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I t  is known that  in tobacco mosaic virus (TMV) structurally equivalent protein sub-units lie in 
helical array about the long axis of the rod-shaped particle. I t  has not, however, proved possible 
to make a reliable determination of the helical parameters by the usual methods of direct measure- 
ment on X-ray fibre diagrams. 

A quantitative comparison has now been made of the equatorial intensities in fibre diagrams of 
TMV and of a mercury-substituted TMV, TMV-Hg. This has led to the determination, first of the 
radial distance of the substituted mercury from the particle axis in TMV-Hg, and then of the 
parameters of the helical arrangement of protein sub-units in TMV. I t  also made possible the 
calculation of the radial density distribution in TMV, the result obtained being in good agreement 
with the earlier work of Caspar. 

From a knowledge of the helical parameters and other physical and chemical data  it can be shown 
that  the symmetry of TMV is that  of the simplest possible helical line group, there being no sym- 
metry elements other than the helical axis. 

Introduction 

The X - r a y  f ibre-diagrams obtained from orientated 
prepara t ions  of tobacco mosaic virus (TMV) show tha t  
the  particles have a highly ordered internal  s t ructure  
(Bernal & Fankuchen,  1941). The best fibre diagrams 
are obtained from concentrated aqueous gel prepara-  
tions in thin-walled glass capillary tubes (Bernal & 
Fankuchen ,  1941), in which the virus particles, of 
length about  3000 A (see Williams & Steere, 1951) 
and mean diameter  about  150 /~ (Bernal & Fan- 
kuchen, 1941; Frankl in  & Klug, 1956) lie with their  
long axes parallel to the axis of the tube. Since the 
virus particles are in r andom rota t ion about  their  long 
axes, and, moreover,  do not  lie str ict ly on a lattice, 
these fibre diagrams record, effectively, the cylindri- 
cally averaged squared s t ructure  factor  of a single virus 
part icle;  interpart icle interference effects are appre- 
ciable only on the equator  a t  spacings larger than  
100 A. 

Certain features of the  s t ruc ture  of the virus can be 
deduced directly from measurements  made  on TMV 
fibre diagrams alone. In  this way  it has been shown 
(Watson,  1954; Frankl in ,  1955) t h a t  the  virus protein 
(which comprises about  94% of the  virus, the  re- 
mainder  being ribonucleic acid (RNA)) consists of 
equivalent  sub-units  set in helical a r r ay  about  the 
particle axis, the axial repeat  period of 69 A contain- 
ing 3 n + l  such sub-units  on 3 turns  of the helix. I t  
was also shown (Franklin & Klug, 1956) from a direct 
s tudy  of TMV fibre d iagrams t h a t  the surface of the  
TMV particle is not  smooth, but  bears a ra ther  deep 
helical groove, between the turns  of which lies a 
helical a r r ay  of knobs. 

While it is possible to push somewhat  fur ther  this 
type  of direct in terpreta t ion of the  TMV diagrams,  
more substant ia l  progress can be made  by comparing 
these diagrams with those of related substances.  I t  
has been shown by Green, Ing ram & Perutz  (1954) 
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tha t  the method of isomorphous replacement can be 
usefully employed in problems of protein structure. 
This paper describes the first steps towards a syste- 
matic application of this method to the s tudy of the 
structure of TMV. 

Helical parameters 
In  discussing the helical parameters of TMV we shall 
use the terminology of Klug, Crick & Wyckoff (1958, 
hereafter referred to as K.C.W.). I t  will be convenient 
to describe the helical structure of TMV protein in 
terms of its bas ic  helix (see K.C.W.), this being fully 
defined by u, the number of structure units in the 
axial repeat period, t, the number of turns of the helix 
per repeat, and P, the pitch of the helix. Here the 
structure unit may be considered as the analogue of 
the unit cell of a crystal; the helical parameters are 
analogous to the unit-cell dimensions. L i k e  the unit 
cell of a crystal, the structure unit can contain more 
than one asymmetric unit. That  is, in the terminology 
of K.C.W., the structure may contain more than one 
asymmetric chain. 

When the helical structure is viewed in the form of 
its radial projection (see K.C.W.), there is one helical 
net point for each structure unit. The parameter u 
thus also defines the number of helical net points per 
repeat. 

Pursuing further the analogy with a crystal, we find 
tha t  it is, in theory, possible to determine the helical 
parameters from direct measurements on the appro- 
priate X-ray diagrams. (Moreover, for this, the fibre 
diagram is not only the one which is most often 
available, but is also that  which is ideally suited to the 
purpose.) I t  is necessary only to establish the order, n, 
of the Bessel function terms which contribute to a 
number of different layer-lines, l, and then to apply 
the selection rule (see K.C.W.) 

n = ( m u + l ) / t ,  (1) 

where n and m are integers. 
However, although this method has been success- 

fully applied to a number of simpler structures (Bunn 
& Howells, 1954; Wilkins, Stokes & Wilson, 1953; 
Franklin & Gosling, 1953; see also Crick, 1954), 
at tempts to apply it to TMV have led to two erroneous 
estimates of u. We shall therefore first explain how 
these mistakes aros% and then proceed to describe a 
method which we believe gives the value of u much 
more reliably. 

I t  is immediately obvious, from inspection of the 
TMV fibre diagram, tha t  Bessel functions of low order 
occur on layer lines 3, 6, and 9. Moreover the positions 
of the innermost intensity maxima on the 3rd layer 
line (taken in conjunction with the known maximum 
radius of the virus particle, 80-90/~ (Franklin, 1955; 
Franklin & Klug, 1956), are such that  they could be 
due only to a Bessel function of the first order (see 
Franklin & Klug, 1956). The positions of the inner- 

most maxima on the 6th and 9th layer lines are con- 
sistent with their being due to J2 and Ja terms respec- 
tively. 

The occurrence of J1, J2 and Ja terms on layer lines 
3, 6, and 9 respectively gives two pieces of information 
concerning the helical structure. :First, it follows from 
the selection rule (1), tha t  t = 3. That  is, the 3rd 
layer line is that  which relates to the pitch of the helix, 

• 23 •. Secondly, the structure must belong to one of the 
helical line groups which does no t  have rotational sym- 
metry, since the presence of r-fold rotational sym- 
metry would lead to the absence of all J~ for which 
n is not a multiple of r. Thus, in the notation of 
K.C.W., the structure belongs e i ther  to the simplest 
helical line group, s, or to the group s2, which has 
dyads perpendicular to the helical axis. Hence, in 
TMV, there must be either one or two asymmetric 
units (K.C.W., Table 1) per helical net point. 

I t  remains to determine the value of u. I t  follows 
from the selection rule, (1), that  a zero-order Bessel 
function occurs on the uth layer line. Since Jo is the 
only Bessel function which has a maximum at the 
origin, the value of u may be determined by finding 
which is the first layer line (after the equator) which 
bears a truly axial intensity maximum. The spacing 
of this axial intensity maximum will correspond to the 
axial distance between successive helical net points. 

By taking photographs of tilted specimens, Watson 
(1954) observed a strong, apparently axial maximum 
on the 31st layer line, and suggested that  u might be 
31. In photographs of better orientated preparations 
Franklin (1955) showed that  the maximum on the 31st 
layer line was not t ruly axial (:Fig. 1). She observed a 
further maximum on the 37th layer line, which was 
not split, and therefore suggested the value 37 for u. 
This method of determining u for TMV is, however, 
highly unreliable, since the maximum radius of the 
helix is so large that  the slightest lack of orientation 
in the specimen makes it impossible to distinguish 
between a Bessel function of zero and one of low but  
non-zero order. This is true even if the angle of til t  
of the specimen is accurately known. For example, 
taking the maximum radius of the particle to be 80 A, 
the position of the maxima on the 31st layer line, 
shown in Fig. 1, is such tha t  they could be due to a 
Bessel function of order as high as 14. I t  is thus clearly 
hopeless to a t tempt  to distinguish, by this method, 
between Bessel functions of order 0, l, 2 or 3. We 
therefore made a fresh approach to the problem, using 
the method of isomorphous replacement. 

Isomorphous replacement 
The method of isomorphous replacement is normally 
employed for the determination of the signs and phases 
of structure factors of a crystal after the unit cell and 
space group have been determined. In the case of 
TMV, however, it has proved useful to introduce it at 
an earlier stage of the investigation. If each structure 
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37th. layer 
line 

3w st. layer 
line 

Fig. i. X- r ay  fibre d iagram of o r ien ta ted  TMV solution,  showing spl i t t ing of the in tens i ty  m a x i m u m  on the  31st layer  line. 
The axis  of the  specimen was inclined at  a b o u t  20 ° to the  vert ical ,  this being the  angle required for a complete representa t ion  
of the 31st layer  line. 

For  this  pho tograph  an E h r e n b e r g - S p e a r  f ine-focus X - r a y  t y b e  was used,  wit/h a hydrogen-f i l led camera  and lead-glass 
capi l lary col l imator  of bore 50/~. Spec imen-f i lm dis tance l l ram., exposure  t ime 137 hr. 

q 

"tl 

~ O 

Fig. 2. X - r a y  fibre d iagram of o r ien ta ted  TMV solution,  with  axis of specimen vert ical .  Fo r  this pho tograph  a ben t -quar t z  
line-focusing m o n o c h r o m a t o r  was used,  with a vacuum camera  having a spec imen-f i lm dis tance of 12 am. 

[To .fore p. 214 
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il 
Fig..3. X-ray fii)re d~gram of orientated solution of the mercury derivative o~ TMV, TMV-]Tg. 

C~mer~ etc. the s~me ~ for Fig. 2. 
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unit can be labelled in a specific way with a heavy 
atom, it is possible, from a detailed comparison of the 
X-ray fibre diagrams of TMV and its heavy-atom 
derivative, to measure, in effect, the X-ray fibre 
diagram of the helical array of heavy atoms, and hence 
to determine the helical parameters. 

The selection rule, (1), shows that, in addition to a 
J0 contribution on layer lines u, 2u, etc., there are 
contributions of J0, Ju, Jeu, etc., on the equator. This 
paper describes the use of a heavy-atom derivative of 
TMV to detect the equatorial J~ contribution and 
determine its order, u. The work falls into two parts. 
First, in the low-angle region of the equator, where 
scattering is due to J0 contributions only, a quantita- 
tive comparison of scattering by TMV and a mercury 
derivative of TMV (TMV-Hg) enabled the radial dis- 
tance of the mercury from the helical axis to be 
determined. Then, from a comparison of the scattering 
of the two materials at higher angles, it was possible 
to identify the first peak of the Ju contribution due 
to the mercury atoms, and hence, knowing the radius 
at which the mercury lies, to find the value of u. 

The first stage of the work leads also to the deter- 
mination of the signs of the particle scattering factor 
in the angular range in which only J0 terms are im- 
portant. These were used to calculate the radial den- 
sity distribution in the virus. The radial density 
distribution so obtained is in good general agreement 
with that  derived by Caspar (1955; 1956) using a 
different heavy-atom derivative. 

The heavy-atom derivative 

Measurements were made on a normal strain of TMV 
and on its mercury derivative, TMV-Hg. Both these 
substances were prepared for us by Dr H. Fraenkel- 
Conrat at Berkeley. In TMV-Hg, mercury in the form 
of -Hg-CH 8, was bound to the extent of one atom to 
approximately 20,000 molecular weight of virus. 
Chemical investigations have shown that TMV protein 
is built up of sub-units of molecular weight 17,000- 
18,000 (Harris & Knight, 1952, 1955; Schramm & 
Braunitzer, 1953; Braunitzer, 1954; Schramm, Brau- 
nitzer & Schneider, 1954). The TMV-Hg preparation 
therefore contains nearly one mercury atom to each 
sub-unit. Moreover, the mercury is bound to the cys- 
rein, and there is only one cystein residue in each 
chemical sub-unit (Knight, 1954). If we make the 
reasonable assumption that  all chemical sub-units are 
structurally equivalent as far as the X-ray fibre- 
diagrams are concerned (which does not necessarily 
imply that  they are all chemically identical in every 
detail), it follows that  the chemical sub-unit is the 
'asymmetric unit'  of the helical structure. There are 
thus either 1 or 2 Hg sites (that is, either 1 or 2 chem- 
ical sub-units) to each helical net point, according to 
whether the line group of the helical structure is s or 
s2 (see above). Moreover, the mercury atoms must all 
lie in structurally equivalent positions; that  is, they 

must all lie at the same distance from the helical axis 
in a helical arrangement whose parameters, u and t, 
are the same as those of the helix of the virus protein. 

Experimental 
Both the TM-V and TMV-Hg preparations were used 
in the form of concentrated aqueous solution (about 
20-30% virus) sealed in thin-walled glass capillary 
tubes of diameter about 0-5 mm. 

X-ray fibre diagrams were obtained with Cu K~ 
radiation, using a bent-quartz line-focusing mono- 
chromator. The specimen-film distance was 12 cm., 
and the camera .was continuously evacuated. 

Intensities were measured with the Walker recording 
microdensitometer (Walker, 1955). Multiple-film ex- 
posures were used, and measurements were confined 
to regions of photographic density less than 0.8. In 
addition, photographs with somewhat weaker ex- 
posures were taken with one half of the film shielded 
by an aluminium screen which transmitted 0.26 of the 
incident Cu K~ radiation. This was necessary in order 
to relate the intensity of the first (non-origin) equa- 
torial peak to measurements on the rest of the photo- 
graph, since the intensity of this peak was about ten 
times as great as that  of the next strongest peak. 

The analysis  

X-ray fibre diagrams of TMV and TMV-Hg, obtained 
with the focusing camera, are shown in Figs. 2 and 3. 
In this paper we shall be concerned only with the 
detailed analysis of the equatorial regions. 

The structure factor on the equator is given by: 

F = Const. x [~,f~Jo(2~Rrj)+ 2 .~,fjJu(2~Rrj) 
] J 

x exp [ iu(~-~j+½z)]  

+2.~'fjJ2u(2z~Rrj) exp [2 iu(~-~j+½z)]+etc . ] ,  (2) 
i 

where fj is the scattering factor of the atom j which 
has coordinates ri, ~ ,  and R and ~ are the correspond- 
ing reciprocal-space coordinates. We know, from earlier 
work (Watson, 1954; Franklin, 1955), that  u cannot 
be less than 37 and that  the radius of the particle is 
not greater than 80-90 J~. I t  follows that  terms in 
J2u and higher orders occur only at very large angles 
and are outside the range of our measurements. We 
are therefore concerned only with terms in J0 and Ju. 

The Jo term 
If the radius of the particle is 80 • and u not less 

than 37, the value of the Ju term cannot differ signi- 
ficantly from zero for values of R ( - -2  sin 0//~) less 
than 0.08 /~-1. In practice, we have been able to 
distinguish between the J0 and Ju contributions, and 
hence to measure the J0 term, for values of R up to 
0.10 /~-1. This is possible because, in the range R -- 
0.06-0.10 A -1, there is a rather regular alternation of 
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intensity of period so small that  it corresponds to a 
structure of radius 73 A, which is close to the maximum 
radius of the virus particle. This part of the intensity 
pattern must therefore be due to the J0 term, since 
the first few peaks of a high-order Bessel function are 
much broader than succeeding ones, and so could not 
possibly produce such an effect. Moreover, since the 
structure factor of the J0 term is everywhere real, 
we know that the J0 term must pass through zero 
between each of these closely spaced intensity maxima 
(cf. Bragg & Perutz, 1952). These considerations make 
it possible to insert semi-empirically, on the micro- 
densitometer traces, the smooth curve of the back- 
ground scattering which must be subtracted from the 
total scattering in order to obtain the J0 term. The 
background so subtracted is due mainly to scattering 
by glass and water, but could also contain a small 
contribution from the Ju term. 

From the J0 part of the intensity curves, derived in 
this way, F (= ~/I) was calculated for both TMV and 
TMV-Hg. 

Assuming (for the reasons given above) that  all the 
mercury atoms in TMV-Hg lie at the same radius, 
r~ ,  then the difference between the J0 terms of 
~'T~V and Fw~tv_~rg will be a simple Bessel function of 
the form AJo(2~rRr~ ), where A is an amplitude 
related to the mercury concentration. FTM v and 
FT~V-H~ (and hence IT.~IV and ITMV-Hg) m u s t  therefore 
be equal at values of R corresponding to the nodes 
of Jo(2~rRrH~). 

On the basis of the above considerations, a good 
preliminary estimate of r ~  can be obtained by direct 
inspection of the equatorial intensity curves for TMV 
and TMV-tIg, using only a few of the most obvious 
points of difference between the two curves. Partie- 

10 4 

" > 1 0  3 

t -  

e -  

- -  10 2 i ,..,. ,.-: 
/ i l ,  n A 

',I I I  I~,II il qil !l,l~ll y/ 

I lz l ' ,  I :,il iI( 1'1 It,,' lO 
t ! t t t t I 

' 0"02 ' 0"04 ' 0"06 ' 0"08 ' 0 " I 0  

R(A -~) 
Fig. 4. The intensi ty  dis t r ibut ion on the  equator  for TMV 

(full-line curve) and TMV-Hg (broken curve) plot ted,  on a 
logari thmic scale, as a funct ion of R. The arrows on the  
base line indicate the positions of the  nodes of J0(2~rR x 56.2). 
I f  the  mercury  a toms in TMV-Hg lie at  a radial distance of 
56.2 /~ from the particle axis, ITMV and ZTMV_~Ig should be 
equal a t  these positions, if the mercury  subst i tu t ion is 
strictly isomorphous.  

ularly valuable for this purpose is the observation that  
several of the equatorial intensity maxima of TMV are 
displaced in TMV-Hg and yet not appreciably broad- 
ened. This means that  the mercury contribution 
changes sign somewhere within these TMV intensity 
peaks, thus obliterating one edge of the peak and 
extending the other. This effect is most marked for 
the peak at R = 0.052 /~-1, which is displaced out- 
wards in TMV-Hg. In addition, the peaks at R = 
0.069 /~-1 and R = 0.077 /~-1 are displaced inwards 
(see Fig. 4). 

The approximate position of three of the nodes of 
Jo(2~rRrHg) can then be located in this way. Further, 
the peaks at R = 0.028 A -1 and R = 0.036 /~-1 are 
both strongly reduced in intensity in TMV-Hg, with- 
out any significant shift in the positions of maximum 
intensity. These two peaks are so sharp and so close 
together that  they must be of opposite sign, so it 
follows that the mercury contribution must change 
sign between the two peaks. Another node of 
Jo(27rRrig) must therefore be located close to R = 
0.032 A -1. 

From these observations alone it was concluded that  
the value of rHg was close to 57 A. This is illustrated 
in Fig. 5, where the function Jo(2JrRrHg) is shown for 

o.o Z 
 j/o.o2 ' % . /  ' 

 o.o2L  

/%.o2£ VV' 

Io.  

3"08/" 
'o.d4~ V <./ 

I v F 
R(A -1) 

Fig. 5. Plot  of the functions J0(2~rR x 44.5) (top), J0(2~rR × 57) 
(middle), and Jo(2~rR× 70) (bottom). The heavy vertical 
lines indicate approximate positions of nodes o~ 2nRr~g, 
deduced from inspection of the  equatorial  intensi ty  curves 
for TMV and TMV-Hg. The funct ion J0(2~rR× 57) gives 
the  best fit wi th these positions. 

r = 57 /~_ and also for two values of r (44-5 _~ and 
70 A) which give the next-best fits with the positions 
of the nodes deduced above. The only satisfactory fit 
with all four of these nodal positions is obtained for 
values of r close to 57 /~. 

To obtain rH~ with greater precision it is necessary 
first to determine the relative scale of our two sets of 
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intensity measurements (for TMV and TMV-Hg) and 
then to determine the experimental difference curve, 

To determine the relative scale of the two intensity 
curves, logarithmic plots of IT~V and ITMV_Hg w e r e  
prepared, superimposed on one another (see Fig. 4), 
and translated with respect to one another in the 
direction of the I axis until a position was found in 
which the two curves intersected at all the nodes of a 
function Jo(2~RrH~), for a possible value of r~ .  
(There are, of course, other intersections, where FTM v 

and FTMV_Hg a re  of equal magnitude but opposite 
sign.) I t  was found that  there was only one way in 
which this could be done, and this gave a value of 
r~g = 56.2+ 1.0/~, in satisfactory agreement with the 
above preliminary estimate of 57 /~ for reg. 

In Fig. 4 the positions of the nodes of J0(2~R × 56.2) 
are shown, together with the two intensity curves. 
(At the suggestion of Dr F. H. C. Crick, the relative 
intensity scale was also determined from the relation- 
ship 

~rRIFTw_Hgl \FTMV+FHJ~=0" 
The scaling factor obtained in this way agreed to 
within 1.5% with that  obtained by the method 
described above.) 

I t  will be noted that  the operation described above 
results in the simultaneous determination of both the 
radius at which the mercury atoms lie, and the signs 
of the J0 part of the TMV structure factor, since the 
signs of the mercury contribution are everywhere fixed 
once r~g is known. The signs determined in this way 
agree with those obtained earlier by Caspar (1955, 
1956) from a comparison of scattering by TMV and 
by a lead derivative of the virus. Using these signs, 
the Jo terms of the structure factor of TMV and 
TMV-Hg are shown in Fig. 6. 

i i , ! i i i , i i 

(a) 

t.t.. 

¢ x'(b) "" 

I I , , O S  I , 1 , I 0  
o o. o. 

R(A -~) 
Fig. 6. The J0 terms of the structure factors of (a) TMV and 

(b) TMV-Hg on the equator of the X-ray  fibre diagrams, for 
values of R between 0-0076 and 0.10 A -1. 

In Fig. 7 the experimental difference between 
FTM v and FTMV-Hg is compared with the function 

- , _ i  -,..,-. 

' ' ' ' ' o 5  ' ' ' ' 0 O" O" 

R(A -~) 
Fig. 7. The difference between the measured values of FTMV-Hg 

and 2'T~IV (dotted line) is compared with the function 
AJo(2rlR × 56.2) (full line). The value of A for the theoretical 
function here shown is such that ,  at R ---- 0, FHg is ap- 
proximately 5 % of ETMV (see text). 

J0(2~R × 56.2). In the range R = 0.02-0.10 A-1 agree- 
ment between the observed and theoretical difference 
curves is satisfactory. At lower values of R there is 
some distortion of the experimental values due to 
inter-particle interference, while at the highest values 
of R measurements are less accurate because of the 
increasing importance of the semi-empirical back- 
ground correction (see above). 

The Ju term 
Since the first peak of a high-order Bessel function 

is broad, the term 2J~ (2~RrHg) will be identifiable by 
a broad maximum or minimum in intensity present 
on the equator of TMV-Hg and absent in TMV. Such 
a maximum is clearly visible in the region of R = 
0.14/~-1. Since no similar effect is observed at smaller 
values of R, this must be the first peak of 2J~(2rcRrtlg).* 

Earlier work, involving measurements of the first 
peak on each layer line, led to the conclusion that  u 
is 3 n + l  rather than 3n÷2 (u could not be 3n, since 
this would mean that layer lines 1, 2, 4, 5, etc. would 
vanish). Figs. 8(a) and 8(b) show equatorial photo- 
meter traces for TMV and TMV-Hg in the region of 
the first peak of 2Ju(2rCRrHg), and in Fig. 8(c) the 
measured values of ]FTMV_Hgt--]FT~V] in this region 
are compared with 2Ju(2rlRr~g) for r~g = 56.2 /~, 
and u - - 4 6 ,  49 and 52. The amplitude of the 
2Ju(2:~Rr~g) curves is derived from the experimen- 
tally determined scale of the J0 contribution of mer- 
cury (Fig. 7). There is good agreement between the 
experimental amplitude difference curve and 
2J49(2~R×56.2) in the region where the Ju term for 
TMV is small (Fig. 8(c)). The two dips in the ex- 
perimental difference curve correspond with maxima 

* I t  is, of course, theoretically possible tha t  the relative 
phases of the Ju terms for TMV and for Hg at  the position of 
the first peak of the Hg term might  be such tha t  the resultant 
intensity is equal to tha t  of the TMV term alone. However, 
this possibility can be eliminated because, at  values of R less 
than 0.13 /1-1, there is, in TMV, no Ju term strong enough to 
combine in this way with the Hg term. 

A C 11 16 
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Fig. 8. De te rmina t ion  of the  helical parameter ,  u. 
(a) P h o t o m e t e r  t race of ITM-V o n  the  equator  for values 

of R f rom 0.12 to 0.17 A -1. The smooth  curve shows the 
values read. 

(b) P h o t o m e t e r  trace of/TM-V-ttg on the  equator  for values 
of R f rom 0.12 to 0.17 /~-1. The in tens i ty  scale is here 1-4 
times greater than that of (a). 

(c) The difference between IFT~V_Hg[ and ]FT~V] (heavy 
curve), is compared with the first peak of the functions 
Jas(2~rR x 56.2), Jas(2~rR × 56.2) and Js~.(2~rR × 56.2). It is 
clear that the largest values of ]/~TMV_HgI--IFT~Vl occur 
in the region of the first peak of Jag(2~rR × 56.2), indicating 
that there are 49 units of TMV protein in the axial repeat 
period of 69 A (see text). 

in the TM-V curve (Fig. 8(a)) and so indicate tha t  the 
Hg and TMV contr ibutions to the Ju term are in 
near ly  opposite phase. 

The measurements  thus establish tha t  the value of 
u for the mercury  helix is 49. I t  follows, for reasons 
given above, tha t  there are 49 structure units  of TMV 
protein in the axial  repeat period of 69 A (i.e. one 
structure uni t  for each helical net  point). 

We have seen tha t  there m a y  be either 1 or 2 chem- 
ical sub-units (and hence either 1 or 2 Hg sites) per 
helical net  point  according to whether the helical 
s tructure has  symmet ry  s or s2. We are now in a 
position to decide between these two possibilities. 

Since there are 49 helical net  points in a 69/~ length 
of the virus particle, there is one net point for each 
1-4 A length of the particle. Recent  est imates of the 
molecular weight and length of the TMV particle 
range from 40 to 50 × 106 and from 3,000 to 3,700 A 
respectively (Williams & Steere, 1951; also, Schramm 
& Bergold, 1947; Oster, Doty  & Zimm, 1947; Oster, 
1950; O'Konski  & Haltner ,  1956; Rowen & Ginoza, 
1956; Wippler,  1956). On the basis of these measure- 
ments,  the weight of a 1.4/~ length of the particle lies 

between 16,500 and 23,000. Since the molecular weight 
of the chemical sub-unit  is 17,000-18,000 (Knight ,  
1954; Schramm & Braunitzer,  1953), it  is clear t ha t  
there is only one chemical sub-uni t  to each helical 
net  point. 

The same conclusion can be reached from a con- 
sideration of the densi ty and radius of the virus par- 
ticle instead of its weight and length. The densi ty of 
the dry virus is 1.305 g.cm. -3 (J. T. Finch,  unpub- 
lished). The mean  radius lies between 70 and 80 /~ 
(Franklin & Klug, 1956). From this it follows tha t  
the 'molecular weight '  of a 1.4 /~ length of the virus 
particle lies between 17,000 and 22,000, and thus  
corresponds with the weight of a single chemical sub- 
unit.  

Thus the TMV structure belongs to the simplest  
helical line-group, s, and contains 49 protein sub-units  
on 3 turns of the helix in the axial  repeat  period of 
69 A. 

D e r i v a t i o n  o f  t h e  r a d i a l  d e n s i t y  d i s t r i b u t i o n  

The radial  densi ty distr ibution in TMV was calculated 
from the F curve shown in Fig. 6 (a). To reduce cut-off 
effects, the F values were first mult ipl ied by  an 'ar- 
tificial temperature  factor '  of exp [-11.8~R~], which 
has the value 0.25 at the cut-off position, R = 0.10 
A -1. Values of F,  modified in this  way, were taken 
at intervals in R of 0.002 (= 5R) and used to cal- 
culate the function 

(r) = 2~r . v  RF(R)  Jo (2~rRr) 5R (3) 
R 

at intervals  of 2.0 /~ in r, for r = 0 to r = 100 /~. 
Here @(r) is the difference between the electron den- 
sity of the virus particle and tha t  of the solution 
around it. 

We did not have facilities for measuring directly the  
central peak of the F curve, which is confined to 
values of R less than  0.0076 A -1. Accurate measure- 
ment  in this  region is difficult, not  only because of the 
low angles involved, but  also because of the very rapid  
variat ion of in tensi ty  with angle. We therefore as- 
sumed that ,  in this region, scattering by the TMV 
particle would be indist inguishable from tha t  of an 
equivalent  uniform-densi ty  cylinder, and would thus  
have the form of the first peak of Jl(2zcRro)/2JrRr o, 
where r 0 is the radius of the equivalent  cylinder. (This 
device was used earlier in calculating the cylindrical  
Pat terson {unction o{ TMV (Frank]in, 1955) and also 
by Caspar (1955) in his work on the radial density distri- 
bution.) The value of r 0 was chosen such tha t  the first 
zero of Jl(2~rRro)/2~rRro coincides with the first zero 
on the experimental  in tensi ty  curve. 

The summat ion  of equation (3) was carried out 
separately for experimental  F values in the range 
R = 0.008-0.10 A -1 and for the theoretical central 
peak. The scale of the theoretical par t  of the t ransform 
was then adjusted with respect to tha t  of the ex- 
per imental  par t  in such a way tha t  the sum of the two 



parts, o(r), had no appreciable negative values, and 
yet  fell to zero at  the largest values of r. The two 
components of Q(r), calculated in this way, are shown 
in Fig. 9, and their sum is shown in Fig. 10. 

A refinement of the theoretically derived compo- 
nent of Q(r) was made by using the values of ~(r) 
arrived at as above to calculate the values of F for 
the central diffraction maximum, by means of the 
summation 

e(r) 

0(r) 

0 
0 
L 

0 20 /,n 60 8---0-'~00 

Fig. 9. Curves A and B represent two components of ~(r), 
the difference between the electron density of the virus 
particle and tha t  of the solution around it. Curve A is the 
Fourier-Bessel transform of the experimental F values in 
the range R ---- 0"008-0-10 A - t ,  and curve B is the transform 
of the theoretically derived F values of the central peak 
(see text). 
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Radius (/k) 
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Fig. 10. The radial density distribution of TM-V before refine- 
ment  of the contribution of the central diffraction peak. 
Q(r) is the difference between the electron density of the 
virus particle and tha t  of the solution around it, and is 
obtained by adding the ordinates of curves A and B, 
Fig. 9. 
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F(R)  = 2z~.~, r~ (r)J o (2~Rr) (~r. (4) 
r 

The transform of the central peak so derived was then 
calculated, using equation (3), and added to the ex- 
perimentally derived component of ~(r). 

e(r) 
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2O 
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Fig. 11. The full-line curve gives the radial density distribu- 
tion of TMV after refinement of the contribution of the 
central diffraction peak, as described in the text.  The broken 
curve gives the radial density distribution of the repolym- 
erized, RNA-free virus protein. The strong density max- 
imum at  40 • in TMV is replaced by a minimum in the 
RNA-free protein, indicating tha t  the phosphate-sugar  
backbone of the RNA molecules lies at this radius. 

The ~ (r) curve derived in this way is shown by the 
full-line curve in Fig. 11. This differs little from Fig. 
10. There is therefore nothing to be gained by making 
further refinements of the central pcak of the F curve. 

Interpretation of the radial density distribution 

The interpretation of the radial density distribution 
in TMV has been discussed elsewhere (Caspar, 1956; 
Franklin, 1956; Franklin, Klug & Holmes, 1956) and 
will be considered only briefly here. Clearly the virus 
particle has a hollow core of radius about 20 •, and 
a maximum radius of 80-90 A. A series of well defined 
density maxima at values of r ranging from 24 A to 
80 A must be related to the molecular structure of the 
protein and nucleic acid components of the virus. 

Schramm (1947) and others have shown how it is 
possible to obtain RNA-free TMV protein in a form 
in which it bears a strong structural resemblance to 
the protein of the intact virus. (This is achieved by 
depolymerizing the virus protein with dilute alkali, 
extracting the RNA by electrophoresis, and then 
repolymerizing the protein by lowering the pH.) The 
radial density distribution of this repolymerized, 
RNA-free virus protein, determined by the methods 
described above, has been reported previously (Frank- 
lin, 1956), and is shown by the broken curve in Fig. 11. 
The two curves of Fig. 11 are very similar except in 
the region of r = 40 A, where the strong density peak 

16" 
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in the TMV curve is replaced by  a sharp m i n i m u m  in 
the  densi ty  of the RNA-free protein. We therefore 
conclude tha t  the phosphate-sugar  backbone chain of 
the R N A  lies at a distance of about  40 /~ from the 
part icle axis. 

The sharpness of the other density maxima,  which 
must  be due to the virus protein, suggests tha t  the 
pr incipal  chain directions of the protein molecules lie 
in a series of coaxial cylindrical  surfaces. This is con- 
sistent with an earlier suggestion, based on the cylin- 
drical Pat terson funct ion of TMV (Franklin,  1955), 
tha t  the protein chain directions are approximate ly  
perpendicular  to the particle axis, and tangent ia l  
rather  t han  radial.  

For more detailed information concerning the 
molecular ar rangement  of the protein and R N A  
components of the virus, a quant i ta t ive  s tudy of the 
non-zero layer lines of the TMV fibre diagram is 
required. 

The relative magnitude  of F ~  in TMV-Hg 

The procedure described above for the determinat ion 
of the scale of the low-angle, exper imenta l ly  in- 
accessible par t  of the TMV scattering curve leads to 
the determinat ion of the value of FT~V at R = 0. 
Ext rapola t ion  of the term AJo(2~RrH~), shown in 
Fig. 7, gives the value of FH~ at R = 0. Comparing 
the two values, we f ind that ,  at R = 0, FHg is ap- 
proximately  5?/0 of Fw.~v. Theoretically, for one Hg 
atom per 20,000 molecular weight of virus, and a 
par t ia l  specific volume of 0.73 cm.3g. -I (Bawden & 
Pirie, 1937; Lauifer,  1944) for the virus, FHg should 
be rather  less t han  3 % of FT~V. 

We have no very satisfactory explanat ion of this 
discrepancy. However, a similar unexpectedly  high 
contr ibution of the mercury is found on the 3rd layer  
line of TMV-Hg, and we believe the effect to be out- 
side the range of exper imental  error. There seem to be 
only two types of explanat ion possible: either the 
structure factor of the TMV is less t han  the expected 
value, or tha t  of the mercury is greater (our da ta  are 
not on an absolute scale). The first a l ternat ive could 
arise if the TMV carries with it, throughout  the process 
of purification, an ion atmosphere such that ,  when the 
solution is highly concentrated, the particles are, 
effectively, suspended in a medium of electron densi ty 
greater t han  tha t  of water. This would result in a 
decrease in the effective scattering power of the protein 
and RNA, especially at low angles. The other pos- 
sibi l i ty is tha t  the bound mercury at t racts  ions from 
the solution to its immedia te  neighbourhood, so tha t  
the effective 'heavy atom'  is more than  the mercury 
alone. 

This work was supported by  the Agricultural  Re- 
search Council. 
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