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Abstract Double-stranded DNA bacteriophage genomes are packaged into their icosahe-

dral capsids at the highest densities known so far (about 50 % w:v). How the molecule is

folded at such density and how its conformation changes upon ejection or packaging are

fascinating questions still largely open. We review cryo-TEM analyses of DNA conforma-

tion inside partially filled capsids as a function of the physico-chemical environment (ions,

osmotic pressure, temperature). We show that there exists a wide variety of DNA conforma-

tions. Strikingly, the different observed structures can be described by some of the different

models proposed over the years for DNA organisation inside bacteriophage capsids: either

spool-like structures with axial or concentric symmetries, or liquid crystalline structures

characterised by a DNA homogeneous density. The relevance of these conformations for

the understanding of DNA folding and unfolding upon ejection and packaging in vivo is

discussed.
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1 Introduction

Tailed bacteriophages (Caudovirales) are remarkable supramolecular assemblies formed by

a dsDNA molecule confined within an icosahedral protein capsid which diameter is in the

range of the DNA persistence length. One of the apex of the icosahedron is occupied by a

connector, or portal protein used as the DNA entry and exit gate, where the tail anchors. In

contrast with most Eukaryotic viruses, tailed bacteriophage do not enter the cell to infect

their host bacteria. After recognition and fixation upon a receptor localized on the bacterial

surface, they inject their DNA content inside the host, while the phage capsid and tail

remain outside, leading to the internalization of the genome. Lytic phages then use the
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bacterial machinery to synthesize their components and assemble inside the cell. In tailed

bacteriophages (and other related eucaryotic dsDNA viruses such as herpes), a procapsid

is first assembled. Then, the DNA is dragged in through the portal gate, using ATP

hydrolysis as a source of energy to package the molecule against the concentration gradient,

overcoming the repulsive interactions between DNA segments and its resistance to bending.

The process, which is associated with a capsid conformational change, is followed by the

attachment of the pre-assembled tail.

How does a tens of micrometres long, semi-flexible DNA molecule fold in the volume

of an icosahedron a few tens of nanometres in diameter? The question as to how DNA is

organised inside the phage capsid is a central one in the understanding of infection and

packaging processes. Over the years, many models have been proposed and controversy

remains. Beyond the local hexagonal packing of DNA, evidenced in the 60’s by X-Ray

diffraction [1, 2] and later on by cryo-MET [3, 4], there is no definitive and complete

understanding of DNA folding and conformation (see for example review in [5]). Some

models are presented in Fig. 1. The inverse axial spool (Fig. 1a), proposed about 40 years

ago [6, 7] is the most widely accepted, supported by the spectacular cryo-TEM images of

bacteriophage T7 [8], and, more recently, by asymmetric reconstructions of phages ε15 [9],

P22 [10], K1 [11] and P-SPP7 [12]. It is used as a basis by many theoretical approaches

[13–16]. However, the model suffers from several limitations: (i) it seems to be restricted

to phage species that possess a large inner cylindrical proteic core, and (ii) even for these

species, it does only describe the path of DNA with accuracy in some very limited regions

of the capsid, and is far form accounting for the complete genome folding. A variant of

the axial spool model, the inverse “ball of yarn” (or concentric spool, Fig. 1b), has been

predicted by recent simulations for phage lacking inner cylindrical cores [17]. As in an

axial spool, DNA wounds from the periphery to the centre following successive hoops,

but with spherical symmetry. In the “liquid crystalline drop” model (Fig. 1c) derived from

cryo-TEM analyses [3, 18], hexagonally crystallized monodomains entirely fill the capsid

volume, separated by defect walls and forming a structure related to a confined TGB (Twist

Grain Boundary) liquid crystal.

How does the DNA conformation evolve during the ejection and packaging of the mole-

cule? What do we know about the interactions (DNA-DNA or DNA-capsid interactions)

involved in these processes? During the last ten years the mechanisms underlying the

ejection as well as the packaging processes have been extensively investigated, both exper-

imentally and theoretically. Novel in vitro experimental approaches have become possible,

Fig. 1 Some models of DNA organisation in the phage capsid. a Inverse axial spool, reproduced from [2].

b Inverse concentric spool (or ball of yarn), reproduced from [41]. c Liquid crystalline drop. Monodomains

(in purple) of DNA segments hexagonally crystallised entirely fill the capsid and are separated by defect

walls
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thanks to the DNA packaging and ejection kits now available for some phage species

(Fig. 2a, b). DNA packaging in φ29, T4 and λ can be monitored in vitro in the presence

of ATP [19–21]. In contrast, DNA ejection is in vitro a passive process, triggered by the

interaction of the phage with its bacterial protein receptor. Receptors of phages λ, T5 and

SPP1 are now identified and purified [22–24]. This has lead to new wealth of information

regarding the forces and energies involved in these processes ([19, 25], see reviews in

[26–28]). The capsid of bacteriophages λ, T5 and SPP1 is semi-permeable, permeable to

water and small ions, impermeable to proteins and polymers (Fig. 2c). In vitro experiments

are thus prone to the exploration of wide variety of chemical environments: the nature and

concentrations of ionic species inside the capsid can be tuned nearly at will, as well as the

osmotic pressure applied outside [25, 29–32]. Combined to a cryo-EM approach, ejection

(or packaging) experiments in vitro provide direct insights in the DNA conformational

changes. In this article we focus on the multiplicity of DNA conformations that can be

found inside phage capsids according to the length of the DNA molecule and the physico-

chemical environment: temperature, presence or absence of DNA-condensing multivalent

cations, or osmolytes such as Poly Ethylene Glycol (PEG). We will discuss the relevance of

Fig. 2 a In vitro, DNA ejection is a passive process triggered upon interaction of the phage tail and its

purified receptor (in acid green). b DNA is packaged in vitro into the purified procapsid by the ATP-driven

portal motor (in red). c The capsid of many bacteriophages is permeable to water and ions, impermeable

to crowding polymers such as PEG, which allows us to tune at will the osmotic pressure and the ionic

environment of the molecule
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this polymorphism and its possible relationships with the packaging and ejection processes

in vivo.

2 Results: DNA organisation in partially filled capsids

The length of the DNA molecule encapsidated can be varied upon partial ejection. In is λ

and SPP1 the extent of the ejection can be tuned precisely applying a controlled osmotic

pressure leading to populations of phages containing a given DNA length [24, 25]. In T5,

the ejection is a discrete multisteps process interrupted by a series of pauses [33, 34]. This

character provides a unique opportunity to dispose of a polydisperse population of phages,

permanently (under osmotic pressure [35]) or transiently (in the absence of pressure [18])

arrested at one or another of these pauses, and containing from a few kbp to tens of kbp.

2.1 DNA organisation in the presence of monovalent and divalent counterions

We have triggered DNA ejection from bacteriophage T5 in the presence of its receptor

FhuA at 37
◦
C, and analysed the DNA conformation in partially filled capsid quenched at

low temperature for cryo-TEM observation. In the presence of mono- and di-valent cations

(here 10 mM Tris-Cl, 100 mM NaCl, 1 mM MgCl2, 1 mM CaCl2), the DNA organisation

inside the capsids varies with its length [18]. Some of these conformations are shown in

Fig. 3a, b. Above 380 mg/ml, the DNA is hexagonally packed (not illustrated, see [18]). At

lower filling, a cholesteric organisation forms. It can be recognised in Fig. 3a, a
′

with its

characteristic rotation of the molecular orientations between the centre and the periphery

of the capsid (underlined in Fig. 3a
′
). This organisation is observed between 380 and

160 mg/ml (i.e. for encapsidated lengthes Lin comprised between 70 and 30 % L0, L0

being the total genome length in the full-filled capsid). Figure 3b, b
′

shows an example

of isotropic (disordered) conformation, observed for DNA concentration below 160 mg/ml

(Lin < 30 % L0). Portions of the chain are seen randomly in all possible orientations over the

whole projected volume, from perpendicular (dot-like, white circles in Fig. 3b
′
) to oblique

and parallel (threads-like, black arrows). In all cases, and at all stages of the ejection, the

DNA takes up all the available volume and fills homogeneously the capsid [18]. There is

neither preferential crowding, nor exclusion at the periphery. Interhelix spacing, that can

be measured locally on cryo-TEM micrographs of hexagonal and cholesteric organisations

when the molecule is favourably oriented, is roughly constant within a given capsid, and

varies between capsids with the DNA concentration.

The same behaviour is observed under similar ionic conditions, in partially filled

capsids of other phages φ29 [36] and T3 [37] that are markedly smaller than T5. In

particular, partially filled T3 capsids show a homogeneous distribution of the DNA, with

cholesteric and isotropic configurations, found in the same concentration ranges (here 285

and 110 mg/ml respectively) (Fig. 3c, d).

This series of phases also forms in bulk solutions of short DNA fragments [38, 39] and

the critical concentrations at phase transitions are the same in both cases, suggesting that,

under these physico-chemical conditions, electrostatic repulsions dominate the contribution

of the bending energy and govern the genome organisation in the capsid, even in capsids of

small radii with high bending constraints such as T3.

A comparable series of structural and energetic stages was reported in numerical

simulations of DNA in bacteriophage capsids [40], with an isotropic to liquid crystalline
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Fig. 3 Conformations observed by cryo-TEM of partially filled capsid in the presence of mono- and

di-valent ions and quenched at room temperature (a–d) and at 4
◦
C (e, f). Cholesteric (a, c) and isotropic

(b, d) organisations observed in bacteriophage T5 (a, b) and T3 (c, d, reproduced from [37]) in Tris 10 mM,

NaCl 100 mM, MgCl2 1 mM, CaCl2 1 mM (T5) and Tris 10 mM, NaCl 200 mM, MgCl2 1 mM (T3). In the

cholesteric conformations the orientation of the DNA segments (underlined by dots and lines in a
′
) rotates

between the central region and the periphery, in a double twist organisation. In the isotropic conformation,

DNA is randomly oriented. DNA segments locally perpendicular to the observation plane are circled in white

(b
′
). Some of the DNA segments locally oblique or parallel to the observation plane are pointed by white

arrows. e, f Partially filled capsids of T5 in the same ionic conditions (Tris 10 mM, NaCl 100 mM, MgCl2

1 mM, CaCl2 1 mM), quenched after 15 min stabilisation at 4
◦
C. DNA segments locally visible in transverse

view (dots, black arrows) or oblique or longitudinal views (white arrow) accumulate at the periphery, forming

a monolayer in some regions. A double layer is also visible locally (double arrow). Scale bars = 20 nm

(nematic) transition, but with significant differences: the transition is predicted at 80 %

filled capsids (in contrast to about 30 % here). In addition, the simulations show a

heterogeneous DNA distribution, with a higher density at the periphery. The observation of

an homogeneous distribution within the capsid whatever the encapsidated length is indeed in

contrast with most theoretical [14–16] and numerical approaches [40–42] that predict higher

DNA concentration in the outer region of the capsid. The importance of this heterogeneity

at low DNA contents depends on the balance of the relative contributions of the electrostatic

energy and bending energy. Our observations show that the contribution of the elastic energy

is probably overestimated in the models.

Screening DNA-DNA repulsions at high ionic strength should in principle modify this

balance, then possibly leading to an increase of the DNA density at the capsid periphery.

We did not analyse so far the effect of increasing the ionic strength on the observed

conformations. Yet, an X-ray scattering analysis in a λ mutant containing 78 % of the wt
genome has shown a decrease of the interhelix spacing with the increase of the added salt

concentration (either mono or di-valent from a few mM to molar concentration), probably

indicative of a concentration of the DNA molecule at the periphery of the capsid [43].

Changes in the temperature can also be expected to modify the balance between the

electrostatic and elastic energies. Increase of the DNA persistence length was reported

with the decrease of temperature [44, 45]. The ejection process itself is very sensitive to



206 A. Leforestier

temperature [46]. After partial ejection at 37
◦
C, T5 capsids were transferred and stabilised

at 4
◦
C before freezing for cryo-TEM observation. Most images show that the DNA

distribution is not homogeneous throughout the volume of the capsid. There is a DNA

accumulation at the periphery. A monolayer, and in some cases a second innermore layer, is

(are) locally pressed against the capsid wall (Fig. 3e, f, arrows). Although we do not dispose

of 3-dimensional reconstructions of the path of the molecule, the absence of dotted patterns

in the central region suggests that the inner part of the capsid contains little or even no DNA.

In contrast with capsid quenched at room temperature, DNA therefore does not distribute

over all the capsid volume, but crowds at its periphery and would wound into concentric

layers taking an inverse ball of yarn conformation (concentric spool). Nonetheless, in

these samples, about 10 % of the phages show a DNA homogeneous distribution with

conformations similar to those observed at room temperature. It is therefore likely that

our experimental conditions here correspond to a region of transition between the two

conformations.

2.2 DNA organisation in the presence of multivalent cations

In the presence of multivalent cations such as spermine 4
+

, spermidine 3
+

or Cobalt hexam-

ine 3
+

, DNA molecules in solution collapse into toroids [47–49]. The same phenomenon

can occur inside bacteriophage capsids. After partial ejection triggered in the presence

of mono and divalent ions only (as above), we added spermine at a DNA condensing

concentration known to induce a hexagonal packing when DNA is condensed in solution

(here 5 mM, see [50, 51]). Spermine diffuses through the capsid wall inducing attractive

DNA-DNA interactions. The molecule collapses into a toroid which is confined inside the

capsid, as illustrated in Fig. 4a and b which show two spermine-induced toroids observed

in top and side views respectively. The fine DNA structure within these confined toroids

is analysed in detail elsewhere [52]. Briefly, DNA packs with a hexagonal order with a

lattice parameter aH that depends on the ionic conditions (relative amounts of spermine

and mono + di-valent cations). Note that the distance aH is always larger than aH0, the

distance in the initial full capsid. Complex phenomena superimpose to the hexagonal order.

The competition with the chirality of the molecule, at work in all dense states of DNA

[53], results here in the rotation of the hexagonal lattice along the toroid circumference.

In combination with correlations of neighbouring segments of double helix and the strong

curvature due to the confinement, the phenomenon results in periodic variations of the DNA

helical pitch around the toroid [52].

We analysed confined toroids formed by DNA molecules of various lengths, from 3 to

55 kbp. Due to the confinement, not only the size but also the shape of the toroid varies

with this length. The main characteristics of the shapes of the toroids are revealed by the

observation of side views (Fig. 4b, c). For toroids formed by DNA molecules smaller than

28.5 kbp (i.e. Lin/L0 ≤ 0.25, with L0 being the total genome length), the cross section

can be approximated to a circle, the toroid then corresponding to a true torus (Fig. 4c).

Within this range of DNA lengths, the radii of the toroids are smaller than that of the

capsid container Rc. For the smallest molecules observed here (about 3000 kbp), it can

be as small as Rc/2 [52]. For longer molecules (Lin/L0 > 0.25), the cross section elongates

in the perpendicular plane (Fig. 4b), with a geometry that approaches that of a cylindrical

spool.

A theoretical approach of the shape of a DNA toroidal condensate inside the phage

capsid predicts a similar phenomenon with a torus to spool transition at Lin = 0.25L0, in
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Fig. 4 Toroidal conformations observed by cryo-TEM in partially filled capsid after condensation of the

DNA segments remaining in the capsid with spermine 4+ (a–c), or PEG (e, f, reproduced from [32]). Toroids

are observed in top (a, e) and side views (b, c, f). On side views, the surface of the cross section is shaded

in white. d Theoretical prediction of the shape of toroids in the absence of DNA-capsid interactions for

different ratio of encapsidated DNA length (Lin) to the full genome length (L0), redrawn from [15]. Scale

bars = 25 nm

the absence of interactions (either repulsive or attractive) between the DNA and the capsid

wall, the only constraint being the confinement [15]. Figure 4d shows the theoretical cross

sections predicted for different filling ratio. Our experimental data are in good agreement

regarding altogether the overall shape of the condensate and the threshold for the transition.

In addition, we observed that the position and orientation of the toroid inside the capsid

also influences its shape, due to the anchoring on the triangular faces of the icosahedron

(not illustrated). This effect should be analysed more precisely.

2.3 DNA organisation under osmotic stress

DNA condensation into toroids can be obtained not only in the presence of polyvalent

cations as above, but also under osmotic stress with crowding agents such as Poly Ethylene

Glycol (PEG) [54, 55]. Adding 15 % PEG6000 to the external medium after partial DNA

ejection results, as the addition of spermine does, into the collapse of the encapsidated

DNA into a toroid. The PEG does not permeate the capsid (which allows only water and

ion exchanges) but creates a pressure gradient across the capsid wall, which would origin

toroid formation. The mechanisms that govern this phenomenon remain to be clarified.

Whatsoever, the local order within the toroids is also hexagonal. The shape of the toroids is

markedly different from those obtained in the presence of spermine, as can been seen on side

view images (Fig. 4f). They present a non-convex cross section with a crescent shape. This
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unique shape would result from attractive interactions between the capsid proteic surface

and the DNA molecules [32].

3 Discussion

We have shown that, in partially filled bacteriophage capsids, DNA can adopt a mul-

tiplicity of conformations depending on both the length of the encapsidated portion of

the genome, and the physico-chemical environment (ionic species, temperature, osmotic

pressure), while these conditions have no effect on full-filled capsid (unpublished results,

see also [43]). This polymorphism is sketched on Fig. 5. It is important to note that these

conformations are probably not the only possible ones. Other may occur under other—

yet unexplored—conditions. Both the nature and concentrations of ionic species should

be explored thoroughly, as well as a wide range of temperature and osmotic pressure. For

example, the organisation and density of DNA condensates obtained in the presence of

polycations depends on the composition of the specimen (i.e. nature and relative amounts

mono-, di- and multi-valent ions [50, 51, 56]). Thus, it could well be that toroids with

different local packing (cholesteric-like order for example rather than hexagonal) could also

exist.

The role of the nature and concentration of divalent cations could also provide new

insights. Some experimental and numerical data suggest that, in situation of confinement,

Mg
2+

could, at certain concentration, induce DNA condensation [57, 58], possibly leading

to novel conformations.

The role of the size of the capsid should also be addressed more specifically, although

the available data suggest that (at least within the 50–80 nm range that can be considered so

far) it does not play a dominant role. Cholesteric and isotropic conformations occur in T3

Fig. 5 Polymorphism of DNA conformation in partially filled capsids. a–a
′′

Capsids homogeneously filled

with DNA with a series of liquid crystalline organisations (hexagonal (a) and cholesteric (a
′
) at high and

intermediate filling) and an isotropic confined coil at low filling (a
′ ′

). b Centro symmetric inverse ball-

of-yarn conformation with accumulation at the periphery. c Confined toroidal globule. d Confined toroidal

globule with capsid-DNA attractive interactions. a–a
′′

No symmetry. b Centro-symmetric conformation.

c, d Axial symmetry
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as well as in T5 (Fig. 3). Toroids form in the presence of spermine or PEG in partially filled

capsids of both T5 and λ [59, 60]. Nonetheless, the structure of the toroids formed in the

smallest capsids remains to be analysed in details. The capsid size could possibly play a role

in many features of importance such as the shape of the toroids, the defects of the hexagonal

packing [18], or the variations of the DNA helical pitch observed in confined toroids [52].

It can also be expected to shift the phase transitions between different states, especially

between random coil and concentric inverse ball conformations for example (Fig. 5a
′
, b). In

addition, other factors, able to introduce or relax geometrical constraints, are also probably

involved here such as the presence of proteic core inside the capsid in some species, or the

shape of the capsid—isometric or oblate [17].

Can we learn about the DNA organisation in full-filled capsids looking at partially filled

capsids? It is striking to notice that the different structural models presented in Fig. 1 are

directly related to the different conformations described here and sketched in Fig. 5. The

series of liquid crystalline organisations (Fig. 5a–a
′′
) point to the liquid crystalline drop

model with its homogeneous DNA density (Fig. 1c). The conformational changes observed

with the decrease of temperature result in a concentric spool-like structure (Figs. 2b and 5b).

Lastly the condensation of the molecule either in the presence of polycations or under

pressure induces the collapse of the molecule into toroidal structures (Fig. 5c, c
′
), closely

related to the axial spool model. Numerical and theoretical approaches do indeed predict

a variety of conformations according to the environment of the molecule [15, 40, 42, 58].

However, while it is clear in all these approaches that attractive interactions lead to toroid

or spool-like configurations (in qualitative agreement with the observations), none of them

can account for the homogeneous filling found at room temperature with repulsive DNA-

DNA interactions (see for example [41, 42]). We have hypothesized that the bending

energy is overestimated in theoretical and numerical studies. The persistence length of

the DNA is generally taken as 50 nm [61], while it has been measured as 35 nm in the

presence of divalent cations (present in all phage buffers) [62]. In addition, at very small

scale (5 to 15 nm), it has been shown that the DNA does not behave like a Worm Like

Chain, and shows an increased flexibility [63, 64]. The underlying mechanisms are still

unknown but could involve local opening of the double helix with the formations of single

strand “bubbles” and/or kinks [63]. This would introduce discontinuities that are not taken

into account by theoretical and numerical models. Supercoiling of the molecule could

also play a role. Whatsoever, the diversity of the models happens to reflect the diversity

of the conformations observed experimentally. The different models proposed for DNA

organisation may therefore not be exclusive, but valid under certain physico-chemical (ionic

environment, osmotic pressure, temperature) and geometrical (absence or presence of large

inner proteic core, size and shape of the capsid) conditions. Note that other models such as

the folded and twisted toroids proposed for elongated capsids (although not recalled here)

may also be relevant.

Models of DNA organisation in bacteriophage capsid are not only structural but also

mechanistic and should account for packaging and ejection processes. The polymorphism of

partially filed capsids shows that the way the DNA folds and unfolds is strongly dependent

on the environment of the molecule. This is to say that the two processes are not symmetrical

in vivo. Indeed, in situ, the two processes occur in capsid immersed into very different

media (extracellular for the ejection, intracellular for the packaging) that differ in terms of

osmotic pressure and ionic environment. Intermediate stages are therefore very unlikely

to be the same. Although the ionic and osmotic pressure and ionic conditions are not

precisely known in vivo, it could well be that some of the conditions explored here may be
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relevant for the understanding of the two processes. The few atmosphere osmotic pressure

of bacterial cytoplasm for example could favour DNA condensation at the capsid periphery

as here in the presence of PEG (Fig. 5d). During ejection, the molecule would rather

fill homogeneously the capsid and follow the series of phase transitions described above

(Fig. 5a–a
′′
). Note that other factors may also play a crucial role in DNA conformational

changes, and in particular the very different kinetics of the two processes.

This highlights the need to be able to follow DNA packaging and ejection in situ.

Structural approaches of bacteriophage ejection in situ have already been attempted by

cryo-TEM of entire bacteria trapped within a film [65–67]. However, little attention has

been paid to the DNA conformation, which observation is hampered by the thickness of

the specimens. Cryo-TEM of vitreous sections, which has already proved powerful for the

analysis of liquid crystalline organisations in situ as well as in vitro [53, 68, 69], appears

here as a possible alternative approach.

All the conditions explored here, although probably relevant, do not reproduce exactly

the environment of DNA in interaction with its bacterial host. In addition, this environment

is very likely to vary, not only between species, but also between individuals. For example,

concentrations gradients inside the bacterial cytoplasm could result in local changes in the

DNA folding. In addition, we have already shown that under certain conditions, different

conformation can coexist within a specimen (see above at 4
◦
C). It is therefore possible that

there also exists a polymorphism within a phage population in vivo, which could even lead,

in some cases to different types of full-filled capsids, as suggested by the multiplicity of

configurations observed after DNA release from phage l [70]. The comparison of systematic

in vitro experiments performed in well-defined conditions, with in situ analyses could help

to clarify the mechanisms involved in both packaging and ejection, and possibly provide an

answer to the question as to how DNA is folded in the phage capsid.

4 Materials & methods

Biochemical purification T5 st(0) bacteriophages were produced in E. coli, purified, and

concentrated in 10 mM Tris-Cl, pH 7.6, 100 mM NaCl, 1 mM CaCl2 and 1 mM MgCl2. The

receptor FhuA was purified as described in [23]. T5 and FhuA were kindly provided by M.

de Frutos, M. Renouard and P. Boulanger (IBBMC, Orsay, France).

Obtention of a population of phages containing various amounts of DNA Partially filled

capsids were obtained in two different ways: either by quenching the specimen before the

entire DNA molecule is ejected, or by applying an external osmotic pressure to stop the

ejection at some intermediate stages, as described in [18, 32] respectively. Briefly, the phage

solution was mixed with an excess of FhuA, in the absence or presence of an osmolyte (PEG

MW 6000), and transferred to 37
◦
C to trigger the ejection. DNAse I (Sigma) was present

in the solution to digest the ejected DNA.

Change of the physico-chemical environment and obtention of multiple DNA conformations
After partial ejection at 37

◦
C, the specimens were either immediately frozen at room

temperature for cryo-TEM observation, or transferred and let to stabilise for 15 min at

4
◦
C before freezing. To condense DNA remaining in the capsid, two different protocols

were used: i) the 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
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keeping constant the ionic conditions), ii) DNA ejection in the presence of 15 % PEG 6000

followed by direct freezing of the sample in the PEG solution. The methods are extensively

described in [18, 32, 35, 52].

Cryo-electron microscopy 3 μl of the phage solutions were deposited on an EM grid

covered with a holey carbon film (Quantifoil R2/2) previously treated by plasma glow

discharge. The grid was then blotted to remove the excess of material and quenched by

immersion in liquid ethane cooled down by liquid nitrogen. All the process was carried

out in a home-made plunging device to control the temperature and hygrometry, to prevent

any change of the ionic concentrations of the sample. The grids were transferred to a JEOL

2010 LaB6 or a JEOL 2010-FEG TEM operated at 200 kV. Images were recorded on Kodak

S0163 films at a direct magnification of ×50000 under low dose conditions of imaging

(10–20 e
−

/Å
2). The defocus was set at 850 nm to optimize the imaging of the DNA lattice

spacing in the capsids.
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