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~obacco Mosaic Virus (TMV) is a well known structul 
out 4.IO 7 and is rod shaped with a diameter of I5  
other plant viruses, it contains both ribonucleic acid 
[ solution, the virus may aggregate lengthwise and fl 
1 in which the particles are arranged in hexagonal clo: 
one other. No regularity of arrangement exists in 

a; the oriented regions appear to be liquid crystallin 
gement of liquid solutions is retained and it is pos 

{-rays were first used to investigate the structure of 
EN x. They obtained highly oriented X-ray photogra 
~er of distinct reflexions. By varying the inter-parti 
ow that  the X-ray pat tern arose not only from the 
particles in a hexagonal lattice but in addition fror 

rare within each virus particle. The repeat distance 

the direction of the partic 
7stalline. Upon drying, the oriente 

)ossible to obtain oriented dI 

of TMV by BERNAL AND FA~ 
raphs containing a very lar~ 

)article distance, they were ab 
regular arrangement of tt  

from the presence of a comple 
along the fibre axis was foun 

' than the length of the particle; they concluded that eac 
ge number of equivalent sub-units. In this paper we sha 
re of TMV and shall present newly-obtained X-ray evident 
• egularity is based on a division of the virus into crystalh 
nits helically arranged around the longitudinal axis of t t  

EXPERIMENTAL METHODS 

Le fo rm of purif ied suspens ions  f rom Dr.  R.  MARKHAM of t he  Molter 
~re or ien ted  b y  flow in t h in  capi l lary  t u b e s  of borosi l icate glas 
vere ob ta ined  by  control led  evapo ra t i on  in t he  s imple  e v a p o r a t k  
i x. T he  X - r a y  p h o t o g r a p h s  were t a k e n  w i t h  a r o t a t i ng  anode  rut  

t ted while t h e  a u t h o r  was  a Merck  Fel low of t he  Na t iona l  Resear¢ 
Ins t i tu te ,  Cambr idge .  
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specimens. 
X-ra 

KUCHEN 1. 

number 
to show 
virus 
structure 
to be 68 A, i.e. much shorter 
virus particle contains a large 
deal with the internal structure 
indicating that  the internal re 
graphically equivalent sub-units 
particle. 

The  TMV was  ob ta ined  in t he  
In s t i t u t e .  L iqu id  suspens ions  were 
while or ien ted  d ry  suspens ions  v 
cell of BERNAL AND FANKUCHEN 1. 

* This  inves t iga t ion  was  in i t ia ted  
Council  (U.S.A.) a t  t he  Molteno In s t i t u t e  

Re#fences p. 19. 

i E  OF TOBACCO MOSAIC V 

HELICAL ARRANGEMENT 

T H E  LONGITUDINAL AXIS 

b y  

J.  D. W A T S O N *  

Structure 
'land) 

INTRODUCTION 

ture. I t  has 
o A and 

acid (6%) an 
form regic 

close packin 
the direc 

NITS 

;ystems, 

r weight 
280o A. 

~4%). In 
el orien- 
[istances 

icle 
oriented 

dry 

F A N  - 

ge 
able 
the 

)lex 
found 

,,ach 
hall 
rice 

allo- 
the 

~no 

lass, 
tion 
tube 

~esearch  



. . . . . . . . . . . .  very simi 
~ ' e q u a t o r i a  

l i qu id  pr( 

t ic les  are 

but inste 
[. X - r ay  p h o t o g r a p h  of dr}, spec imen of TMV;  q u a n t i t i e . ,  
axis  vert ical .  Cu Ka  radiat ion,  D ~= zo cm; 

flat fihn. flexions, 

packing of the TMV rods and have positions determ 
In the wet preparations, which have interparticle d 

eason to suppose a regularity in the direction of the 
most probable that  a given particle has random oriet 
and that  this random arrangement will persist on dr? 
represent the projection of randomly rotated, hex; 

om rotation tends to mask internal structure and a 
te equatorial reflexions out to 5 A appear to arise fror 

This  conclusion was reached  by  com- 
g the  observed reflexions wi th  those  to 
pec ted  f rom an  hexagona l  a r r a y  of s t ruc-  
~ss solid rods. The  theoret ica l  diffraction 
rn  is ca lcula ted  from the  Fourier  t r ans -  
of an  inf ini te ly long solid cylinder.  This  

ying. The equatorial reflexio 
hexagonally-arranged rods. Tt 

accordingly it is found that 
from the scattering of the partk 

C '  where  

on, D is the  
/d is the  dis- 
"ha in the  dif- 
ear where  J l  ! 

m m  or mini -  

nged in hex-  
ar case), t he  
those regions 
)int.  Thus ,  in ; 
~ch a t  a dif- 
11 have  to be 
ans fo rm.  For . . . .  
m t  region of 
!rom a single Fig. 2. Same  p h o t o g r a p h  as in Fig. I, b u t  wi th  

d i s tance  is longer  period of deve lopmen t  to b r ing  ou t  t 
~ttice po in t s  h igher  order  reflexions. 

random 
of the 
as a whole. 

par ing  
be  exF 
ture less  
p a t t e r n  
form 

t r a n s f o r m  is equal  to 2 J ,  ( ~  D-) 

J ,  is a f i rs t -order  Bessel funct ion.  
d i ame te r  of the  cylinder,  and  i / 
t ance  in reciprocal  space.  M a x i m a  
fract ion p a t t e r n  will t h u s  appea r  

(~d  D-) has  a p ronounced  m a x i m u m  

n m m .  W h e n  the  rods are a r ran  
agonal  close pack ing  (as in our  
X - r a y  p a t t e r n  can  only  reveal  those  
of the  t r a n s f o r m  nea r  a la t t ice point .  
general ,  m a n y  pho tographs ,  each 
ferent  in te rpar t ic le  dis tance,  will 
t aken  to ob ta in  the  comple te  t r ans fo rm.  
our  purpose ,  however ,  the  r e l evan t  
the  t r a n s f o r m  can  be ob ta ined  from 
p h o t o g r a p h  if the  in te rpar t ic le  
re la t ive ly  large so t h a t  the  la t t ice  

Re/erences p. ~9. 

!iii!  a p p r o x i m a t e l y  20 × 

g raphs  possible conven t iona l  in to 2-3 ob ta in  sealed-( hours .  
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hypo thes i s  to  bel ieve t h a t  observed 
ring arises from the pa r t i c le  as a whole 
~t from in t e rna l  s t ruc ture .  

~.s ment ioned above, very  similar 
quatorial  reflexions are obtained 
both  dry and wet virus prepara- Fig. 3, Same TM\'~ 

These reflexions are thus inde- 3o from vertical 
3 Cln 

mt of the interparticle arrange- 
and must  have their origin in the diffraction p: 

:dingly, it is profitable to consider the non-equatm 
ssion of the Fourier t ransform of a single TMV t 
~e reflexions on or near the meridian (Table I), for t 
ttures which appear to be similar to those recently 
V,~ND 2 to be characteristic of helical structures.  T 
:ural plan of TMV is a super helix in which the resic 

same order of size as the molecules of globular prot, 
The n 

. . . .  ))%: reflexions ' t u r e  is the 

the strong~ 
{i; ..... indicate a 

within th( 

shown by COCHRAN, CRIC 
This suggests tha t  the basi 

residues composing the helix ar 
otein. 

most  pronounced helical fe~ 
the tendency of the meridion; 

to split. These reflexions ar 
est in the X-ray  pat tern  an 

layering of electron densit 
the virus. The fact tha t  thes 

reflexions are split suggests tha t  th 
layers of electron densi ty are not e~ 
act ly perpendicular  to the longitudin; 

? ; 

i::i away. but  instead aregroupsSlightly tilte 
Two distinct of merid 

onal reflexions occur:  (z) a group nea 
the origin located on the layer lines c 

i ? ;  order 3 n ( n  = I ,  2, 3 . . . .  ); these becom 
i~iL; off meridional as n ir 
~ : ; ;  creases, and (2) a group in the vicinit 

of the 3Is t  layer line, located on th 
Fig. 3, b u t  w i t h  a layer lines of order (3n + I) ;  thes 
br ing  out the high become noticeably off meridional as 
to  the  3 t s t -o rde r  

decreases below 7. The presence of thes 

s tructural  
of the 

ii!i 

Fig. 4. Same p h o t o g r a p h  as in Fi 
longer  per iod of deve l opm e n t  to  
order  reflexions. An arrow po in t s  

mer id iona l  reflexion. 

t;le/ere~zces p. ~9. 

, i  . . . . . . . . . . . . . . .  

nR the 
) f T MV 
ossible 

regions 
5 o ,\, 

und  at  
d 29 A 
nd th is  
n a t e l y  
corre- 

t 9 t  .'\, 
in ts  a t  
eemen t  
Dretical 
le siln- 

specimen b 
toward  b{ 
cyl indr ica  

)at tern ol 
uatorial  diffra 

)article. 
these refl~ 

shown t 

axis, 

increasingly 

txis  t i l t ed  
cadiation, 

particle. 
rn as an 
relevant 
a series 

C~ICK 
basic 

a r e  

L- 

ridional 
a r e  

nd  
density 

hese 
the 

itudinal 
tilted 

meridi- 
near 

of 
)me 
i n -  

vicinity 
:he 

these 
n 

these 



o m e r l a l o n a l  
7 v e r y  off s t r o n g  (a) 

m e r i d i o n a l  
s - -  - -  (a) 
9 s l i g h t l y  off w e a k  (a) 

m e r i d i o n a l ( ? )  
I o  v e r y  off w e a k  (a) 

m e r i d i o n a l  
i i - -  - -  (a) 
12 m e r i d i o n a l  
13 off m e r i d i o n a l  
1 4  - -  _ _  _ _  

15 m e r i d i o n a l  
16 s l i g h t l y  off 

m e r i d i o n a l  
17 - -  __  __  
18 m e r i d i o n a l  
19 off m e r i d i o n a l  
2 0  - -  - -  - -  

21 m e r i d i o n a l  
22 m e r i d i o n a l  v e r y  w e a k  m e r i d i o n a l  

23 - -  - -  - -  

25 - -  - -  m e r i d i o n a l  
26 ---  - -  - -  

28 - -  - -  m e r i d i o n a l  
29 - -  - -  - -  

31 - -  - -  m e r i d i o n a l  
32 - -  __  __  

w e a k  m e d i u m  
m e d i u m  s t r o n g  

v e r y  s t r o n g  
v e r y  v e r y  w e a k  

s t r o n g  
v e r y  v e r y  w e a k  

w e a k  
s t r o n g  

v e r y  v e r y  w e a k  

w e a k  
w e a k  

u r e m e n t s  in A a n d  B a r e  n o t  t o  be  c o m p a r e d .  
h e a v y  b l a c k e n i n g  of  p h o t o g r a p h  n e a r  o r ig in .  

~xions is incompat ib le  wi th  the  exis tence of a hel ix wi th  a 
:ests the  presence of a non- in tegra l  screw, t ha t  is, a helJ 

a single turn.  I t  seems plausible  to propose a helix* whic 

h a s  p r e v i o u s l y  b e e n  p r o p o s e d  b y  K .  DORNBERGER-SCHIFI~. I t  b e a  
s t r u c t u r e  s ince i t s  p i t c h  is 68 A a n d  i ts  d i a m e t e r  30o A. 

24 m e r i d i o n a l  

27 m e r i d i o n a l  

30 m e r i d i o n a l  

33 
34 
35 
36 
37 
38 
39 
40 

* T h e  i n t e n s i t y  m e a s u r e m e n t s  
(a) N o t  v i s ib le  due  to  hear"  

two groups of mer id iona l  reflexions 
in tegra l  screw axis,  and  suggests  
which does not  r epea t  a f te r  

" A he l ica l  s t r u c t u r e  for  T M V  ha: 
o n l y  super f i c ia l  s i m i l a r i t y  to  o u r  s t ruc tu r~  

Re/erences  p .  z 9. 

T A B L E  I 

F R O M  T O B A C C O  M O S A I C  V I R U S  ( D R Y  S 

B 

berpendicular Longitudinal axis of TMV 
perpendicular position to 

Intensity Position I~ 

- -  (a) 
- -  (a) 

M e d i u m  (a) 

- -  ( a )  

- -  (a) 
v e r y  v e r y  s t r o n g  (a) 

v e r y  w e a k  off m e r i d i o n a l  m e d i  
v e r y  v e r y  w e a k  off m e r i d i o n a l  weah  

m e d i u m  m e r i d i o n a l ( ? )  m e d i  
w e a k  off m e r i d i o n a l  m e d i  

s t r o n g  off m e r i d i o n a l  v e r y  
v e r y  v e r y  w e a k  off m e r i d i o n a l  w e a l  

v e r y  w e a k  m e r i d i o n a l ( ? )  

m e d i u m  off m e r i d i o n a l  

w e a k  off m e r i d i o n a l  

v e r y  v e r y  w e a k  off m e r i d i o n a l  

- -  m e r i d i o n a l  

- -  off m e r i d i o n a l  
- -  m e r i d i o n a l  

- -  off m e r i d i o n a l  - -  

~nts in 

t u r e  

hel ix 
which 
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,e tu rns  is P, the  axia l  d is tance  be tween  successive 
fo rmed  t h a t  i t  r epea t s  in a d is tance  c. In  th is  case t 
s in rec iprocal  space which are  pe rpend icu la r  to the 
ights  ~ = l/c where l is an integer.  COCHRAN et at. sh~ 
the  t r ans fo rm has  the  va lue  F (R, ~, l/c) -=-f~J,  (2 
t,I~)] ; (R, ~o, llc) are the  cy l indr ica l  co-ord ina tes  of a 
tomic  sca t t e r ing  factor ,  ] ,  is the  Bessel  funct ion  of ¢ 
on which the  set of a toms  lies, the  axes in real  spa 
lies a t  (r cos ~0, r sin 9, z), where ~o = 2rrz/P. F o r  a 

,, t a k e n  over  all  in tegra l  va lues  n, which are solut io 
, m being a n y  integer .  This  funct ion  has  two import~ 
,.1 funct ions  can con t r ibu te  to a pa r t i cu l a r  l aye r  line 
, (F) decreases  r ap id ly  as n i n c r e a s e s ~ t h i s  is a conse( 
ion. Thus  l aye r  l ines wi th  low-order  Bessel  function,  
~r to  the  mer id ian  t han  l aye r  l ines wi th  h igh-order  Be 
t ional  spacing can occur only on l aye r  l ines which in, 
• , t h a t  is a t  rec iproca l  spacings  of mul t ip l e s  of I/p A. 
Fhough th i s  t r ans fo rm is de r ived  for a hel ix  compos 
demons t r a t e  t ha t  i t  can easi ly be app l i ed  to  the  si tua 
flaced b y  a group of a toms,  since for each a tom witt  
ame, n be ing  the  only var iable .  The  helical configur 
7 set  of a toms  is in itsel[ enough to enable  us to  ma 

tuence oi m e  :o rm oi a bess  
funct ions  will t e n d  to have  reflexio~ 

Bessel  funct ions.  In  fact  a t ru  
involve  Bessel funct ions  of ze 

~sed of single a toms,  COC~R,~ 
the  s i tua t ion  in which the  single a to  

wi th in  the  group, P, p, and  c a 
ura t ion defined by  P and  p 

make  genera l  p red ic t ions  abol 
I 'hey can thus  pred ic t  t h a t  reflexions will  be absen t  if tl 
Ltoms to i t  are very  small ,  while on the  average  i t  will 1 
nake a large con t r ibu t ion .  I t  is to  be expec ted  t h a t  son 
y the  Bessel  funct ion  a rgumen t  will be weak  owing to pha  
not expec t  th is  fac tor  to make  a weak reflexion strong.  V 
rans form enables  in t ens i ty  pred ic t ions  to  be made  wi tho 
ning re la t ive  a tomic  posit ions.  I t  should  therefore  serve 

the  r a p i d  tes t ing  of p roposed  hel ical  s t ruc tures  witho 
I c u l a t i o n s ~ t h u s  COCHRAN AND CRICK 4 were able to shc 
o ly -7-methy l -L-g lu tamate  is in s t r ik ing  agreement  wi th  t] 
DAULING, COREY AND BRANSON 5, 

this  t r ans form to our p roposed  helical  s t ruc ture  for TM' 
lall assume to conta in  3 :  res idues  per  repeat .  If  the  helic 
a t ion  of the  reflexions along the  var ious  layer  lines mu 

neare r  
mer id iona l  
o rder  

Thou 
et al. 
is re t  
the  same 
every  
expec ted  X - r a y  intensi t ies .  Thin 
con t r ibu t ions  of all sets  of a t  
s t rong if all sets of a toms  make  
reflexions p red ic t ed  s t rong by  
cancel la t ion,  b u t  we should  not  
should  emphas ise  t h a t  th is  trans 
de ta i l ed  assumpt ions  concernm 
useful  funct ion b y  al lowing 
de ta i l ed  s t ruc ture  fac tor  calcul~ 
t h a t  the  X - r a y  p a t t e r n  of po ly-7-m 
t r ans fo rm of the  a-hel ix  of PAULIN( 

W e  can s imilar ly  app ly  
which for convenience we shall  
s t ruc tu re  is correct ,  the  loca t ion  

Re/erences p. z 9. 
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ts  for the  s t rong reflexions near  th  
t rong  reflexions on the  3 n + I la  3 
- I res idues every  68 A, or n + 1/ 
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Layer tine o] n allowed 
by theory 

0 0 
I - - I O ,  21 
2 I I ,  - - 2 0  
3 i ,  - - 3 0  

4 - -  9, 22 
5 12, - - 1 9  
6 2, - - 2 9  
7 - -  8, 23 
8 13, - - 1 8  
9 3, - - 2 8  

IO - -  7,  2 4  
I I  14, - - 1 7  
12 4, - - 2 7  5.2 91 m e r i d i o n a l  o r  

n e a r  m e r i d i o n a l  
7.5 63 4o ( v e r y  w e a k )  

17.o 28 5 
6.3 75 v e r y  n e a r  n o n  

m e r i d i o n a l  
6.3 75 n e a r  m e r i d i o n a l  

17.o 28 15 
7.5 63 m e r i d i o n a l  or  

n e a r  m e r i d i o n a l  

13 - -  6, 25 
14 I 5 ,  - - I 6  
15 5, - - 2 6  

16 - -  5, 26 
17 - - 1 5 ,  16 
i 8  6, - - 2 5  

19 - -  4, 27 
20 - - 1 4 ,  I 7  
21 7, - - 2 4  
22 - -  3, 28 
23 - - I 3 ,  i 8  
24 8, - - 2 3  
25 - -  2, 29 
26 - - i 2 ,  19 
27 9, - - 2 2  
28 - -  1, 3 ° 
29 - - 1 1 ,  20 
3 0  IO,  - - 2 I  

31 o, 31 
3 2  - - I O ,  21  

33 i i ,  - - 2 o  
34 I ,  - - 3  ° 
35 - -  9, 22 
36 12, - - 1 9  
37 2, - - 2 9  
38 - -  8, 23 
39 13, - - 1 8  
4 ° 3, - - 2 8  

R e / e r e n c e s  p .  z 9.  

3 

Lions; t h a t  is, no reflexions shouh 
ich the  app rop r i a t e  Bessel  functi(  
h should  con t r ibu te  to  a g iven l ay  
/15 ~ -  l /c ,  in which m and  n t ake  
2.2 and  c = 68, this  equa t ion  bec~ 

= o to  l ----- 40 are given in Table  
e difference be tween  successive val~ 

T A B L E  I I  

AND OBSERVED POSITIONS OF THE NE~ 

REFLEXIONS FOR TMV 

Value o /a~Rr  Spacing corres. O~ 
when Jn  has #s to 2 ~t 75 re/ 
first maximum X t 

0 
11.5 41 A 
12.6 37 

1.8 262 V e r y  
me: 

lO.5 45 
13.8 34 
3.0 157 mer i (  

9.5 49 
14.9 32 
4. I i 15 mer i (  

ne~ 

8.5 55 
16.9 30 

J.J.* L a . v o ~  

ry small  
)e calcu- 
tes only.  
t, + 3 I m .  
0 v a l u e s  

ways 3I.  

t L  



• I c x t~ .~ Iu i zo  ~ y ~ t c L ~ z ~ . c l ~ x y  ~ l ~ t  ~ l ~ l x t * y  ucyu l i ~  c~: 

st that the outermost regions of each TMV particle oI 

- - I  

- 1 

Diagrammat ic  i l lustration of the forbidden regions in reciproc 
~ occur. The forbidden regions are darkened and are presented 
retaining (a) 22, (b) 3t,  and  (c) 37 residues per  repeat  of 68.  
~ of each diagram refer to  the  layer-lines along the fibre axis. 
~ ways.  On the  left-hand side, the number s  refer to spacing, 
,. r igh t -hand  side refer to  the order n of the lowest order B~ 
Lven layer line. Fo r  convenience the vertical scale has  been cc 

and so the horizontal  and vertical distances are 

,o2  
A" 

C 
>rocal space in which X- ray  reflexior 
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,th of these viruses the nucleic acid appears to be lo( 
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he electron microscope. This possibility we hope to t, 
) p r i a t e  X - r a y  p a t t e r n s .  

) u r i n g  t h e  c o u r s e  of t h i s  i n v e s t i g a t i o n ,  t h e  a u t h o r  ha s  
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y t a k e n  s e v e r a l  p h o t o g r a p h s  w i t h  h i s  l o w - a n g l e  cam, 
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is m a n u s c r i p t  a n d  h a v e  c o n t r i b u t e d  m a n y  u s e f u l  s u g  t 

)n the basis of X-ray  diffraction evidence, a helical structur, 
I t  is suggested t ha t  the virus contains a large number  of equi~ 
the longitudinal axis. The proposed helix repeats after 3 turns  
per repeat. I t  is considered plausible tha t  n is of the  order 
1b-unit is approximately 35,ooo and  the number  within an it 

Le virus de la mosaique du tabac, en se basant  sur uue 6tud~ 
e avoir une structure hdlicofdale. Le virus contiendrai t  un g 
:s, disposCes d 'une mani~re h~licoidale le long du grand a~ 

apr~s 3 tours en 68 A e t  elle cont ient  3n + 1 sub-unitCs pc 
est de l 'ordre de grandeur de io ;  il s 'ensuivrai t  que le poids 
iron 35,ooo et que leur nombre dans une particle infectante s 

livalent sub-units helically arrange 
in 68 A and contains 3n  + i su 

of 1o; thus the molecular weig] 
infective particle is approximate 

dtude par  la diffraction des rayons 
grand nombre  de sub-unit6s 6qr 

axe. Cette structure h61icoidale 
Iour cette distance. I1 est probab 

moldculaire d 'une sub-unit6 sera 
serait d 'environ i,zoo. 

~nstrahlen deuten auf eine spiralfCrmige S t r u k t u r  des Tabak Mosa 
dass der Virus eine grosse Anzahl yon gleichwertigen Untereinheitc 

ge nach angeordnet  sind. Die vorgeschlagene Spiralstruktur  wiede 
erhalb 68 A und besteht  aus 3 n + I Untere inhei ten  per  68 A. t 
• Sssenordnung Io ha t  und daher  das Molekulargewicht der Unte 

infektiCses Paxtikel wtirde demnach aus ungefiihr 1,2oo solcht 
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Untersuchungen mit  Rbntg, 
Virus bin. Es wird vorgeschlagen, 
enthAlt, die spiralfbrmig der LAnge 
holt  sich nach 3 Drehungen innerhalb 
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