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Using solution synchrotron x-ray scattering, we measure the variation of DNA-DNA d spacings in

bacteriophage � with mono-, di-, and polyvalent salt concentrations, for wild-type [48:5� 103 base pairs

(bp)] and short-genome-mutant (37.8 kbp) strains. From the decrease in d spacings with increasing salt,

we deduce the relative contributions of DNA self-repulsion and bending to the energetics of packaged

phage genomes. We quantify the DNA-DNA interaction energies within the intact phage by combining the

measured d spacings in the capsid with measurements of osmotic pressure in DNA assemblies under the

same salt conditions in bulk solution. In the commonly used Tris-Mg buffer, the DNA-DNA interaction

energies inside the phage capsids are shown to be about 1kT=bp, an order of magnitude larger than the

bending energies.
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The tight packaging of DNA in chromatin, sperm, and
viral capsids is closely connected with gene regulation,
fertility, and viral infectivity [1]. DNA occupies about
15% of the volume of chromatin in its most compacted
state [2], up to 45%when condensed by protamine in sperm
heads, and as much as 60% of the inner capsid volume of
many viruses such as bacteriophage � [3]. Phage capsids
are permeable not only towater but also to small ions [4], so
that the remaining volume fraction is occupied by aqueous
solution that mediates the DNA self-repulsion and bending
stress [5,6]. Accordingly, the pressure inside phage capsids
has been found to depend strongly on salt concentration,
especially on the presence of polyvalent cations, varying
from several tens of atmospheres down to a few atmos-
pheres [7–9]. Generation of these high pressures is associ-
ated with the work performed by powerful DNA packaging
motors [10,11]. Such pressurized genome storage has been
proposed as a viral tactic for infecting bacteria by initiating
DNA ejection into the host cell [5,9,12]; completion of
genome delivery depends on other mechanisms [13], nota-
bly active processes such as transcription [14]. Theory has
suggested that, for any given set of salt concentrations, the
key structural property of the packaged DNA is the average
interaxial spacing of neighboring strands [12,15,16], which
determines the DNA-DNA self-repulsion.

More than 30 years ago, Earnshaw and Harrison [17]
observed x-ray diffraction by condensed pellets of P22 and
� phages and measured DNA interaxial distances of the
local hexagonal packing of the genomes in wild-type and
deletion mutants. They reported Bragg spacings on the
order of 25 Å, which increased with the decrease in ge-
nome length in a way that suggested near constancy of the
volume occupied by the packaged DNA. On the basis of

their observations they proposed several alternative scenar-
ios for the organization of the DNA, e.g., coaxial spool
vs ball-of-string vs chain-folded configurations. More re-
cently, these issues have been addressed experimentally by
cryoelectron microscopy [18–21] and theoretically by mo-
lecular dynamics simulations [22]. But controversy re-
mains concerning the spatial organization of the confined
DNA and the relative importance of DNA-DNA interac-
tions vs DNA bending elasticity in determining the opera-
tive pressures [12,22].
In the present Letter we report DNA-DNA d spacings

for intact � phages in solution, determined from synchro-
tron small-angle x-ray scattering (SAXS), as functions of
the concentrations of mono-, di-, and polyvalent cations.
The salt concentrations and the genome length control the
relative contributions to packaging stress from DNA self-
repulsion and bending. Bulk-solution osmotic stress mea-
surements [23] of d spacing in ordered DNA arrays as a
function of salt concentration are used to quantify the
contributions of DNA interactions to capsid stress, which
are shown to be large compared to those from DNA bend-
ing elasticity.
Following previous protocols [9], Luria-Bertani (LB)

broth cultures of E. coli strain c600, in its early exponential
growth phase (1011 cells=liter), are infected with each �
phage stock with a multiplicity of infection of 0.1. Cell
density first increases and then drops due to bacterial lysis
and phage release; chloroform is added before harvest to
lyse the remaining cells, and cell debris is removed by
gentle centrifugation. Phage particles are precipitated in
10% polyethylene-glycol (PEG) 8000 and purified by CsCl
density-gradient sedimentation. Equilibrium dialysis was
used to vary the ionic conditions of the phage particles. The
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CsCl salt was first exchanged into TM buffer (50 mM Tris
pH 7.5, 10 mM MgCl2) by dialyzing 2 ml against 1000 ml
volume at 4 �C with four buffer changes over one week. �
phage solution in this TM buffer was then dialyzed for two
weeks against: 50mM Tris pH 7.5 buffer in the absence of
MgCl2 [stock solution (a)]; TM buffer with 0.3 mM Co3þ
hexammine [solution (b)]; and TM buffer with 0.3 mM
spermine4þ [solution (c)]. Successive salt concentration
series were made up by adding salt to the appropriate stock
solution: NaCl to stock (a) for the [Naþ] series, MgCl2 to
phage in solution (a) or in the TM buffer for the [Mg2þ]
series, Co3þ hexammine to stock (b) for the [Co3þ] series,
and spermine4þ to stock (c) for the [spermine4þ] series. We
used TM buffer as the background buffer in polyvalent
cation series to be consistent with the solution conditions
used in the literature [7]. Initial dialysis against polyvalent
cation solutions was necessary to sufficiently exchange the
counterion atmosphere around the DNA phosphate groups
(� 3 mM equivalent concentration).

SAXS experiments were carried out at the X21 station at
the National Synchrotron Light Source (NSLS) at the
Brookhaven National Lab. The x-ray beam was set at
10.0 keV and 0:3� 0:3 mm. Solutions of 40 �l were in-
jected into an in-vacuum flow-through quartz capillary
(1 mm diameter, 10 �m wall thickness) allowing window-
less SAXS operation to reduce background scattering and
avoid variations between capillaries. Sample to detector
(1024� 1024 pixels of 160 �m size) distance was
1.35 meters. Eight exposures of 30 seconds each showed
identical scattering patterns that were averaged to improve
the counting statistics.

Figure 1(a) shows raw SAXS data from a
2� 1013 virus=ml solution of purified wild-type � phage.
A striking feature is the set of distinct concentric rings
around the beam stop (see off-center yellow core). The
radially integrated intensity [Fig. 1(b)] shows that these

concentric rings give rise to pronounced oscillations at low
Q values, which originate from the regular icosahedral
shape of � phage and indicate the high purity of the
sample. Once the background scattering from the buffer
is measured (see green curve) and subtracted (see lower
two curves), the DNA-DNA diffraction peak at higher Q

(around 0:25 �A�1) stands out clearly. This peak is absent in
the SAXS profile of the empty � capsid (which is also
shown in Fig. 1(b)—see aqua curve at bottom), confirming
that locally-hexagonally-packed DNA is the origin of the
red peak.
The DNA diffraction peaks from two � strains (with

100% and 78% of the wild-type �-DNA length) are shown
expanded in Fig. 2(a). The well-defined peak positions
directly determine the d spacings to an accuracy of
0.1 Å. The ripples on top of these diffraction peaks corre-
spond to a spatial periodicity of 55 nm—the size of the
viral capsid, suggestive of coherent diffraction of viral
DNA as a whole. As seen in Fig. 2(a), varying the DNA
length (from 78 to 100%) significantly shifts the position of

the DNA diffraction peak (from 0.238 to 0:264 �A�1). Each
peak can be fitted with a Lorentz function plus a linear
background [Fig. 2(a)]. While addition of a damped sine
wave fits the ripples reasonably well, it does not change the
pertinent DNA diffraction peak parameters (e.g., peak
position and width). Once the peak position QBragg is

determined, the d spacing follows from d ¼ 2�
QBragg

2
ffiffi

3
p , cor-

responding to the local hexagonal packing. Fitting the
peaks in Fig. 2(a) gives interaxial separations of 30.5 and
27.5 Å for � phage strains with 78% and 100% of the wild-
type DNA length, in agreement with the values reported by
Earnshaw and Harrison (30.3 and 27.5 Å, respectively)
[17]. From these d spacings and the known DNA lengths,
the volume occupied by DNA can be computed and is
found to be essentially identical (to within a few percent)
not only for the 78% and 100% DNA length, but also for
85% (data not shown). This can be qualitatively understood
in terms of DNA taking up nearly all the available capsid
volume as its strong self-repulsion overwhelms the bend-
ing stiffness.
But the repulsions are not completely dominant, as can

be shown by measuring the change in d spacing with
varying salt conditions. More explicitly, because salt de-
creases DNA-DNA repulsion [23], adding salt should lead
to smaller d spacings and lowering of bending energy. For
example, if there were no cost associated with bending the
DNA, the molecule would occupy the entire capsid volume
in order to maximize d spacing and minimize self-
repulsion. Conversely, if there were no self-repulsion, the
stiff DNA would be crammed near the inner capsid wall,
which maximizes its radius of curvature and minimizes
bending stress. In reality, a tug of war between the com-
peting tendencies results in a compromise. Varying the
magnitude of either contribution shifts the balance between
them. Conveniently, this can be done by changing concen-
trations of cations, which screen the repulsions (and, in the
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FIG. 1 (color online). (a) Raw SAXS 2D image of the wild-
type � phage (48.5 kbp genomic DNA length) in the TM buffer.
(b) Radially integrated scattering intensity IðQÞ where Q ¼
4�
� sin�, 2� is the scattering angle, and � here is the x-ray

wavelength. The blue and green IðQÞ curves are the raw profiles
from the wild-type � phage solution and from the buffer. The red
(‘‘� phage’’) and aqua (empty ‘‘capsid’’) curves have the buffer
IðQÞ subtracted. Note that the scattering from phage is an order
of magnitude smaller than the background at high Q.
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case of the polyvalent ions, can mediate an effective
attraction—see below) between neighboring DNA seg-
ments. The balance between self-interaction and bending
can also be varied by changing the length of packaged
DNA via mutant strains as discussed earlier.

Figure 2(b) shows the dependence of DNA-DNA d
spacings on ionic conditions of the full length DNA of
48.5 kbp. As the di-, tri-, and tetravalent counterions are
added, the DNA-DNA separation shows less than 1%
variation, remaining essentially constant. Its 27.5 Å d
spacing implies a surface-surface separation between
DNA duplexes of just 7.5 Å. This minimal effect of adding
salts is not surprising: at such close surface separation,
DNA-DNA repulsion remains dominant under all ionic
conditions [23], and bending stress is unable to push
DNA strands closer. On the other hand, the 37.8 kbp
DNA in b221 strain (the shortest DNA length strain avail-
able) has a 30.5 Å d spacing in the TM buffer, and the
DNA-DNA repulsion is significantly weaker. Accordingly,
additions of Naþ and Mg2þ [Fig. 2(c)], and of Co3þ
hexammine and spermine4þ [Fig. 2(d)] all result in signifi-
cant decreases of DNA-DNA separation. The Naþ and
Mg2þ data [Fig. 2(c)] are particularly instructive.

Because the DNA-DNA interaction is always repulsive
and favors maximal DNA spacing, the observed changes
in d spacings attest to the contribution of bending elasticity
to DNA packaging. The DNA-DNA surface separation
decreases from 11 to 9.7 Å as the molecule crowds more
on itself at large radius of curvature to lower the curvature
energy. Similarly, addition of multivalent cations to the �
b221 strain [Fig. 2(d)] also results in progressively smaller
DNA-DNA separations, while at 10 times lower concen-
trations than for the mono- and divalent cations. This is
consistent with the greater screening power of multivalent
ions, which can also even induce effective attractions
between neighboring DNA strands at mM concentrations.
Notably, the DNA-DNA separation increases again
at >20 mM [spermine4þ] and >100 mM [Co3þ] [see
Fig. 2(d)], consistent with the well-known ‘‘swelling’’
behavior of DNA at sufficiently high concentrations of
multivalent cations [24,25].
The above measurements of d spacings vs salt concen-

tration make it possible to quantify DNA-DNA interaction
energies in the virus from pressure vs spacing measure-
ments of DNA arrays in bulk solution. We systematically
measured DNA d spacings in solution as a function of
imposed osmotic pressure, for each concentration of the
cations used here in the SAXS measurements on intact
phages. Results of this kind are shown in Fig. 3(a), for the
cases of TM buffer without and with 2 mM Co3þ. By
integrating the pressure curves (which do not involve any
net bending of DNA strands) one obtains the DNA-DNA
interaction energy per unit length [23], as shown in
Fig. 3(b) for the case of the TM buffer without and with
2 mM Co3þ. Similarly, energy vs separation curves can be
obtained for each ionic concentration. It is then straightfor-
ward, using the measured DNA separations in the phage as
a function of the same salt concentrations, to determine the
DNA interaction energies [Fig. 3(c) and 3(d)] within the
viral capsid; we simply multiply the appropriate interac-
tion energy per unit length by the total DNA length.
The total interaction energy of packaged DNA is sub-

stantial, amounting to as much as 38 000 kT for wild-type �
phage with 48 500 bp DNA in the commonly used TM
buffer, as shown by the left-most square in Fig. 3(c)—
note that the TM buffer contains 10 mM Mg2þ. The corre-
sponding 0.8 kT per base pair repulsive energy is an order
of magnitude larger than the bending energy per base
pair associated with the average radius of curvature, say
10–15 nm (Ebending � 0:06 kT=bp). The magnitude of

DNA-DNA interaction can be equivalently discussed in
terms of DNA osmotic pressures. In the TM buffer, the
DNA-DNA interactions alone correspond to pressures of
38 and 11 atm for the cI60 and b221 strains, correlating
well with the measured DNA ejection inhibition pressures
of 32 and 12 atm [8], respectively. Note that reducing the
DNA length by 22% dramatically reduces the DNA inter-
action pressure by over a factor of 3. As expected, Figs. 3(c)
and 3(d) show that adding di- and trivalent cations
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FIG. 2 (color online). (a) The DNA-DNA diffraction peaks
from the � cI60 and b221 strains with DNA lengths of 100%
and 78% of the wild-type, respectively. Solid lines are the fits to
the peak using a Lorentz function with a linear background.
(b) DNA-DNA d spacing as a function of added multivalent
cation concentration for � cI60 phage; the background buffer is
TM buffer for all three series. There is no [Naþ] series because
the cI60 phage did not survive the dialysis against 50 mM Tris
only, probably due to the elevated DNA pressure breaking the
capsid. (c) DNA-DNA d spacing as a function of added mono-
and divalent cation concentration for � b221 phage; the back-
ground buffer is 50 mM pH 7.5 Tris only. The dotted line
indicates the d spacing with no added salt (i.e., 50 mM Tris
only). (d) DNA-DNA d spacing as a function of added tri- and
tetravalent cation concentration for � b221 phage; the back-
ground buffer is TM buffer. The dotted line indicates the d
spacing with no added salt (i.e., TM buffer only). The Y axis
range in panels (b), (c), & (d) is set to 2 Å for easy comparison.
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effectively reduces the repulsive interaction energy of
DNA. This is consistent with the observation that the inter-
nal force against DNA packaging is lowered by added salts
due to ionic screening [26]. At mM [Co3þ] the DNA
interaction energy changes sign [see Fig. 3(d)] because of
the counterion-induced attraction between neighboring
DNAportions. Qualitatively similar behaviors are observed
with spermine4þ (data not shown), consistent with a series
of earlier measurements reporting ejection fractions in the
presence of fixed external osmotic pressure as a function of
added cation concentration [7].

By combining SAXS probes of the structure of DNA in
intact viral capsids with osmotic stress measurements of
DNA in bulk solution, each as a function of salt concen-
trations, we have quantified DNA self-repulsion as the
dominant contribution to capsid stress and have established
experimentally the contribution of DNA bending elasticity
to DNA packaging. We are currently working on SAXS
probes of the DNA remaining in phage capsids upon partial
ejection in the presence of external osmotic pressure, again
as a function of mono-, di-, tri-, and tetravalent salt con-
centrations, where we can systematically catch and pause
the process of DNA ejection. The viral capsid here serves
as a convenient device for physical interrogation of DNA
mechanics in nanoscale confinement.
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FIG. 3 (color online). (a) Measured DNA-DNA pressure vs d
spacing curves for bulk DNA solutions in the TM buffer, without
and with 2 mM Co3þ. The arrow indicates the d spacing under
zero osmotic pressure. (b) Interaction energy per unit length, vs
d spacing, obtained by integration of pressures from (a). (c) and
(d) Total interaction energies of DNA inside phage capsids, for
two DNA lengths, determined from results like those in (b).
Background buffer is 50 mM Tris pH 7.5 for (c), and TM buffer
for (d). The energies for zero [Mg2þ] and for zero [Co3þ],
determined experimentally, are indicated by dotted horizontal
lines in (c) and (d), respectively. Note again that there is no ‘‘zero
[Mg2þ]’’ point for the 100% DNA strain (cI60).
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