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ABSTRACr Small-angle x-ray and neutron scattering techniques were applied to bacteriophage T7 solutions at
different scattering densities. Scattering curves determined under a variety of experimental conditions were used to
derive a set of parameters characterizing the shape, size, and weight of the whole phage particle and of its DNA and
protein components. The T7 head has an icosahedral shape with an edge of 37.7 ± 0.5 nm, a volume of (12.0 ± 1.0) x
IO' nm3, and a small tail amounting to 6-7% of the head volume. The intraphage DNA region is most probably a hollow
sphere. The best fit to the data was obtained with a model in which the hollow sphere filled with a protein core with a
diameter of 24 nm. The average degree of swelling (i.e., the ratio of the hydrated to the dry volume) of the particle is 2.3;
the degree of swelling of the DNA component is higher, 3.2, and that of the protein part is lower, 1.2.

INTRODUCTION

Though the bacteriophage T7 of Escherichia coli (E. coli)
was described in the early 1940's, it is still the object of
rather intense research work because it provides an excel-
lent biological substance, whose structure may serve in
several aspects as a model system of the chromosomes. The
problem of the intraphage packaging of the DNA accom-
plished during the phage maturation process by nucleic
acid-protein interaction is of special interest (1, 2).

There is already considerable information available on
the physical and morphological properties of the whole T7
particle (3-11), but the values of the parameters charac-
terizing it have several inaccuracies, perhaps due to the
wide variety of the methods used for their determination.
Inside the phage particle T7 (50 x 106 daltons) a double
stranded DNA of molecular mass 26 x 106 daltons (3-6,
12-15) was found. The phage has an isometric polyhedral
head with a small tail attached to it with an average
diameter of 58-65 nm according to Davison and Freifelder
(16). Permogorov et al., on the other hand, found a
diameter of 47-52 nm (17). Serwer found a significant
variation in the phage volume depending on the method of
determination and on the state of hydration of the particle
(18, 19).
The aim of the present work is to report on the phage T7

structure in solution as obtained by small-angle x-ray and
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neutron scattering. Using these two different radiations,
which have different types of interactions with matter (x
rays are scattered by the electrons, neutrons by the atomic
nuclei), and interpreting the diffraction curves in terms of
the same models resulted in a set of parameters character-
izing the whole phage particle, namely, the size, shape, and
weight of the phage. The dimensions and shape of the area
occupied by intraphage DNA and the character of DNA
ordering inside the phage head were also obtained.
The method of small-angle thermal neutron scattering

gives information on two- and multicomponent biological
structures by means of the so-called contrast variation
technique (20). The considerable difference between the
scattering length of hydrogen (-0.37 x 10'-2cm) and that
of deuterium (+0.67 x 10-'2cm) enables one to select
scattering densities of the solvent that are equal to one of
the phage components by changing the ratio H20/D20 of
the solution. The possibilities offered by this method were
extensively applied in our investigations.

MATERIALS
Phage T7 was grown using E. coli B (wild type) as host cells making use
ofour earlier experience with the optimalization of phage production (21)
in a chemostat. The concentration and purification of the lysate were
carried out by sedimentation according to Strauss and Sinsheimer (22).
The final centrifugation was accomplished in a CsCl density gradient.
CsCl was then removed by ultrafiltration in an Amicon cell (Amicon
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Corp., Scientific Sys. Div., Lexington, MA) on an XM-300 filter. Finally
the process was completed by a resuspension of the phage in a solution
containing 0.04M Tris buffer, pH 7, and 0.1 M NaCI.

For x-ray scattering measurements phage concentrations of 6-52
mg/ml were used in a thin-walled glass capillary 0.08 cm in diameter. For
neutron-scattering experiments four types of preparation were used.
Phage T7 in a Tris buffer containing either 100% D20 or 100% H20 and a
Tris buffer with a D20 content of 41 or 63%. In all cases 0.1 M NaCI was
present. The biological activity of the phage, pH 7.0-7.3, did not change
after the D20 treatment.

METHODS

The detailed methods were published earlier (23). The intensity of the x
ray scattered by the samples of the phage was recorded with two types of
automatic small-angle diffractometer equipped with a Kratky (A. Paar,
Graz, Austria) or a Rigaku Denki (Rigaku Denki, Inc., Tokyo, Japan)
camera. Unfiltered copper radiation with a 0.154-nm wavelength (A) was
used; the range of the scattering angles (0) was 0.1-200, which corre-
sponds to Q = 0.07-14 nm- ' (Q = 4r sin 0/A) at a temperature of 1 20C.
Both the sample and solvent curves were smoothed by a computer
program. Proper collimation corrections for the slit height and width were
made (24, 25). The small-angle scattering curves of the phage were taken
as the difference between the sample and the solvent scattering curves.
The first four maxima of the small-angle x-ray scattering curve of

phage T7 are shown in Fig. 1. The drop of intensity in the measured range
of Q is 6 orders of magnitude, and there are 20 maxima. In this case the
contrast (Ap) is 4.3 x 10'0 cm/cm3, where Ap is the difference between
the scattering density of the particle (p) and that of the solvent (pi).

Neutron measurements were carried out on the small-angle scattering
instrument "Membrane" utilizing the horizontal channel of the VVR-M
reactor (Leningrad Institute of Nuclear Physics, Leningrad, Union of
Soviet Socialist Republics). The neutron beam is selected by a magnetic
monochromator; the specimen is placed in a cell with quartz windows
(volume of -0.5 cm3). The scattered radiation was recorded with a
multichannel detector on line with the computer. The wavelength of the
incident radiation in these experiments was A = 0.303 nm, the wavelength

1(Q)

3
10

tn

10

10~~~~~~~~~~~~~~~~~-

0 0.15 0.3 0.45 Q nm

FIGURE 1 Small-angle x-ray scattering on bacteriophage T7.
experimental curve. ---, theoretical curve from the model shown in inset.
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FIGURE 2 Small-angle neutron scattering on bacteriophage T7. In curve
I the solvent is H20, in 2 D20, in 3 41% D20/59% H20, and in 4 63%
D20/37% H20.

resolution was AX/X = 4.5%; the vertical resolution was 0.20 and the
horizontal, 0.040. The scattering curve was only slightly changed because
of the collimation correction for the height of slits.
The measurements carried out with the four solvents resulted in the

scattering curves presented in Fig. 2. Curves 1 and 2 correspond to the
scattering by the phage particle as a whole, curve 3 represents the DNA
region, and curve 4 the protein part of the particle. In the case of curves 1
and 2 the scattering densities of both the protein part and of the phage
DNA were different from that of the solvent. In the case of curve 3 the
solvent containing 41% of D20 provides a contrast only for the DNA
region of the phage, i.e., the scattering curve gives information on the
DNA only because the scattering density of the solvents is the same as
that of the protein and, consequently, the protein shell as well as the tail
are contrast matched. With a D20 content of 63% the DNA component is
matched and curve 4 gives information on the protein component. The
scattering densities at the different experimental conditions are summa-
rized in Table I.

RESULTS AND DISCUSSION

The small-angle x-ray (Fig. 1) and neutron (Fig. 2)
scattering curves show many common characteristics, but
in the case of the neutron scattering the maxima are more
spread out due to perhaps the smaller wavelength resolu-
tion of neutron radiation than x rays.

Radius of Gyration
The radius of gyration (Rg) of the phage T7 was deter-
mined from the Guinier region as well as from the positions
of the maxima and minima of the scattering curves in Fig.
1 and 2. In Fig. 3 the R2 values are presented as a function
of Ap'. Note that the values of the radius of gyration as
shown in Fig. 3 and listed in Table II depend on the type of
radiation and the contrast of the sample. Varying the
scattering density of the solvent and the type of radiation
allows one to shade or illuminate particular components of
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TABLE I
VALUES OF SCATTERING DENSITIES*

Radiation

Material Neutron X rays
(x 10'°) (x 10'°)

cm-2 cm-2
DNA +3.7 +15.4
Protein +1.9 ± 0.1 +12.0 ± 0.2
H20 -0.56 +9.4
D20 +6.34 +9.4
41% D20 +2.27 +9.4

protein matching
63% D20 +3.79 +9.4

DNA matching

*See reference 19.

the phage particle, i.e., their partial contribution to the
scattering changes. On the basis of the above-mentioned
dependence (for an analytical formula see reference 26)
two types of results can be obtained.
The first is obtained by interpolating the data to Ap-'

0. The dimensions of the whole particle (of uniform density
corresponding to its average value) characterizing the form
of the phage are derived from these data. This interpola-
tion was performed for neutron experiments. In the case of
x-ray data the contrast is high (Ap = 4.3 x 1010 cm/cm3;
Ap ' = 0.24 x 10-1' cm2) and the dimensions of phage
obtained in buffer solution and those obtained by interpola-
tion to Ap-' = 0 coincide within an error of 3-5% (Fig. 3).
The second is obtained when the scattering of one of the
other components is matched by an appropriate solvent
composition. These results yield the radius of gyration, and
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other structural characteristics of phage DNA, and the
radius of the protein shell, respectively.

Shape and Size of Phage T7

The geometric characteristics of the bacteriophage are
determined from the x-ray scattering data. The phage
volume was calculated by Porod's invariant (27, 28). In the
range of the 2-5 subsidiary maxima the decrease of the
scattered intensity follows the relation I - Q-4. The value
V = (124 ± 10) x 103 nm3 was found for the volume. Since
the small phage tail influences the scattering curve only in
the range of the main maximum and minimum, the
positions of the subsidiary maxima are unaffected (29), the
radius of gyration of the phage head was derived from the
positions of the first five subsidiary maxima; its value was
Rg = 23.6 ± 0.5 nm. The dimensions of the phage obtained
from the x-ray data are necessarily smaller (-3%) than
those obtained from neutron scattering, since in the latter
case no interpolation was carried out to Ap-' = 0, namely,
infinite contrast (see Fig. 3). The scattering curve shown in
Fig. 1 is consistent with a polyhedral nucleocapsid, the
structure derived from electron microscopic data (2, 10,
19).
A more precise determination of the shape of the phage
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FIGURE 3 The reciprocal contrast dependence of the radius of gyration
of phage T7. * indicates R. determined from the x-ray data of the Guinier
region (phage concentration: 16 mg/ml); 0, R. determined from the
neutron data of the Guinier region (phage concentration: 16 mg/ml); *,
R. determined from the neutron data of the positions of maxima and
minima (independent of the concentration).
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FIGURE 4 Small-angle neutron scattering curves of phage T7. The
solvent is 41% D20/59% H20. 000 indicates experimental data;
theoretical curve of a rotational ellipsoid with an anisometry of 0.5;
hollow sphere dID = 0.4; ** *, solid sphere.
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particle has also been carried out. Of a series of possible
forms (sphere, ellipsoid, icosahedron) the best fit of the
theoretical scattering curve to the experimental data in the
range of the first five maxima was found in the case of the
model presented in Fig. 1 (30). Thus phage T7 has an
icosahedral shape with an edge of 37.7 ± 0.5 nm, a volume
of (120 ± 10) x 103 nm3, and a small tail that is 6-7% of
the head volume.

Weight of Bacteriophage T7
The weight determination of a biological macromolecule is
based on the fact that the scattered intensity at angle zero
is proportional to the square of the number of electrons in
the scattering particles, and does not depend on their
shape. Thus the knowledge of the chemical composition of
the macromolecule or particle enables one to calculate
their mass (28). From earlier results (31) the value of
0.669 cm3/g was used for the specific volume, and with this
value the mass of the phage was found to be (58 ± 8) x 106
daltons. This is somewhat higher than the values obtained
by other methods (4, 6, 12, 13).

Structural Characteristics of Intraphage
DNA

The small-angle neutron scattering curve 3 in Fig. 2 as well
as that in Fig. 4 corresponds to the scattering from DNA
when the protein is contrast matched. The form of DNA
region was approached by using the trial model method.
The first and simplest approximation of the experimental
curve was the theoretical curve of a homogeneous sphere
with a diameter of 60 nm (see dotted curve of Fig. 4 and
column 4 in Table II). A better fit was found with the
model of a hollow sphere with a hole diameter of 24 nm
(see dashed curve in Fig. 4). This scattering curve is not
suitable for directly determining whether or not the hole

contains protein because the scattering density of the
solvent is the same as that of the protein.
A comparison of the Rg values for the whole phage (at

infinite contrast, i.e., Rg of the shape), its DNA and protein
part, has been carried out. The experimental values used
for the analysis are listed in Table II. For the case of DNA
matching (curve 4 in Fig. 2), where there are only two
density levels, 0 and 1 (solvent and protein, respectively),
from the results of the central symmetric approximation
(i.e., approximation without taking into account the phage
tail) it is possible to select one of the following two models:
(a) a model of protein shell with a protein core, and (b) a
model of protein shell without any core.
The radius of gyration for model a is given by

2 (3 r2- +

R= 3/5 (

and for model b

where rl, r2, and r3 denote the radii of the hole (or that of
the protein core) of the invisible DNA part and the outer
radius of the phage head, respectively. For model a we
calculated an Rg value of 30.3 nm using 12 nm, 30 nm, and
34 nm (experimental value 33.9 nm) for the radii (see
Table II). For model b the calculation yielded Rg = 32.5
nm. The experimental value obtained with contrast-
matched DNA was Rg = (29.5 ± 1) nm. Consequently a
protein core exists inside the phage T7. Electron micros-
copy of negatively stained phage T7 has revealed a cylin-
drical protein core with dimension of 10-25 nm (32, 33)
surrounded by DNA. The form of the protein core deduced
from our measurements may be approximated by a sphere
with a diameter of 24 nm (the accuracy of the data is 10%).

TABLE II
DATA FROM NEUTRON* AND X-RAY: SCATTERING

Radius by spherical
Contrast approximationSolvent x 1010 PO'° 11

R8§ R8ll ~~ ~ ~~~~~R§R||

cm-2 nm nm
D20 -2.82 27.5 ± 0.5 27.1 ± 0.5 35.5 ± 0.7 35.2 ± 0.6
H20 +3.16 26.0 ± 0.6 25.6 ± 0.5 33.5 ± 0.6 32.8 ± 0.6

Neutron radiation
41% D20 +0.71 24.0 ± 1 23.0 ± 1.0 30.0 ± 1.3 28.8 ± 1.3
64% D2011 -0.64 29.5 ± 1.0 36.0 ± 1.3
interpolation 26.3 ± 0.6 25.9 ± 0.5 33.9 ± 0.7 33.2 ± 0.6

X-ray radiation
H20 +4.3 26.0 ± 0.3 23.6 ± 0.5 33.6 ± 0.4 30.4 ± 0.7

*Phage concentration is 16 mg/ml.
tExtrapolated to infinite dilution.
§Calculated from Guinier approximation.
||Calculated from the positions of the subsidiary maxima, and consequently the values are independent of the phage concentration.
llPhage concentration is 70 mg/ml.
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Note that our method has the advantage of yielding data
about the native phage in solution.

According to the comparison of the experimental and
theoretical (34) x-ray scattering curves in the range of
5-20° (the corresponding Q values are 3.5-14 nm-') the
intraphage DNA has a conformation similar to the B form.
The reflection in the range of 3.5° (Q = 2.45 nm-')
corresponds to the Bragg distance of 2.4 nm produced by
the parallel packing of the DNA chains. This reflection
was obtained in x-ray scattering experiments on the intact
phage particles. A distinct modulation of this maximum
was obtained earlier by Earnshaw and Harrison (35) with
the help of a point camera and interpreted as resulting
from DNA packing into concentric layers.

Hydration of the Phage
The weight of the phage obtained by the absolute determi-
nation of the scattered x-ray intensity is the dry weight of
the particle but its hydration can be deduced by geometric
data. From the x-ray scattering data the average hydration
is 0.7 g/g of dry weight and the degree of swelling (i.e., the
ratio of the hydrated to the dry volume) is 2.3.
The size of the DNA region as well as that of the protein

core was determined from neutron measurements. From
the diameter of the phage head the volumes of its compo-
nents were calculated as follows: Vprotdn =-- 4.7 x 104 nm3
and VDNA = 10.6 X 104 nm3. Both values obtained in Tris
buffer are 15-20% higher than those found by Serwer
(18) with the iothalamate buoyant density sedimentation
method. Taking into account the identical masses of the
components in our case (2, 4, 12, 16) the calculation of the
average swelling of the phage gives a value of 2.2, which is
in agreement with the x-ray data. Based on the different
specific volumes of DNA and protein the swelling values
for the DNA and protein components are 3.2 and 1.2,
respectively. The corresponding hydrations are 1.2 g H20
per gram ofDNA and 0.25 g/g of protein; thus the DNA is
highly hydrated. Practically the same value (0.693 g
H20/1 g dry material) was found by Serwer (18). The
slight differences in the values for DNA hydration: 1.12 g
H20/1 g DNA (18) and 1.2 g H20/1 g DNA in our case
may be due to differences in techniques and to differences
in media used.

Since the submission of this paper a publication
appeared dealing with the dimensions of phage T7 deter-
mined by small-angle x-ray scattering (36). The value of
30.1 ±+ 0.2 nm for the radius of the phage head found in a
spherical approximation is in good agreement with our
value (30.4 ±+ 0.7 nm) listed in Table II. The total phage
volume ([114 ± 5] x 103 nm3 in their case and
[120 ±+ 10] x 103 nm3 in our case) also agree. The volumes
of the components (Vprotein and VDNA) are not directly
comparable because of the different techniques used for
their determination: x-ray scattering and contrast match-
ing by neutron scattering.
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