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The work done during the period January lst, 1951 to
January 1lst, 1954, has been described in a series of publications
which were presented with last year's report. A list of references
to these is appended. One further publication on the same subject
has now been sent to press. The title is "The 3-Dimensional Patter-
son Yynction ~f Desoxyribose Nucleic Aclid". The content of this

paper has been described in previous reports.

Research carried out in 1954 has been concerned with the
structure of tobacco mosalc virus. Since the previous report was
written greatly improved Xeray diffraction photographs have been
obtained, and studied in detall. The best photographs were from a
gel of about 25% by welght TMV, spontaneously orientated in a fine
glass capillary (¥ig. 1). Since, in such a gel, the virus particles
are fully dispersed in the place perpsndicular to their long sxes and
are in random rotation sbout these axes (Bernal and Fankuchen, 19%42) suc
such a photograph represents the contimious “ourier transform of a
single virus particle. This has a repeat period of 69 A along the c-
axis, but no other lattice periodicity.

Improved measurements of the position of the innermost
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intensity maximum on each layer-line confiram the conclusion of
Watson (19%) that the virus particle is a giant helical moleculs,
the repeat period of 69 A containing 3 turns of the helix, on vhich
1ie 3n+l building units. The v-lue of n is most probably 12 (Watson
suggests that n is 103 but the strong maximum on the 3lst layer
line which he believed to be meridional has now been clearly resolved

into two maxima well removed from the meridian. The maximum on the

37th layer line has not, so far, been so resclved).

The intensity distribution on some 25 layer lines was measured
with a recording microphotometer, and used to calculate the cylindrical.
1y averaged Patterson function of the virus particle.

Since the intensity distribution within s layer~line is con-
timuous, with rapid fluctuations but no regular lattice repeat, it
could not be satisfactorily represented by means of sampling at
regular intervals. Instead, therefore, for the purpose of computing
the Patterson function, the intensity on each layer line was decom-
posed intn a series of Gaussions, Anp“§'2, the value of a, being
constant for a given layer line, and chosen to corrsespond with the
width of the narrowest peak on the layer 1lines /'. The Bessel func-
tion transform % 4 J,(27rg ) was then carried out for a series
of peak functions A, for valnoa‘of r from 0 to 160 A,‘Zgnghqlrtfult-
ing function miltiplied by the transform Gaussian e =/ <) 7
to obtain the transform of the contimuous intensity distribution of
the layer line. After carrying out this operation on e¢ach of the
layer lines, a series of cosine transforms gives the cylindrically
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averaged Patterson funotion (Fig. 2a). For large values of r ,
the caloculation was repeated using a very strong "artificisl tempera-
ture factor® (Fig. 2b).
Ihe Equator. The first few equatorial maxima correspond closely, in
both relative intensity and in position, to those which would be given
by a uniform-density rod of diameter 140-150 A. The first maximum,
at about 90 A, is by far the strongest of the diagram. Its inclusion
in the Patterson computation imposes a strong oscillation of period
90 A on the whole Patterson function. This is obviously spuriocus, and
is due to the omission of the non-observable central maximum. To
eliminate the effect with a minimim of arbitrariness, the following
device was used. |

The intensity and position of the first two equatorial
maxima were used to determine the intensity of the non-observable
central peak whieh would be given by uniform-density rods of diameter
150 A scattering independently. The shape of this theoretical peak
is known. 1Its transform was calculated, and added to the Patterson
function. The resulting complete Patterson function of the virus
particle no longer shows the 90 A oscillation, but has the inconvenienc
of rising very steeply at small values of r « To eliminate this, the
Patterson function of structureless rods of the same mean density (and
diameter 150 A) was subtracted. The final Patterson function, shown
in "4{g. 2, thus relates to the virus particles embedded in a structure-
less medium of density equal to the mean density of the virus.

The experience of others who have studied the Patterson
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functions of large molecules and in particular of proteins, shows
that great caution must be exercised in attempting an interpreta-~
tion. In the present case, in the cylindrically averaged Patterson
function of such a complex molecule it is most probable that
important fe:tures of the structure are entirely obscured, and
others distorted. Nevertheless, two features of ¥ig. 2 appear
to be worthy of attention.

The series of peaks indicated by crosses in ¥ig. 2a suggests
an end-on view of a double layer of rods of diameter 11 A. This
is consistent with Watson's tentative suggestion that each turn
of the helix contains a double layer of X ~helices lying perpen-
dicular to the axis of the virus particle. The linearity of the
sories of Patterson peaks indicates that the 11 A diameter rods
lie in s tangential rather than a radial direction with reppect
to the particle axis (¥ig. 3).

The pea@ﬂ at 140-150 A in ¥ig. 2b coincides with the known
diemeter of the particle. The shape of this peak with pesks on
the base line and at the pitch height and bulging symmetrically on
either side, can best be explained by supposing that the particle
has an externalgroove, the groove foliowing the line of the helix.

Turther evidence of such a groove is given below.

Since the number of units on the helix in cach repeat period
in the axial direction is large (probably 37), the projection of
the structure on a plane perpendicular to the axis of the virug
particle is virtuaslly centro-symmetric. The strong periodicity of
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intensity over a consider:ble region of the ecuation, a2nd the close
resomblance between the central maxime and those which would be
given by structureless rods of the same diameter, together mske it
possible to determine the signs of the first 12 equatorial maxims.
Henc e, with the 2id of a strong "artificial temperature factor"
to eliminate the effect of diffraction at larger angles, the Fourier
projection of the virus was calculated.

The most striking feature of the ¥Fourier projection is a
shell of high density at a radius of sbout 55 A. One possible
explanation of this i1s that the virus RNA lies in this shell, Alter-

natively, the high density may simply correscond to a shell of low
hydration.

It is not, in general, possible to attribute certain parts
of an X-ray diagram to particular festures of the diffracting struce
ture. However, in the case of helical struc.ures, once the helical
parameters have been established there are certaih restrictions on
the contribution of parts of the structure to the nnar-neridionﬁl
reflections. This is because knowledge of the helical perameters
determines which is the lowest order, n, of Bessel Tunction J,
cotributing to each layer line. The value of Jn(x) is close to
zero for X < Xp. Since the contribution of an atom at a radius
to the amplitude scattered at ¢ 18 proportional to Jn(2res ),
then if the first maxima on any layer line occurs at the position
3} s the atoms vwhich make the nrinecipal contribution to this
maxima lie on a radius  such that 2n71£;4xb
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There ¢an be no appreciable contribution from atoms lying on a
smaller radius.

Analysis of the position:s of the first 4 maxima on the t:ird
layer line shows that those can only come from a J  contribution
from a cylindrical shell of diameter 150 A. This means that at a
diameter corresp'nding to the diameter of the virus particle there
are strag density fluctuations having a period equal to the pitch
of the helix. The simplest explanation of this 13 again that the
virus particle has a screw~like contour, the groove of the screw
corresponding to the hellical arrangement of the protein. A semi-
quantitative calculztion based on the inteusity of the third layer
line maxima relative to that of the theoretical origin peak suggests
that the depth of the groove is of the order of 20 A,

A similar analysis of the 6th layer line shows that the inner-
most maxima are due to a Jp contribution from a shell of radius
55 A. This coincides with the high-density shell found in the
Fourier projection and thus shows that this high-density shell has
a strong periodicity of 11 A in the axial direction.

If the virus particle is consldered as a rod of diameter

150 A length 3000 A and molecular weight 5 x 107, and there are 37
protein bullding units on 3 turns of the helix in the repeat period
of 69 A, then the molecular weight of the building unit is 29,000.
This is about twice the molecular welght found by chemical methods
(end-group analysis and amino-acid content). It has been shown
that the X-ray results suggest that a turn of the helix contains

a double l:ayer of protein molecules, so th:t it seems that each
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building unit of the helix consists of two chemically eguivalent
or near-equivalent parts.

) The external gronving which gives the particle a rather large
surface, may perhaps account for the surprising variety and extent of
the chemical modifications which is possible to make in tobacco mosaic
virus without breaking up the particle, and, in some cases, without
destroying 1ts infectivity.

There is thus reason to hope that further chemical work on
the accessibility of the different amino-acids together with Xeray
studies of the chemically modified forms may help to -lucidate not
only the configurations of the protein chains, but also the positions

of certain amino acids in the virus.

As a result of an invitation to read a puaper at the Gordon
Hesearch Conference on Coal and Kelated "ubstances (at New Hampton,
N.H., 22nd=-27th inugust) two months this summer were spent in visiting
American laborstories. The first part of the journey was mainly cone
cerned with resesrch on cosl and carbon, both in universities and in
industrial organisations.

The second half of the journey most of the time was spent
talking with people interested in the structure of biological materiais.
Visits at St. Louis, Pasadena and Berkeley proved particul-:rly valu-
able. In these places blologists and chemlsts working on tobaceco
mosalce virus produced a wezlth: of interesting information, much of
it unpublished, and also showed themselves wiliing and anxious to send
théir products for i-ray investigation. Some of these have already

been received,
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FUTURE WORK
After the termination of the Turner and Newall Fellowship
(318t December, 195%) the work on tobacco mosaic virus will be con-
timied in this laboratory under a grant from the asgricultural Research
Council. This grant also provides for the app intment of a jJunior
regsearch worker, an assistant,and a technician, to assist in the work

and to enable the programme to be expanded.



RRSCRIFIZION OF RIAGRAMS

Fig. 1. Yeray diagram of TMV gel. Orientated specimen obtained
from N.W. Pirie's preparation of TMV, Rothamsted
Culture, incubated with proteolytic enzymes.

rig. 2. Cylindrical Patterson function of tobacco mosaic virus.
For. Tig. 2b (large values of p) a strong "artificial
temperature factor" has becn used.

¥ig. 3. Schematic representation of proposed arrangement of
protein in TMV. N.B. This drawing 1s inserted for
the sake of clarity; it inevitably involves great
over-simplification, as well as the insertion of
detail which is of no quantitative significance.

a) View of a short length of virus particle, showing
units and sub-units on 6 turns of the helix.

b) Axial section of a short length of virus particle.
Shaded region represents RNA.

¢) Transverse section of virus rod, showing 12 units
in one turn of the helix. Arrows indicate prin-
cipal direction of proteln chains in each unit,
RNA not shown.
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