2) that was previously treated by plasma

glow discharge. Grids were blotted to remove the excess material and

immersed in liquid ethane cooled down by liquid nitrogen. The process

was carried out with the use of an in-house-made plunging device to control

the temperature and hygrometry, and to prevent any dehydration or any

change of the ionic concentrations of the sample. The presence of PEG,

which increases the viscosity of a solution and induces phage aggregation

(visible at low magnification), made it more difficult to prepare thin films.

The grids were transferred to a JEOL 2010 LaB6 or a JEOL 2010-FEG

transmission electron microscope operated at 200 kV. Images were re-

corded with a direct magnification of 50,000� under low-dose conditions

(10–20 e�/Å2). The defocus was set at 850 nm to optimize the imaging

of the DNA lattice spacing in the capsid.
RESULTS

Constrained DNA toroid formation inside viral
capsids

T5 is a tailed bacteriophage that consists of a protein capsid
hedging in the DNA genome, and a long tail through which
Biophysical Journal 100(9) 2209–2216
the double-stranded DNA chain is ejected upon interaction
with the phage receptor inserted into the external membrane
of the host bacteria (E. coli). The portal complex of the bacte-
riophage is located at one apex of the icosahedral capsid and
connects the capsid to the tail. Using the protocols detailed in
Materials and Methods, we prepared viruses whose capsids
contained a single fragment of their initial genome of length
L ¼ 113.9 kbp (38.7 mm). The length of the fragment varied
from capsid to capsid and could only be determined a
posteriori.

In Fig. 1we present a selection of capsids containing aDNA
fragment ~50–55,000 bp long (contour length ~17 mm).
Depending on the preparation conditions used for the capsids,
the DNA fragments could either occupy the entire volume of
the capsid (Fig. 1 a-a0) or be condensed into toroidal globules
(Fig. 1, b-b00 and c-c00).

Fig. 1 a0 shows a capsid immersed in a classical buffer
(10mM Tris-Cl� containing monovalent salt (100 mM
NaCl) with traces of divalent cations (1 mM MgCl2 and
1 mM CaCl2) to maintain the integrity of the protein capsid.
The DNA fragment obviously occupies the total volume of
the capsid. From the estimated interhelical distance
(~3.9 nm), we calculate the DNA concentration that falls
within the range of the bulk cholesteric phase. Because
the length of the encapsidated DNA cannot be controlled,
it must be determined from the value of the interaxial
spacing and the volume of the capsid itself. With the resolu-
tion of cryo-EM, we do not observe any specific interaction
with the protein capsid under these particular conditions,
i.e., we see no preferential adsorption to the surface or
any significant exclusion from the peripheral volume close
to the inner capsid wall. The DNA appears to be uniformly
distributed within the entire capsid volume without any
detectable variation in density (21). Concomitantly, we do
not observe a pronounced depletion region with axial
symmetry in the DNA density, which is sometimes pre-
dicted to exist on theoretical grounds (23). In fact, one could
actually construct a robust theoretical argument that the
axial depletion region should be quite small (24,25) and
thus undetectable by the cryo-EM method.

The toroids presented in Fig. 1, b-b00 and c-c00, were
formed by collapsing a similar DNA fragment by adding
either a tetravalent cation, spermine (Spm4þ; Fig. 1 b-b00),
or a neutral polymer (PEG; Fig. 1 c-c00) to the bathing solu-
tion of viruses while keeping all other solution conditions
fixed. Details of the protocols used are given in the Materials
and Methods section.

When polyvalent Spm4þ cations, which are small enough
to diffuse through the capsid wall, are added to the solution,
they trigger the DNA coil–toroidal globule transition. As
detailed in a previous study (26), DNA is hexagonally packed
in the toroid and the interhelical distance (aH) is fixed by the
balance of forces conferred by multivalent and monovalent
cations. The measured value of the interaxial spacing under
these conditions is aH ¼ 2.88 5 0.12 nm. The polycations



FIGURE 1 T5 bacteriophage capsids containing a double-stranded DNA fragment of ~17 mm (50,000 bp) after partial ejection of their genome. In the

presence of monovalent cations (a,a0), the DNA chain occupies the entire volume of the capsid (a0). DNA toroids are formed by addition of polyamines

(Spm4þ) (b-b00) or PEG (c-c00) in the buffer. The polycations can go through the capsid, whereas PEG stays outside. For each condition, we present top

(b0 and c0) and side (b00 and c00) views of the DNA toroids. The section of the toroid is shown with a contour on b’’ and c’’. Scale bar ¼ 20 nm.
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provide the attractive component of the total force, whereas
the monovalent counterions engender repulsive interactions.
The balance of attraction and repulsion gives rise to a van der
Waals-like behavior of the osmotic pressure (27,28) that at
sufficiently high polyvalent cation concentrations leads to
a minimum and an onset of condensation. The perpendicular
section of the toroidal DNA globule often shows pronounced
faceting that follows the reticular planes of the hexagonal
lattice. As noted above, one of the reticular planes usually
aligns itself parallel to the faces of the capsid (also shown
in Fig. 1 b00). The external diameter of the toroid may be
smaller than the diameter of the capsid (15), but the toroid
nevertheless always sticks to the inner-wall capsid faces.

The formation of the DNA toroidal condensate presented
in Fig. 1 c0-c00 is due to the presence of PEG outside the
capsid. PEG is well known to induce condensation of
DNA in the presence of monovalent salts. This phenomenon
is known as j-DNA condensation (29,30). The protein
capsid behaves here as a semipermeable membrane that
allows exchanges of water and ions from one side to the
other while keeping the PEG and DNA separated. The
protein capsid differs from a standard dialysis membrane
in that it is rigid and does not deform under the osmotic
pressure of PEG at the concentrations investigated. Indeed,
the volume of the capsid stays roughly constant (within the
resolution of our observations). The perpendicular section
of the toroid in this case deviates significantly from a circle
and adopts a crescent-like shape with a markedly concave
inner surface. This deformation of the cross section of the
DNA condensate obviously increases the area of interaction
between the DNA and the internal surface wall of the capsid.
The local DNA packing is less regular in this case and shows
an interaxial spacing of aH ¼ 35 0.2 nm. At the concentra-
tions used in the experiments (a 15% solution of PEG 6000),
PEG exerts an osmotic pressure of, e.g., 3.2 atm (31). The
capsids can withstand such an osmotic pressure without
any trouble. In fact, osmotically induced elastic collapse
of viral shells, as recently observed in the analogous
case of frozen cationic lipid vesicles (32), occurs at larger
values of osmotic pressure (typically >10 atm) in the case
of empty viral shells (33) and at even higher values for
DNA-filled capsids. These estimates, however, depend on
the exact values of the elastic parameters used to charac-
terize the capsid shell.

The experimentally observed shapes of the DNA conden-
sates show variation for both Spm4þ and PEG condensation.
One could argue that the temperature quench used in cryo-
EM should show an equilibrium distribution of shapes cor-
responding to the free energies of the different shapes. If
there were a well-defined ground state of minimal energy
separated from other shapes by a finite energy gap, one
could expect this ground-state shape to dominate the
observed shape space spectrum. The broadness of this spec-
trum, on the other hand, would indicate that relatively
Biophysical Journal 100(9) 2209–2216
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different shapes share similar free energies and should thus
show up in the quenched distribution provided by cryo-EM.
The experiments typically do not show noncrescent-like
shapes in the case of PEG condensation, and thus our sin-
gling out of this shape as a consequence of the pronounced
attractive DNA condensate-capsid wall interactions seems
to carry some weight.

We want to make it clear that here we are not studying
how the presence of PEG outside the capsid interacts with
the ejection mechanism itself. Rather, we are focusing on
capsids that contain a fragment of their initial DNA genome,
mimicking capsids at an intermediate state of DNA encapsi-
dation or ejection. PEG has previously been used to oppose
the ejection of DNA from the capsid of l, T5, and Spp1
bacteriophages. In contrast to l (34) and Spp1 (35), in which
the fraction of ejected DNA is directly related to the applied
pressure, in T5 one cannot control the remaining encapsi-
dated length of the DNA by varying the external osmotic
pressure (22). The mechanism is more tricky and is not fully
elucidated, and for each applied pressure capsids are found
that contain varying amounts of encapsidated DNA. One can
also prepare incompletely filled capsids without any
osmotic pressure opposing the ejection, just by stopping
the ejection before its completion (21).
FIGURE 2 (a) Shapes of DNA toroids in [at, sa/s] parameter space. Blue

dashed lines indicate the inner surface of the spherical container with

R ¼ 40 nm. The volume of the DNA in these calculations was fixed to

V ¼ 1.4 105 nm3. (b) Three-dimensional rendering of the DNA toroid

with at ¼ 1, sa=s ¼ 0:). (c) Three-dimensional rendering of the DNA

toroid with at ¼ 10, sa=s ¼ 100:
Theory of a DNA toroid constrained in a sticky
sphere

In these experiments, we are investigating a very compli-
cated situation involving multiple interactions. It is almost
hopeless and probably not very useful to approach the
problem by microscopic representation of all the involved
entities and interactions. Therefore, we simplify the situa-
tion by modeling the condensed DNA toroid using a
continuum theory that accounts for the elastic energy of
the wound-up DNA (Fel), the energy of the exposed surface
of the toroid (sA, where s is the effective surface tension of
the unconstrained DNA toroid and A is its surface area), and
an attractive adhesion energy of the toroid-capsid interac-
tion. The free energy functional of our model is

F ¼ sAþ Fel � saAa (1)

where the first two terms (the surface free energy of the
toroid, and the elastic energy of the wound-up DNA) are
the same as in the model proposed by Ubbink and Odijk
(36). The third term complicates the model and makes it
less tractable due to the introduction of a surface energy
parameter, sa, that depends on the strength of the effective
short-range DNA-capsid interaction. The area of the contact
region between the DNA condensate and the inside capsid
wall is denoted by Aa. This is an unknown quantity whose
value is obtained only after the minimization of the func-
tional. We consider the free-energy functional on a hyper-
plane of constant DNA volume, V, the same as in the
Ubbink-Odijk (UO) model. In our case, we additionally
Biophysical Journal 100(9) 2209–2216
restrict the problem by the introduction of the capsid, which
acts as a constraint, allowing only solutions contained
within the sphere of radius R.

In the UO model, the solution for the shape of the DNA
toroid depends on only two parameters: the volume V ¼ l3

and an adimensional parameter at that weights the relative
importance of the surface and elastic energies:

at ¼ 2sl4

LP
(2)

where L and P are the contour and persistence lengths of the
DNA, respectively, and l is defined above in terms of V. In
our case, the solution also depends on the ratios R/l and
sa/s. When R=l ¼ N; corresponding to an unconstrained
torus inside an infinitely large capsid, and sa=s ¼ 0; our
model reduces to the one studied by Ubbink and Odijk
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(36), and we verified that this is indeed so by examining our
results in this limit. The experiments restrict the freedom of
our theoretical model because they fix the constraint
(capsid) radius and the DNA volume. The DNA volume
and the radius of the capsid interior can be obtained from
experimental images of phages (see Fig. 1). In this way,
we determine V ¼ 1.4 105nm3 (with an interhelical distance
equal to 3 nm and a basepair separation of 0.34 nm, this
corresponds to L ¼ 53 kbp) and R ¼ 40 nm.

Although faceting in the perpendicular cross section of
the DNA condensate can sometimes be observed in our
experiments, the continuum UO model (or any continuum
model for that matter) does not take into account the discrete
nature of the DNA lattice within the condensate and thus
cannot account for discrete features such as toroid faceting.
Formally, the faceting is an effect of the orientational depen-
dence of the surface energy (s in our case), which we
assume to be a constant, and can be obtained via a Wulff
construction, such as in the theory of equilibrium shapes
of crystals (37). In a similar vein, we also do not take into
account the polyhedral structure of the capsid wall or its
discrete protein architecture, and instead treat it as being
ideally and uniformly spherical. The inner polyhedral faces
can in fact promote a preferred interaction between the fac-
ets of the DNA condensate and the centers of the polyhedral
faces, leading to preferred connected interaction patches
along the inner capsid surface.
Numerical analysis of the model

For comparison with experiments, we examine the model on
a remaining two-dimensional plane of (unknown) parame-
ters, at and sa/s. The toroid shapes are fully determined by
their cross sections. These are first represented in a discrete
form, i.e., by N points, where N is typically of the order
of 500. Only half of the cross section needs to be represented;
the other half can be obtained by reflection. The free-energy
functional is then represented in terms of the coordinates of
these points, so that it becomes a function of N variables.
This function is numerically minimized by using a suitable
variant of the conjugate gradient optimization. The con-
straints of the fixed volume and the impenetrable capsid
wall are implemented via energy-penalty contributions to
the functional. The inclusion of the short-range attraction
in the functional requires a specification of the critical sepa-
ration between the toroid patch and the surface. Below the
critical separation, the toroid patch is considered to be in
contact with the capsid, and only then does its area contribute
to the total area of the contact region, Aa. The critical separa-
tion should bemade as small as possible to ensure that it is by
far the smallest length in the model and that the solutions do
not depend on its exact choice.

A shape phase-diagram of the problem representing the
optimal toroid cross sections for a particular combination
of at and sa/s parameters is shown in Fig. 2. Cross sections
corresponding to the sa=s ¼ 0 case, i.e., without attraction
between the DNA and the capsid, are presented in the first
column of images in Fig. 2 a. Note that the top-left shape
(sa=s ¼ 0 and at ¼ 10) is the same as would be obtained
in the UO model, because the toroid does not touch the
capsid in this case, i.e., the capsid impenetrability constraint
is not active. (One might wonder whether there is a need to
examine the behavior of the model for negative values of the
sa/s ratio. This would correspond to repulsion between the
DNA and the capsid. However, for short-ranged repulsions,
this would simply result in an effective renormalization of
the constraint radius, i.e., an appearance of the void spher-
ical shell between the toroid and the capsid whose thickness
d would correspond to the effective range of the repulsion.
The toroid would thus behave as constrained in a sphere
of radius R � d.) For a sufficiently large adhesion energy
parameter (the last column of images in Fig. 2 a), the cross
section of the DNA toroid only weakly depends on at. Obvi-
ously the presence of attractive interactions between the
capsid wall and the toroidal condensate leads to a deforma-
tion of its cross section that becomes markedly concave and
crescent-like (Fig. 2 c). For the values of the sa/s ratio, the
set of parameters determined by the DNA volume and the
capsid radius indicated in Fig. 2 a, the concaveness of
the cross section is effectively saturated and any further
increase in this ratio leads only to insignificant changes.

By analyzing numerical solutions for very small values of
the at parameter, without any attraction between the capsid
wall and theDNA toroid ðsa=s ¼ 0Þ;wefind that the limiting
shape for small values of at is a plan-convex lens. This leads
to the conclusion that the concavity of the inner surface of the
DNA toroid section can be observed only when the attraction
between the DNA and the capsid is present. Otherwise, the
cross sections are always flat or convex, i.e., the shape
constraint in combination with elasticity and the surface
energy minimization cannot produce a concave shape. The
crescent-like form of the condensate cross section thus
appears to be the distinguishing feature of the attractive inter-
action between the DNA condensate and the capsid wall.

The experiment shows two markedly different types of
toroid shapes (Fig. 1). In numerical calculations, the charac-
teristic crescent-like shapes of the cross sections with
concave inner surface (Fig. 2), which are similar to those
found in experiments with PEG, are obtained only in the
case of a sufficiently strong attractive interaction between
the DNA condensate and the inner capsid wall as codified
by the parameter sa/s. These distinguishing features are
certainly observed in the case of PEG condensation, but
are absent in the case of Spm4þ condensation. In the latter
case, one can identify more circle-like cross sections consis-
tent with model calculations for at ~1 and sufficiently small
sa=s<1:

The comparison of the model with the experiments thus
suggests that the system has quite different energetics
Biophysical Journal 100(9) 2209–2216
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when the solution contains PEG and Spm4þ. Spm4þ ions
apparently condense DNA and do not induce significant
DNA-capsid attraction, whereas PEG molecules do,
although the capsid is impermeable to them.
DISCUSSION

There are a few features of our results regarding DNA
condensation in capsida that we need to put in perspective.

It follows from our observations and the corresponding
model analysis that the strength of DNA toroid-capsid
wall interactions is much larger in the case of PEG conden-
sation than in the case of Spm4þ condensation. In the latter
case, there is a tendency for the (faceted) condensate as
a whole to interact with the capsid surface, or more correctly
with its polyhedral faces, but this surface interaction does
not appear to be large enough to deform the shape of the
condensate. This interaction can become substantial when
the toroid outer radius is larger than the inner radius of
the capsid. In that case, the confinement interaction of the
DNA toroid that is forced to reside inside the capsid domi-
nates (38), but the confinement alone, without any attractive
interactions between the DNA condensate and the capsid
wall, can only modify the shape of the toroidal condensate
in such a way that the inner surface of the condensate
becomes flat and remains so (in the limit when at R 0)
while the outer surface is pushed against the inner surface
of the capsid. Thus, confinement in and of itself cannot
simulate attractions between the DNA condensate and the
capsid wall.

The model that is used to analyze the possible shapes of
a confined toroidal condensate, with or without surface-
specific interactions with the confiningwall, is based on three
effective parameters: at, sa/s, and the effective radius of the
capsid. All of the numerical results presented above depend
on the combination of these three parameters characterizing
the model of the confined DNA toroidal condensate. Short-
range microscopic interactions between capsid wall protein
moieties and DNA are clearly the dominant contribution to
the sa/s ratio. At least in part, these interactions have to be
electrostatic in nature, as both DNA and capsid proteins
contain many charges, but more specific protein binding
to DNA cannot be excluded. The at parameter obviously
depends on whatever interactions set the equilibrium spacing
between the DNAmolecules in the condensate, as well as the
elasticity and total length of the molecule. The surface
tension of the DNA toroid can also be modified by the
condensing agent, and probably is. The attractive branch of
these interactions is generally assumed to be due at least in
part to an electrostatic correlation effect (39), but it should
also depend on the specific properties of the polyvalent
condensing agents (40,41) because even equally charged
condensing cations do not induce DNA condensation to the
same extent. The specific properties of ions that differentiate
different types of DNA condensing cations are relatively
Biophysical Journal 100(9) 2209–2216
poorly known and still inadequately understood (42). The
two parameters of the continuummodel that guided our anal-
ysis of the PEG- and Spm4þ-induced DNA condensation
in vitro can be estimated very roughly to be at ~1 and sa/s
~0 for the Spm4þ-induced aggregation and concurrent shape
of the confined DNA toroidal, whereas at ~1 and sa/s ~100
would bemore appropriate for the PEG-induced aggregation.

What are the physical reasons for the fundamental differ-
ence between PEG and Spm4þ in the observed behavior of
DNA condensation induced in capsida? The experiment
itself does not give a definitive answer to this question.
Nevertheless, we can try to patch together a string of argu-
ments that may shed some light on this problem. PEG itself
does not induce a direct interaction between DNA segments.
In fact, in DNA condensation experiments that are based on
long fragments of DNA, DNA and PEG spontaneously
demix. What PEG always induces is a modification in the
chemical potential of water, implying that the properties
of water inside the capsid are changed, and that its chemical
potential adjusts to the same new value that is set by the
concentration of PEG in the bathing solution. Once the
chemical potential of the water inside the capsid is changed,
the DNA self-condenses to counter this new value of the
chemical potential or (in what amounts to the same thing)
the osmotic pressure. The fact that the state of the DNA
depends on the water chemical potential or its osmotic pres-
sure was amply demonstrated in experiments by Rau and
Parsegian (27), who induced DNA condensation directly
by changing the PEG concentration in the bathing solution.
One should realize that in their study, the DNA subphase
and the bathing solution were sometimes separated by
a semipermeable flexible membrane. In our experiments
the membrane was rigid, but we do not think that this inval-
idates our argument. The same is true here, as the DNA in-
terhelix distance decreased from ~3.9 nm to 3 nm after
addition of PEG. The chemical potential of water in the
PEG bathing solution thus sets the chemical potential of
water inside the capsid, and the DNA reacts to this change
by condensing. The PEG-induced condensation appears
quite different from the Spm4þ-induced condensation,
where the condensing agent gives rise to explicit attractive
interactions between DNA molecules that can be rational-
ized as being mediated either by attractive electrostatic
correlation interactions (43) or by attractive hydration inter-
actions (27) that lead to condensation. The main difference
between the PEG-induced and the polyvalent counterion-
induced condensation of DNA would thus be the indirect
versus direct routes to DNA condensation.

The main difference between our PEG experiments and
those of Rau and Parsegian (40) is that in our case, the semi-
permeable capsid was rigid. The consequence of this rigidity
is that the volume of the capsid is kept, to a good approxima-
tion, a constant. Therefore, the collapsed DNA occupies only
a fraction of the capsid volume, and two compartments are
created inside the capsid: one containing DNA with its
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associated water and counterions, and one devoid of DNA. In
their experiments, Rau and Parsegian (40) generally used no
semipermeable membrane, and therefore there were only
two compartments: the DNA solution and the PEG solution.
The existence of the third compartment could possibly be
a consequence of the negative hydrostatic pressure inside
the capsid caused by its impenetrability to the external
PEG, but we cannot say anything more definitive at this
point. We thus leave the PEG-induced condensation in cap-
sida as a challenge for the theory.

Our results could also have broader ramifications when
considered together with some other related experimental
investigations. One might wonder whether the formation of
toroids, which has been only exceptionally reported in the
bulk in the presence of crowding agents (5), is facilitated by
confinement inside the capsid. Zhang et al. (11) recently
observed that confinement of theDNAchain in a nanochannel
facilitates compaction with a neutral crowding agent at low
ionic strength. The observation by Hou et al. (12) that toroids
can be formed inside confined droplets adsorbed on mica
surfaces solely by geometric confinement, and in the absence
of any condensingagent,would further support suchahypoth-
esis. Additionally, one might also wonder whether DNA
condensation is assisted and directed by the internal surface
of the capsid itself, as is apparently the case for amica surface
(44) or the phospholipid membrane of a giant vesicle (45).

It appears that PEG, via changes in the water chemical
potential or its osmotic pressure, can not only induce
DNA aggregation but also effect conformational changes
in the proteins of the capsid wall. This assertion is of course
speculative, since we do not have any direct indications that
it is true. Nevertheless, we know that as a result of its effect
on the chemical potential of water, PEG can effect confor-
mational changes in hemoglobin and various membrane
(channel) proteins (46). Therefore, it is not preposterous to
hypothesize that PEG could also affect the conformation
of capsid proteins, which in turn could lead to a more
pronounced interaction with the DNA. This interaction
can again be either very specific or quite generic (i.e., elec-
trostatic). It would be difficult to assert more at this point,
but it is possible that a separate investigation of the confor-
mation of capsid proteins as a function of PEG osmotic
pressure could settle some of the subtler points of our
speculation.

Currently, the exact distribution of charges on a protein
surface interacting with DNA remains unknown because the
structure of the capsid has not been solved yet. Nevertheless,
it is known that T5, like l and HK97, belongs to the
Siphoviridae family of viruses. The structure of the capsid
has been elucidated at atomic resolution only for HK97 (47).
The proteins pb8 (the main component of the T5 capsid) and
gp5 (which constitutes the capsid of HK97) share sequence
similarities as well as the same fold (except for some loops
involved in the HK97 interlinked rings (catenanes)) (48). We
can thus rely on HK97 to give us an idea of the distribution
of amino acids (and charges) on the internal surface of the
T5 capsid. A few positive charges could favor attractive inter-
actionswith theencapsidatedDNAtogetherwithacomparable
number of negative charges that may also constitute possible
loci for electrostatic links to the negative DNA phosphate
charges through the intermediate bridging of divalent cations
that are present (and required) in the buffer.

Regardless of the details of this PEG-induced attractive
interaction between DNA and the capsid, it is clear that
the condensation of DNA in capsida onto the internal
protein surface creates an empty space in the center of the
capsid. This effect should also exist in newly synthesized
capsids inside the bacteria. The highly crowded condition
of the bacterial cytoplasm should favor condensation of
the entering DNA into the capsid (as did PEG in our exper-
iments) and provide an empty space in the center of the
capsid, thus supporting the encapsidation process and facil-
itating the work of the portal motor.
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