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A simple technique has been deveh)ped for the s tudy  of the externa l  form and  
s t ruc tu re  of virus particles.  High contras t  wi th  good [)reservation is obta ined by  
mixing virus prepara t ions  wi th  x % phosphotungst ic  acid ad jus ted  to p H  7-5 and  
spray ing  direct ly on to  electron microscope suppor t ing  films made  from evapora ted  
carbon.  The appl icat ion of the technique to tobacco  mosaic vi_us and tu rn ip  yellow 
mosaic virus  is described.  S t ruc tura l  detai ls  suggested by  X - r a y  diffraction methods  
have  been resolved. 

I N T R O I ) U C T I O N  

Elect ron microscopical  observa t ion  of virus part icles offers the possibi l i ty of giving 
direct in format ion  a b o u t  their  ex te rna l  form and s t ructure.  Ins t rumen t s  with 
ex t remely  high resolving power  are avai lable bu t  there are major  l imitat ions in the 
techniques  of specimen prepara t ion  I. The in t roduct ion  of the  cri t ical-point me thod  z 
and  freeze-drying a improved  the preservat ion of three-dimensional  morphology  bu t  
the  problem ef  a t ta in ing  sufficient contrast ,  wi thout  obscuring s t ruc tura l  detail ,  ha.~ 
not  been comple te ly  solved.  Metal shadowing gives informat ion about  the  size mid 
shape of viruses bu t  it does not  reveal  iuternal  s t ruc ture  and  often obscures surface 
regularities, I t  also enhances the  roughaess  of the  subs t r a t e  film wbAch may' make  
detai led observa t ion  of small  viruses difficult. The s t u d y  of virus particles in ul t ra- thin 
sect ions of peP- t s  or  infected cells raises problems of fixation ar te fac ts  and there is 
of ten a m b i g u i t y  in hl terpret ing the  cont ras t  p roduced  b y  the stains used. 

In this paper ,  we wish to describe a technique which ex tends  the  range of e lectron 
microscopical  s t u d y  of virus s t ructnre .  I t  consists very  s imply  in " embedd ing"  the  
virus  particles in an electron dense material ,  in this case, po tass ium phosphotungs ta te ,  
which in t roduces  con t ras t  by  negat ive staining. The potential i t ies  of this technique 

: have been previously  recognised b y  HALL 4 and  b y  HUXLEY a. When  bushy  s tun t  virus 
i particles were t rea ted  wi th  phosphotungs t ic  acid and the stain incomple te ly  removed  
: b y  washing,  H,~LL found tha t  be t te r  definition of  the  part icles was of ten ob ta ined  
i b y  out l ining them by  the stain. HtSXLEY showed tha t  it was possible to reveal  the  
: central  hole in tobacco  mosaic  virus b y  what  a m o u a t e d  to the  same procedure .  Vee 
:i have  been able  to define exact  condit ions for the  rout ine use of this techrfique. U n d e r  
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these conditions,  the  phospho tungs ta t e  has never been observed  to s ta in  di rect ly  
ei ther  the protein or tim nucleic acid of virus particles which remain  re la t ively  
electron t ransparent .  If  there are any  cavities wi thin  the virus which are accessible 
to the  p lmsphotungs ta te ,  these will be revealed and  the technique is thus  capable  of 
disclosing internal  s t ructure.  W e  have  used it most  successfully in a recent  s t u d y  of 
bacter iophage s t ruc ture  where  it could be shown tha t  in addi t ion  to the  high cont ras t  
available there was excellent preservat ion  of external  form 6. The appl icat ion of the  
technique to tobacco  mosaic virus and tu rn ip  yellow mosaic virus will be described in 
this paper.  These viruses were chosen as representa t ive  of a rod-shaped  and small  
spherical virus respect ively and  also because  thch" s t ruc tu re  has been in tens ively  
s tudied b y  ,Aectron microscopy,  X - r a y  diffraction and o ther  physico-chemical  
methods .  

.MATERIALS A N D  M E T H O I ) S  

I3eforo describing the teclmique for negat ive  staining, it is of importartce to discuss 
the  me thods  used for preparing the  subs t ra tes  necessary  for specimen suppor t s .  
Nitrocellulose and fo rmvar  films were found unsu i tab le  due  to thermal  drif t  in the  
electron microscope.  It  was fur ther  no ted  tha t  this t y p e  of subs t r a t e  f r equen t ly  
rup tu red  immedia te ly  af ter  spray ing  these par t icular  virus  prepara t ions .  

E v a p o r a t e d  carbon,  s t r ipped ¢"om mica surfaces was found  to  be  sufficiently 
s table  and rigid to suppor t  the  droplet  pa t t e rns  ~,s. Freshly  c leaved  mica,  cu t  to  the  
size of microscope slides, was placed in an exper imenta l  e v a p o r a t o r  using well t r apped  
mercury  pumps:'. Carbon was then  evapo ra t ed  on to  the  c leaved mica  surface  f rom a 
dis tance of approx ima te ly  20 cm. The es t ima ted  thickness  of the  films appea red  to be  
of the  order  of z5o~2oo .~k. B y  slowly immersing the coa ted  mica into water ,  a sheet  of 
carbon can be floated on to  the surface. E lec t ron  microscope grids are p laced be low 
the  carbon  film and raised slowly, resulting in the  ent i re  grid area being covered  wi th  
the  carbon  subs t ra te .  

Carbon subs t ra tes  prepared in evapora to r  plants,  using oil pumps ,  f requent ly  
caused the sp ray  drople t  pa t t e rns  to  form dense spherical areas wi th  l i t t le evidence  
of the  spreading effect p roduced  on carbon films from Hg units.  The possibi l i ty  of 
"backs t r eaming"  oil vapour  onto  the  carbon surface m a y  resul t  in different  sur face  
condi t ions  being unsui table  for spraying techniques.  

Phosphotungsti~ a~id preparations 

A 2 % ~olution of phosphotungs t ic  acid was m a d e  up  and ad jus t ed  to  p H  7,4 using 
normal  K O H .  To I.O ml of virus suspensiort in wa te r  or  a m m o n i u m  ace ta te  is added  
i .o ml of PTA,  and the solut ion poured  into a commercia l  a tomiser  spray.  The  t y p e  
used in these exper iments  was  a Vaponefr in  glass uni t  wi th  a normal  hand  bulb.  
The solut ions are then  sprayed  di rect ly  onto the  ca rbon-coa ted  grids, I t  was  f o u n d  
necessary to ad jus t  the  concentra t ion of each virus prepara t ion .  Drople t  p a t t e r n s  
containing low coacent ra t ions  of virus t end  to  remain as dense opaque  spheres,  
whereas ideal concentra t ions  p roduced  relat ively large thin areas  wi th  part icles • 
clearly visible. 

Specimens were examined in the  Siemens Ehniskop  electron microscope and  
pho tog-aphed  a t  ins t rumenta l  magnifications of 40,000 to 80,000 × .  All the  electron 
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micrographs  were t aken  using the  double  condenser  lens sys tem producing art 
i l l u m i n a t i n g  beam of app rox ima te ly  xcr-zo ix in diameter .  Single condenser  lens 
i l luminat ion or b road  b e a m  condit ions f requent ly  resulte ~. in heat ing the  droplet  
pa t t e rn  caushlg serious dis tor t ion and decomposi t ion  ~i_ects in the  PTA. Micro- 
diffraction pa t t e rns  taken  from droplet  pa t t e rns  containing P T A  suggested tha t  the  
dense areas  were amorphous .  

F rom measurements  made  during invest igat ions of the  cohaponents of bacte-  
r iophage,  s t ruc tures  approaching x5 A or less could be resolved6. The l imitat ions in 
t e rms  of  resolving power  are difficult to es t imate  as much  of the  s t ruc ture  be low x5 Jk 
is confused b y  phase-con t ras t  effects and contaminat ion .  

RESL'LTS ANO'DISCUGGIO.~ 

7"oba¢co +nosai¢ v i res  

Fig. I is a low power  micrograph of TMV prepared  b y  the phospho tungs ta t e  
method .  The  rod-shaped viruses are  clearly out l ined b y  the electron dense background  
and, even  a t  this magnification,  the  axial hole running down the  centre  of the  rod cart 
be  readi ly seen. A high power  micrograph is shown in Fig. z. The rods are  general ly 
x5o A in d i ame te r  and  the  mean  d iamete r  of the  axial  hole is 35-4o A. The size of this  
hole agrees well wi th  t ha t  found b y  FRANKLIN AND I-[OLMES t° using X- ray  diffraction. 
Al though the inter-part icle  d is tance  in d ry  o r ien ta ted  TMV is found to be I52 A b y  
X - r a y  diffract ion it has been shown t h a t  the  d iamete r  of the  part icle is g rea te r  than  
this and could  be  as much  as 18o A. The radial  dens i ty  d is t r ibut ion shows a s t rong 

::i: m a x i m u m  at  a b o u t  78 A and  FRANKLIN AND KLUG tl reached the  conclusion tha t  while 
the  mean  d iamete r  of the  particle is I54 A, the  part icle is deep ly  fu r rowed  b y  a 

::i helical groove  which follows the helical a r rangement  of the  protein  subuni ts .  In  d ry  
o r i en ta t ed  prepara t ions  the part icles inter lock to give the  interpar t ic le  d is tance  of 

i.i A. 
\Ve have  been unable  to  reveal  t he  helix wi th  the  phospho tungs ta t e  method .  I t  

:ii would  appea r  tha i  the  pro te in  sur rounding  the helical grooves is occluded b y  the 
i i : "  

ii phospho tungs ta te ,  which explains w h y  the  obse rved  part icle d iameter  is on ly  15o -~. 
~::i F u r t h e r  evidence for this is p rov ided  b y  the  finding tha t  parallel  part icles are never  
: seen to inter lock and the  closest d is tance  measured  be tween  centres of ad jacen t  
:: par t ic les  is 17o - I8o  A. In this  case therefore  the  interpar t ic le  d is tance is a reflection 
:!:: of  tho m a x i m u m  d iame te r  of the  particles,  while the  observed  d iamete r  reveals  tha t  

p a r t  of the  prote in  which is impermeable  to the  phosphotungs ta te .  
A compar ison  of the  radial  dens i ty  d is t r ibut ion  of the  in tac t  protein  and of 

ii: repolyme¢ized prote in  lacking RNA,  showed a dens i ty  m a x i m u m  at  radius  40.3t in 
i i t he  virus  to  be replaced b y  a dens i ty  min imum in the  nucleic acid-free protein  1°. 
ii This  suggested  t h a t  the  R N A  followed a helical p a t h  through the  length  of the 
!i part icle at  a radius  of 4 ° A (see also H-'~RTIZ). We  have a t t e m p t e d  to  d i sp lay  the 
:ii: cav i ty  occupied  b y  the  R N A  in the  following way .  Nucleic acid-free prote in  was 
ii p repared  from TMV using the  acetic acid procedure  of FRAENKEL-CoNRAT in. At p H  7 
:~:: such solut ions were clear and when observed  in the  electron microscope showed 
ii no visible s t ructures .  After  dialysis  against  1 %  a m m o n i u m  aceta te  ad jus ted  to p H  5 
: : w i t h  acetic ~cid the  solut ion became opalescent,  and a micrograph of a PT A prepara-  
i:: t ion  is shown in Fig. 3- R o d s  of varying length can be recognised bu t  their  s t ruc ture  

i i: :Re/eTencez p .  z xo. 
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Fig. ~. TMV r o d s  s h o w i n g  p e n e t r a t i o n  o f  PTA al~m:g c e n t r a l  r e g i o n  o f  v i r u s  rt×l.~. ~,43,ooo × 
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Fig. 3. R e a g g r e g a t e d  nuc le ic  ac id- f reo  p ro te in .  A n u m l ~ r  of .par t ic les  c a n  be  seen  as ho l low discs  
x , i th  c en t r a l  hole  d i a m e t e r s  of 70 -80  A. ~,Sz,oc~o x .  

F ig .  4- T u r n i p  ye l low nno~xic virxxs c r y s t a l l a y c r  s h o w i n g  i n t e rna l  s t r u c t u r e  wi th  pa r t i c l e s  in t3-pica! 
h e x a g o n ; d  c lose  pack ing .  2 . 5 6 , O O O  :< . 

Fig .  4a.  E n l a r g e m e n t  s h o w i n g  e m p t y  pr~)tein shel l  p a c k e d  in t h e  s t r u c t u r e .  64.5.ooo × • 



o 

~ 
~i~

.i~ ¸ 

oo
 



:~::v6L:34 (x959) STaIXL~c; .~twrHoD l:0R ELECTRON ,~tmROSCOPV IO 9 
..!:: ::"i I : :.: 
: . .  ; : . : .  : 

:.Rppears to be more disorganised than the intact  particles. All rods show the cent ra l  
:h01e of 4 ° .~ d iameter  rtgain confirming the X-ray  diffraction results. There is, however ,  
:).i:nO indicat ion of a n y  increased dens i ty  at  a radius of 4 o A. In addi t ion to particles 
:/i!ying on their  sides, the micrograph also shows particles lying on their  ends. These 
:discs show a central  hole which is much wider than  4 ° fk. Measuremellts  sltow the 
:ii.i:aVerage d iameter  to be 70-80 A. I t  is possible that ,  in this case, the increase in 
i 'd iameter  of the  hole is due to PTA filling up  the helical tunnel  occupied h y  R N A  and 
i:.:fhat we are unable  to rcsoh:e the  zo A of protein be tween the central  hole and the 
':helical tunnel.  In part icles in this or ienta t ion the dens i ty  of the  PTA would be summed  
i:.:':':0ver a n u m b e r  of turns  of the  helix and hence sufficient cont ras t  might  be avai lable 
i;/:.wliich would not  be the case in particles lying on their sides. 

i::::i:~:Turnip yellow mosaic virus 

. W h e n  a suspension of crys ta ls  of this virus in half s a tu ra t ed  a m m o n i u m  sulphate  
i :.:iS.. r ap id ly  d i lu ted  fif ty time~ with 1 %  ammonium aceta te  and preRare6 b y  the 
i:::~h0sphotungstate method ,  regularly packed virus particles can be ohserved in the  
;:ii.ii:::electron.. microscope (Fig. 4). This a r rangement  is due to f ragments  of crystals  and is 
:.;:.~ot p roduced  b y  rafting of individual  particles as can be readi ly shown b y  preparing 
 :::::idi ay ed solut ions of the  virus at  the  same concentrat ton,  h t  these crys ta l  layers the  
:;):::pgrticles are hexagonaUy close packed  and each particle appears  to be polygonal  in 
:!i.:!Shape. The  d iamete r  of the  virus  is 2Io  A, and the interpar t ic le  dis tances  240 A, 
!!:.i:;which is to be compared  wi th  the  d iameter  of zSo A es t imated  by  X- ray  diffraction 
}i)::i~f::crystalsXa. I t  should  be ment ioned  tha t ,  in such preparat ions ,  the a m m o n i u m  

~ l p h a t e  does not  interfere wi th  observat ion  since it crystall izes on drying and areas  
:i:;!:i:i:free of crys ta ls  are f requen t ly  found. 
? . : . :  .. 

:):i::::::: .. I so la ted  part icles m a y  be seen in prepara t ions  made  from crystals  dialysed 
::i'~gilinst dist i l led wa te r  as shown in r:-~. ............ " los" 4 and  5- The polygonal i ty  of the particles is 
!i:!.:fi0t .... as marked  as in the  in tac t  crystals ,  hut  mal ty  particles show s t ruc tura l  detail .  
i~i :This appears  as a g ranula r i ty  and is reminiscent  ol the s t ruc ture  found b v  SXEERF. x~ 
ii!;:i~:;:frozen-replica preparat ions .  In bo th  the  crys ta l  and  isulated particle prepara t ions  
i!::) ghost '  "" - particles can of ten be seen (Figs. 4 and  5)- These are clearly particles wi thou t  
:!::::i~ucleic acid and, arc therefore  the  e m p t y  protein  shells character is t ic  of the  so-caned 
:i.:'top componen t  . Figs. 6 and 6a are electron micrographs  of a purified prepara t ion  of 
'.:".tOp component ,  which shows most  of  the  part icles to be empty .  The thickncs~ of the  
i::::::~t0tein membrane  in such particles is 20-25 A; this should be compared  xxith the  
!!.::::~aiue of 35 A es t imated  by  X - r a y  diffraction. Such e m p t y  part icles never  show the 
):::.:;~annlar appearance  of the complete  virus and  it is possible tha t  this reflects some 
iii::i::bfganisatio~t of the  R N A  in the  particle.  

( : "  : i .  • 
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S U M M A R ~ t  " 

The n u m b e r  of survivors  of E. cell strains B/ r  or I5T- following X- ray  exposure was 
increased if the  log phase cells h a d  been previously grown in the  presence of chloram- 
phenicol. B y  omission of t h y m i n e  in the  g rowth  med ium of E. coli s t ra in  I5T_ tile 
chloramphenicol  effect failed to materialize.  Under  these condi t ions  net  DNA syn-  
thesis was prevented  while R N A  cont inued  to be accumula ted .  Since protein synthes is  
was inhibi ted b y  chloramphenicol  under  all condit ions employed it  would  appear  
t h a t  the  " su rp lus"  DNA was responsible ior the enhanced  survival  of cells so t rea ted .  

I N T R O D U C T I O N  

While numerous  irtvestigations have  been made  oft the relative roles of  the nuclear 
and cytoplasmic  nucleic acids in radiosensit iv i ty  of animal  and plant  cells, similar 
information on bacterial cells has been difficult to obta in  because of the  refractory 
n - t u r e  of such cells to the usual  physical  manipulat ions  found successful  with the  
larger cells. Recent ly ,  however ,  several means  of altering the ribonucleic acid (RNA) ,  
deoxyribonucle ic  acid (DNA) ,  and protein (P) contents  of  bacteria have  been de- 
scribed x, 2. In  the  present work a l tera t ions  in macromolecular  components  have  been 
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