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A b stra c t

THE CHARACTERIZATION OF FOOT-AND-MOUTH DISEASE VIRUS 
RNA DEPENDENT RNA POLYMERASE AND ITS LOCALIZATION 

IN INFECTED CELL CULTURE AND ANIMAL TISSUE

by

Steven H arris  Wool 

Adviser: P rofessor Ju le s  Golubow

Foot-and-mouth d isease  v iru s  i s  a s in g le  stranded  RNA v iru s  which 

i s  known to  be re p lic a te d  by a v i r a l -  induced RNA polym erase. In 

th is  th e s is ,  the RNA polymerase i s  shown to be composed of one v i r a l  

and fou r host c e l l  po lypep tides. In  a d d itio n , i t  i s  shown th a t  the 

se ra  from convalescent anim als con ta in  an antibody a g a in s t the  v i r a l  

induced polymerase component. These se ra  a re  made sp e c if ic  fo r  th is  

v i r a l  polypeptide by adsorbing out the  antibody a g a in s t the  v i r a l  

capsid  po lypep tides.

The use of th is  a n tis e ra  in  an e le c tro n  m icroscopic immunolabel- 

ing procedure shows the presence of the v i r a l  polymerase polypeptide 

(P-56) in  the lumen of the rough endoplasmic re ticu lum  (RER), in  the  

Golgi and w ith in  and on the su rface  of smooth membranous vacuo les. 

The l a t t e r  s tru c tu re s  which a re  shown to  be induced during the  in fe c ­

tio u s  process a re  a lso  shown by EM autoradiography to be the s i t e  of 

polymerase a c t iv i ty .  The r e s u l ts  of these  s tu d ie s  suggest a theory 

fo r  the sy n th e s is , processing  and m aturation  of the polymerase which 

resembles the p rocessing  fo r se c re to ry  p ro te in s  which a re  syn thesized  

on the RER, processed through the Golgi and sequestered  in to  Golgi 

vacuoles.
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L as tly , these stud ies were extended in to  animal t is su e  so th a t 

the process could be confirmed in  in fe c te d  whole anim als. Mammary, 

l iv e r  and sk in  tis su e s  were examined from in fec te d  anim als. Smooth 

membranous vacuoles in  the l iv e r  were found in  numbers g rea te r  than 

in  co n tro l t i s s u e .  Both mammary and l iv e r  t is s u e  showed th a t  the 

immunolabeling fo r the P-56 polymerase po lypeptide was assoc ia ted  

w ith  smooth membranous vacuoles. In the case, of the mammary, the 

vacuoles were of d e f in i te  Golgi o r ig in  since  they contained milk 

sec re to ry  p ro te in s known to  be Golgi p roducts .

This th e s is ,  th e re fo re , dem onstrates th a t the  P-56 polymerase 

polypeptide i s  made on the rough endoplasmic re ticu lum , processed 

though the Golgi and in se r te d  in to  the vacuolar membrane where i t  

combines w ith host p ro te in s and becomes the a c tiv e  polymerase com­

p lex .
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SECTION I

INTRODUCTION

Foot-and mouth d isease  (FMD) v iru s i s  in  the  P ico rn av irid ae  fam ily , 

i n  th e  genus Apthovlrus. There a re  seven se ro lo g ic  types: European; A, 0 ,

and C; South A frican; SAT 1, SAT 2, SAT 3; and A s ia tic ;  Asia 1. These a re  

subdivided in to  61 su b ty p es^  \

The Economic and P o l i t ic a l  Aspects of Foot-and-Mouth D isease V irus

FMD i s  one of the most im portant anim al d iseases  in  the world. I t  

has a  pronounced e ffe c t on world trad e . C ountries f re e  of the d isease  

l im it  meat trad e  severely  and allow  the  im porta tion  of liv e s to c k  only 

a f t e r  rigorous and co s tly  lab o ra to ry  t e s t s .  The rec en t outbreak in  Eng­

land in  1968 i s  estim ated to  have caused the lo s s  of about 450,000 a n i­

mals w ith an o v e ra ll c o s t of about 1 b i l l i o n  d o l la r s .  Hence, fo o t-an d -

mouth d isease  has both economic and p o l i t i c a l  s ig n if ic a n c e . While the  

m o rta lity  i s  not usually  high, th e  m orbidity  lo s se s—the lo ss  of milk and

meat and th e  long periods in  vrtiich the  in fe c te d  anim als a re  no t produc­

t iv e ,  make FMD a very c o s tly  d ise ase  ( 1 ) .

The C h arac te riza tio n  of the D isease in  the  N a tu ra l Host

Foot-and-mouth d isease  a f f e c ts  c loven -foo ted  an im als, e sp e c ia lly  

c a t t l e  and swine. The d isease  i n  c a t t l e  i s  c h a rac te rize d  by d ep ress io n , 

fever and the  appearance of v e s ic le s ,  f i r s t  on the  mucous membranes of 

th e  o ra l c a v ity , then on the tongue and l a t e r  in  th e  i n t r a d ig i t a l  sk in . 

O ccasionally , th e  te a ts  and udder are a lso  v e s ic u la te d . As a lread y  men-
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tlo n e d , the d isease  has h igh m orbidity  and low m o rta li ty . M o rta lity  

r e s u l ts  from card iac  muscle n e c ro s is .

The d isease  p rogresses ra p id ly . W ithin 24 to  48 hours a f t e r  the 

i n i t i a l  m u ltip lic a tio n  in  the  ep ithelium  of th e  o ra l  c a v i ty , the  v iru s 

spreads by the  hematogenous ro u te  to a l l  organs and t is s u e s  of the anim al. 

This r e s u l ts  in  the appearance of secondary v e s ic le s  on the epithelium  of 

th e  mouth and fe e t  and o th e r non-hairy  reg io n s , a s w e ll a s  le s io n s  in  

c e r ta in  in te rn a l  organs. A ffected c a t t l e  become lame as the  r e s u l t  of the 

fo o t le s io n s . They clamp th e i r  jaws and d roo l from the mouth because of 

mouth soreness. They do no t e a t ,  lo se  weight s te a d i ly  and milk se c re tio n s  

a re  g re a tly  dim inished. The v e s ic le s  in  the  mouth ru p tu re  and produce 

la rg e  white flap s of t is s u e  which detach from the underlying epithelium  

leav ing  raw su rfaces . Many tim es la rg e  p a rts  of the  tongue a re  com pletely 

denuded. Secondary b a c te r ia l  in fe c tio n  occurs on the  tongue and on the 

claw and r e s u l ts  in  deep n e c ro s is  of t is su e  w ith  the  lo ss  of the hoof.

Much of the damage in  most cases i s  caused by these  secondary complica­

t io n s  (1 ) . The d isease  i s  s im ila r  in  o th er n a tu ra l  h o sts  a s w e ll as  in  

guinea pigs which a re  the p re fe rred  experim ental anim al.

In  convalescent se ra , an tibody to  four an tig en s a re  formed (2 ) . A ll 

four an tigens a re  complement f ix in g  and can be d e tec ted  in  th e  agar gel 

p re c ip ita t io n  t e s t .  The an tig en s a re :

1) 140S RNA con ta in ing  v ir io n ;

2) 75S empty v i r a l  capsid ;

3) 12S v i r a l  subun it;

4) V irus in fe c tio n  a sso c ia ted  an tig en  (VIA).

Antibody to  the  la s t  a n tig en  has been shown to  in h ib i t  the  a c t iv i ty  

o f th e  FMDV RNA dependent-RNA polymerase in  v i t r o  (3 ,4 ) .
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The C h a ra c te r iz a tio n  of the  D isease Process in  Small Experim ental Animals 

Because guinea pigs can be In fec ted  with FMDV, these  anim als a re  

used to  d e te c t v iru s  from suspected animal t is s u e s  and o th e r m a te ria l th a t  

may have been in  co n ta c t w ith in fec te d  anim als. Guinea p igs a re  p re fe r­

a b le  to  use r a th e r  th an  th e  more expensive cows. For u se , guinea pigs 

weighing about 350 grams a re  inocu la ted  in  the footpad of th e  hind fe e t  o r 

in to  th e  tongue. A prim ary v e s ic le  u sua lly  appears a t  th e  p o in t of inocu­

la t io n  w ith in  24 hours a s  in  the  n a tu ra l h o s t. A fter an a d d itio n a l 18 to  

26 ho u rs , secondary v e s ic le s  appear on the  mouth and the  v iru s  dissem in­

a te s  throughout th e  anim al.

The Biochem ical and B iophysica l Aspects of the  V irus

Foot-and-mouth d ise a se  v iru s  (FMDV) has a naked e th e r  r e s i s t a n t  v i r ­

io n , 23 to  25 nanometers in  diam eter with a sedim entation r a te  of 140S.

I t  c o n ta in s  s in g le -s tra n d e d  RNA in  one l in e a r  segment w ith  a m olecular 

weigiht of 2 .5  x  10^ and a sedim entation r a te  of 37S. The RNA has a 3 ' 

poly(A) end and a c ts  both  as a messenger fo r  t r a n s la t io n  and as a tem­

p la te  fo r  t r a n s c r ip t io n .  V ira l syn th esis  and m aturation  occur in  th e  

in fe c te d  c e l l  cytoplasm . The v iru s  induced RNA-dependent RNA polymerase 

complex has been is o la te d  and p a r t ia l ly  c h a rac te rize d  (3 ,4 ) .

RNA-Dependent -  RNA Polymerase Complex

The r e p l ic a t io n  complex in  p o lio v iru s  con ta ins v i r a l  RNA as w e ll a 

v iru s  induced RNA-dependent RNA polymerase (5 ,6 ) and i s  considered  to  be 

th e  s i t e  of v i r a l  RNA sy n th e s is  (7 ) . The a s so c ia tio n  of t h i s  complex w ith  

c e l lu la r  membranes has been repo rted  for p o lio v iru s  ( 8 ,9 ) ,  Semliki fo re s t

3



v iru s  (10) and tobacco mosaic v iru s  (11 ). Bienz (8) has suspected th a t 

RNA sy n th esis  in  p o lio v iru s  i s  a sso c ia ted  with smooth membranes. The FMDV 

RNA-dependent RNA polymerase i s  a lso  a sso c ia ted  w ith c e l lu la r  membranes 

(3 ,1 2 ,1 3 ). Lazarus and B a rz i la i  (14) contend th a t  FMD polymerase i s  asso ­

c ia te d  w ith  ribosom e-containing membranes.

Scope o f Research

This d is s e r ta t io n  w il l  re p o r t  on:

1. The p u r i f ic a t io n  of the  polymerase complex and the id e n t i f ic a t io n  

of i t s  components.

2 . The re la tio n s h ip  of a n tis e ra  from convalescent anim als to  the  

polymerase complex and th e  is o la t io n  of antibody to  the polymerase.

3 . The in  vivo lo c a l iz a t io n  of the polymerase RNA product in  c e l l  

c u ltu re  u sing  EM autoradiography and au to rad iom etric  a n a ly s is .

4. The jLn vivo lo c a l iz a t io n  of the polymerase by immunoelectron 

m icroscopy, both in  c e l l  c u ltu re  and anim al t is s u e .
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The Experim ental Approaches Used in  T his P ro jec t

In  order to  answer the  questions imposed by th i s  p ro je c t,  c e r ta in  ex­

perim ental procedures were needed:

1. Production of the  enzyme complex and i t s  products in  c e l l  c u ltu re  and 

th e  e x tra c tio n  of the  enzyme complex.

2 . A nalysis of the enzyme complex and i t s  products by sucrose g ra d ie n ts , 

PAGE-autoradiography, RNA phenol e x tra c tio n  and RNA spreading  techn iques.

3. P roduction and p u r i f ic a t io n  of n a tu ra lly  produced antibody from in ­

fe c te d  h o st animals a g a in s t the  RNA polymerase v irus-induced  p ro te in .

4 . The use of the above antibody to  lo c a te  by EM immunocytochemistry the 

v iru s-in d u ced  RNA-polymerase p ro te in  in  c e l l  c u ltu re s  and in  guinea pig 

anim al t is s u e s .

5 . The lo c a liz a t io n  of the  RNA sy n th e tic  products in  c e l l  c u ltu re  so as 

to  d is tin g u ish  between the  s i t e  where polymerase i s  syn thesized  and where 

i t  c a r r ie s  out the sy n th e tic  p rocess.

In  e f f e c t ,  the p u r if ie d  of th e  enzyme and i t s  components were used to 

id e n tify  the  n a tu ra lly  occurring  polymerase antibody and th i s  an tibody in  

tu rn  was used to lo c a te  th e  enzyme in  c e l l  c u ltu re s  and animal t is s u e  by 

Immunocytochemistry la b e lin g . The enzyme product was lo c a liz e d  by EM 

autoradiography.
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SECTION I I

C h a rac te r iz a tio n  of a 70S Poly (U) Polymerase Iso la te d  from 

Foot-and-Mouth D isease V iru s-In fec ted  C ells

SUMMARY

A poly (U) polymerase complex iso la te d  from- foot-and-m outh d isease  

v iru s - in fe c te d  c e l l s  sedim ents a t  70S in  a sucrose g rad ien t and appears in  

the  ex c lu sio n  volume of an agarose column whose m olecular weight c u t-o f f  

i s  5 m illio n  d a lto n s . Phenol e x tra c tio n  of the complex y ie ld s  a h e te ro ­

geneous band of v iru s - s p e c if ic  RNA and an apparen tly  h o st c e l l  derived  

4.5-5S RNA, both of which a re  e s s e n t ia l ly  s in g le  stran d ed . N either RNA 

se rves a s  a  tem plate  in  th e  c e l l - f r e e  enzyme re a c tio n . Polyacrylam ide ge l 

a n a ly s is  re v e a ls  5 po lypep tides, with m olecular weights of 50, 56, 60, 70, 

and 74 k ilo d a lto n s , and w ith  molar r a t io s  of 1 :2 :2 :1 :1 , re s p e c tiv e ly . 

Autoradiography shows P56 to  be the only v i r a l  induced polypeptide; the  

o th e r  p ro te in s  a re  ap p aren tly  of host c e l l  o r ig in . E lec tro n  m icroscopic 

exam ination re v e a ls  a  cartw heel shape fo r the polymerase complex which i s  

seen to  d is s o c ia te  a s  poly (A) i s  added. Antibody shown to  in h ib i t  enzyme 

a c t iv i ty  aggregates th e  70S u n its .
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INTRODUCTION

The mechanism fo r sy n th esis  of foot-and-mouth d isease  v iru s  (FMDV)

. RNA has not been fu l ly  o u tlin e d . Early work showed the  presence in  in ­

fec ted  c e l ls  of a v i r a l  induced RNA polymerase, complex co n ta in in g  an 

endogenous RNA tem plate  th a t  was ab le  to inco rpo ra te  nucleoside  tr ip h o s ­

phates in to  v i r a l  RNA in  v i t r o  (17). The polymerase complex was f ra c t io n ­

a ted  in to  two sep a ra te  components by c e n tr ifu g a tio n  in  sucrose  g ra d ie n ts  

(1 ) . One, which con ta ined  20S double-stranded RNA, syn thesized  th a t  same 

RNA in  a  c e l l - f r e e  system. The second, which contained a p o ly d isp e rse  

p a r t i a l ly  R N ase-resis tan t RNA, synthesized  37S s in g le -s tra n d e d  v i r a l  RNA.

A p o lio v iru s -s p e c if ic  p ro te in  w ith an apparent m olecuiar w eight of

63,000 which i s  capable of copying both poly (A) and p o lio v ir io n  RNA tem­

p la te s  when o lig o  (U) i s  used as a primer has been is o la te d  from the  cyto­

plasm of in fe c te d  c e l l s  (7 ,1 0 ,2 1 ).

R ecently , a poly (U) polymerase complex was is o la te d  from the  cyto­

plasm of FMDV-infected c e l l s  which requ ired  a poly (A) tem p la te , o lig o  (U) 

prim er, magnesium io n s, and u rid in e  triphosphate  fo r  a c t iv i ty  (1 6 ). The 

enzyme complex was unable to  function  as an RNA re p lic a s e  when a l l  four 

rlbonucleoside  tr ip h o sp h a tes  were added. This lack  of re p l ic a s e  a c t iv i ty  

in d ic a te d  the  absence of any endogenous RNA tem plate. Reported here  a re  

more d e ta ile d  s tu d ie s  of th e  p ro p e rtie s  and components of the  FMDV poly 

(U) polymerase complex.

MATERIALS AND METHODS

C ells  and v iru s

Baby hamster k idney-21, clone 13 c e l l s  (American Type C ultu re  C ollec­

t io n )  were grown fo r  5 to  7 days in  2 - l i t e r  Baxter b o t t le s  in  a medium
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c o n sis tin g  of a modified Eagle s a l t  so lu tio n , 0*02 M in  T r is ,  con tain ing  

10% try p to se  phosphate and 10% bovine serum (13). C e lls  were in fe c te d  a t  

a m u lt ip l ic i ty  of 50 plaque forming u n its  (PFU) w ith FMDV, type A, subtype 

12, in  10 ml of inoculum.

P re p a ra tio n  of cytoplasm ic e x tra c t  from in fe c te d  c e l ls

A fte r  5 min of incubation  a t  37°C, 40 ml of growth medium was added 

and incuba tion  was continued fo r 3.5 to  4 .5  h. The b o t t le s  were cooled in  

an  ic e  ba th , and 50 ml of cold  0.14 M NaCl-0.01 M T ris -h y d ro ch lo rid e , pH 

7 .5 , was added. C ells were scraped from the g la s s ,  c o lle c te d  by c e n t r i ­

fu g a tio n  a t  2000 x g and washed once w ith  the T ris -b u ffe re d  s a l in e . C ells 

(75 x 10®) were suspended in  150 ml of co ld  0.01 M NaCl-0.01 M T r is -  

hyd roch lo ride , pH 8 .0  (TN b u f fe r ) ,  broken in  a t i g h t - f i t t i n g  Dounce homo- 

g e n iz e r , and cen trifuged  fo r  5 min a t  5,000 x g to  remove the n u c le i. The 

n u c le i  were washed once w ith  10 to  15 ml of TN b u f fe r ,  and the  wash was 

added to  the  supernatan t-cy top lasm ic e x t r a c t ( l6 ) .

I s o la t io n  of poly(U) polymerase (16)

The cytoplasm ic e x tra c t was spun fo r  30 min a t  20,000 x g and the  

8edimented membrane f ra c tio n  was d iscarded .' The a p p ro p ria te  volume of a 

sa tu ra te d  so lu tio n  of ammonium s u l f a te  in  TN b u ffe r  was added to the  

supernatan t f lu id  to  30% s a tu ra t io n , and th e  m ixture was kept a t  0°C fo r a 

minimum of 1 h . The p e l le t  obtained from c en tr ifu g in g  fo r  10 min a t

10,000 x g was d iscarded , and ammonium s u lf a te  was added to  the  super­

n a ta n t to  50% sa tu ra tio n . A fte r trea tm en t as b e fo re , the  p e l le t  obtained 

by c e n tr ifu g a tio n  contained most of the  enzyme a c t iv i ty .  The p e l le t  was 

d isso lved  in  5 ml of 0.2% sodium dodecyl s u l f a te  (SDS) and the  so lu tio n
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was em ulsified  w ith  a Vortex mixer fo r  1 min w ith  tw ice the  volume of 

1 ,1 ,2 - t r ic h lo ro tr i f lu o ro e th a n e  (Genesolv-D, A llied  Chemical, Morristown, 

New J e rs e y ) .  The em ulsion was cen trifu g ed  w ith  5 min a t  20,000 x g , and 

th e  aqueous phase was c o lle c te d  and e x tra c ted  w ith Genesolv-D two addi­

t io n a l  tim es. An equal volume of 4 M LiCl in  TN b u ffe r was added to the 

f i n a l  aqueous phase, and th e  m ixture was allowed to  stand  a t  -11 °C fo r 18 

to  20 h . The p re c ip ita te d  s in g le -s tra n d ed  and re p l ic a t iv e  in te rm ed iate  

RNA was removed by c e n tr ifu g in g  fo r 30 min a t  20,000 x g. The supernatan t 

was d ia lyzed  a g a in s t repeated  changes of TN b u ffe r  and re ta in ed  i t s  enzyme 

a c t iv i ty  a f t e r  s to ra g e  a t  4°C fo r a period of 6 to  8 weeks. Other poly(U) 

polymerase p rep a ra tio n s  were s to re d  a t  -60°C fo r  10 to  1-2 months w ithout 

any s ig n if ic a n t  lo s s  in  a c t iv i t y .

P re p a ra tio n  of lab e led  poly (U) polymerase complex

R olling  b o t t le  c u ltu re s  of baby hamster kidney (BHK) c e l ls  were in ­

fe c te d  w ith FMDV, type A^2 as described  above and were t re a te d  w ith 5 g 

o f Actinomycin D per ml a t  60 min p o s tin fe c tio n . C ultures to  be labeled  

w ith %  u rid in e  were incubated  w ith F-15 medium (Grand Is la n d  B io log i­

c a l ,  Grand Is la n d , New York) supplemented w ith  10% c a lf  serum. C ultures 

to  be lab e led  w ith H-3 amino ac id s  were incubated  w ith Hanks' balanced 

s a l t  so lu tio n  in  1% Tris-H C l b u f fe r ,  pH 7 .5 , supplemented w ith 0.1 X the 

standard  co n cen tra tio n  of E a g le 's  minimum e s s e n t ia l  medium amino a c id s , 

(Grand Is la n d  B io lo g ic a l , Grand Is la n d , New York) 0 .2  mM glutam ine, and 

0.2% g lucose. Iso to p es  (ICN, I rv in e , C a lifo rn ia )  were added 1.5 h post 

in fe c tio n  a t  a co n ce n tra tio n  of 25 C i/m l. The c e l ls  were c o lle c te d  a t  4 

h p o s tin fe c tio n  and lab e led  enzyme was p u r if ie d  as described above for 

unlabeled p rep a ra tio n s .
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Poly(U) polymerase assays

A procedure developed by P o la tn ick (16 ) was used to determ ine poly(U) 

polymerase a c t iv i ty .  A 50- 1 p o rtio n  of enzyme was assayed in  a f in a l  

volume of 125 1 of so lu tio n  co n ta in in g  50 mM N -2-hydroxyethylpipera-

zine-N , -2 -e th an esu lfo n ic  ac id  (HEPES) b u ffe r  (pH 8 .0 ) ,  15 mM magnesium 

'a c e t a t e ,  0.08 mM UTP, 20 g of poly(A) per ml (M iles L ab o ra to ries ,

E lk h a rt, In d ian a ), 10 g of o lig o  (u )jo -2 0  Pe r  m̂- (C o llab o ra tiv e  Re­

search , Boston, M ass.), 4 mM phosphoenolpyruvic a c id , 3 .5  IU of pyruvate 

k inase  per m l, and 10 g of actinom ycin D per ml. Five m icrocuries of 

[%]UTP (s p e c if ic  a c t iv i t y ,  27 Ci/mraol) in  50% e thano l were evaporated 

to  dryness w ith  a stream  of n itro g en  fo r  use in  each assay . A fte r incuba­

t io n  fo r  60 min a t  37°C, th e  re a c tio n  was stopped by the  a d d itio n  of 0.5 

ml of sa tu ra ted  sodium pyrophosphate, 1 .0  ml of 10% tr ic h lo ro a c e t ic  a c id , 

(TCA) and 100 g of c a r r i e r  yeast RNA. The a c id -in so lu b le  labe led  enzym­

a t i c  product was c o llec ted  on Whatman GF/A f i l t e r s  and counted in  Formula 

950-A s c in t i l l a t io n  f lu id  (New England N uclear, Boston, M ass.), w ith a 

Beckman LS-335 counter.

M olecular weight s iz in g

A 0.9  x 12 cm column of Sephadex G-150 was e q u ilib ra te d  w ith TN buf­

f e r  a t  4°C. The sample of polymerase complex was loaded onto the  column 

idilch was then developed w ith TN b u ffe r a t  a flow r a te  of 8 m l/h. One ml 

f ra c tio n s  were c o lle c te d  from which 50 1 p o rtions were assayed fo r  enzyme 

a c t iv i ty .  A polymerase complex sample was a lso  app lied  to  a 2 .5  x 28 cm 

column of Biogel A-5m (6% agarose) (BIO-RAD Calbiochem Los Angeles, C ali­

fo rn ia ) , which had been e q u il ib ra te d  w ith TN b u ffer. The column was 

developed w ith TN b u ffe r a t  a flow r a t e  of 60 ml/h and 2 .5  ml f ra c tio n s
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were c o lle c te d . P ortions of the  f ra c t io n s  were assayed fo r enzyme 

a c t iv i ty .

E x trac tio n  of RNA

The peak tubes of enzyme a c t iv i ty  from sedim enting the polymerase 

complex through 10-50% sucrose  g ra d ie n ts  (see  R esu lts ) were combined, d i­

lu te d  2 -fo ld  w ith  TN b u f fe r ,  and e x tra c te d  tw ice w ith  equal volumes of a 

1:1 m ixture of pheno1-chloroform  co n ta in in g  0.05% 8-hydroxy q u in o lin e .

The RNA was p re c ip ita te d  tw ice w ith  0 .2  M NaCl and 2 .5  volumes of e thanol 

a t  -20°C. RNA was s im ila r ly  e x tra c ted  from c e l l  free  enzyme assay  mix­

tu re s  but w ithout any i n i t i a l  d i lu t io n  with.TN b u ffe r .

Polyacrylam ide gel e le c tro p h o re s is

P ortions of the peak tube of polymerase complex enzyme a c t iv i ty  from 

sucrose g rad ie n ts  were p re c ip ita te d  w ith  equal volumes of 10% TCA fo r  

overnight a t  4°C. The p re c ip ita te s  were c o lle c te d  (10,000 x g fo r  20 min) 

and washed tw ice w ith ace tone . The p re c ip i ta te s  were, then resuspended in  

a p p ro p ria te  volumes of sample p rep a ra tio n  b u ffe r (0 .06 M Tris-H C l, pH 6 .8 , 

10% g ly c e rin e , 2% SDS, 5% m ereaptoethanol, 8M u rea , and phenol red ) and 

heated  a t  100°C fo r 2 to  3 min. Samples were e lec trophoresed  in  10% poly- 

acrylamide-SDS ge ls  (14) con ta in ing  8 M urea (2 ) a t  120V u n t i l  the  dye 

fro n t reached the  bottom of the  g e l. Gels were s ta in e d  w ith Coomassie 

b r i l l i a n t  b lue , d e s ta in ed , and when re q u ire d , scanned a t  600 nm in  a re ­

cording spectrophotom eter. To .increase  the  s e n s i t iv i ty  of d e te c tio n  of 

t r i t iu m  labe led  p ro te in s , g e ls  were e q u ilib ra te d  w ith ENTRANCE (New 

England N uclear, Boston, M ass.), d r ie d , and autoradiographed by overlaying  

the  d ried  gel w ith Kodak XAR-5 f ilm  and incubating  a t  -70°C fo r  24-48 h rs .
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E lec tro n  microscopy

Samples fo r  e le c tro n  microscopy and immunoelectron microscopy were 

v isu a liz e d  by procedures described  In  S ec tion  IV and Appendix. In  addi­

t io n ,  some samples were heavy m etal coated with platinum -palladlum  by 

methods d iscussed  by W illiam s (2 3 ).

A n tise ra  *

Capsid adsorbed a n t i s e r a  was prepared as described* in  S ections IV, V 

and in  Appendix I .

RESULTS

M olecular w eight s iz in g  by column chromatography

As a  p re lim in ary  s te p  in  ob tain ing  i t s  m olecular s iz e ,  th e  poly (U) 

polymerase complex was passed through 'a Sephadex G-150 column (Pharmacia, 

U ppsala, Sweden). G rea te r than  85% of s ta r t in g  enzyme a c t iv i ty  was re ­

covered a t  the  end of th e  void volume with about 60% of the o p tic a l  den­

s i t y  a t  280 nm '(T able 2 .1 ) .  Since the  upper m olecular weight exclusion  

lim it  fo r  Sephadex G-150 i s  given a s  300,000 d a lto n s , th e re  a re  apparen tly  

no s ig n if ic a n t  amounts of unattached or aggregated components in  the  poly­

merase complex trtiich a re  e s s e n t ia l  fo r a c t iv i ty  w ith m olecular weights 

le s s  than  300,000.

The polymerase complex was then passed through a Biogel A-5m (6% 

agarose) column whose upper m olecular weight exclu sion  l im it  i s  given as 5 

m illio n  d a lto n s . Here (Table 2 .1 ) ,  complete recovery of the  s ta r t in g  

enzyme a c t iv i ty  appeared a t  th e  end of the  void volume w ith a lso  about 60% 

of the o p tic a l  d e n s ity  a t  280 nm. In o th er column ru n s , g re a te r  than the 

s ta r t in g  enzyme a c t iv i ty  was recovered , in d ic a tin g  the  probable cap ture  of
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lower m olecular weight In h ib itin g  agents by the  g e l. The poly (U) poly­

merase complex apparen tly  c o n s is ts  e s s e n t ia l ly  of an aggregated s tru c tu re  

w ith  a m olecular weight g re a te r  than  5 m ill io n .

Sedim entation c o e ff ic ie n t  de term ination

Sedimentlng the  poly (U) polymerase complex through a 10-50% sucrose

g ra d ie n t y ie lded  the a c t iv i ty  p ro f i le  in  F ig . 2 .1 . Approximately 75% of

.the polymerase a c t iv i ty  recovered from the g rad ien t was in  a peak w ith a

sed im entation  constan t of 70S. T o ta l rec o v e rie s  of polymerase a c t iv i ty

from th e  g rad ien ts  sometimes exceeded the  amounts o r ig in a l ly  layered  on 
. ’**  ̂

to p , again  probably in d ic a tin g  the se p a ra tio n  of in h ib ito ry  ag en ts . The

lo c a tio n s  in  the  g rad ien ts  of o th er than  70S a c t iv i ty  peaks were not a l­

ways reproduceable. O p tica l d ensity  read ings of the  70S peak a c t iv i ty  

f r a c t io n  a t  280 and 260 nm were 0.255 and 0.230 re s p e c tiv e ly , which 

y ie ld ed  a value of 1.11 fo r  the  280/260 r a t i o .  T his value in d ic a te s  the  

presence of about 2.4% n u c le ic  ac id  according to  the  c a lc u la tio n s  of 

Warburg and C h ris tia n  (11 ). Experiments were now d ire c te d  a t  c h a rac te r­

iz in g  th e  RNA conten t of th e  70S polymerase complex.

RNA con ten t of 70S polymerase complex

Labeled 70S polymerase complex prepared from H-3 u r id in e - tr e a te d  in ­

fec ted  c e l l s  in  the presence of Actlnomycin D was d ep ro te in ized  with 

pheno 1-chloroform . The RNA f ra c t io n  was sedimented through a 5-25% suc­

ro se  g rad ien t and produced a p ro f i le  in d ic a tin g  a m ixture of c e l lu la r  and 

v ira l- in d u c ed  components. As seen in  F ig . 2 .2  th e  t r i t iu m  and o p tic a l  

d en sity  p a tte rn s  p a ra l le l  one ano ther except fo r a peak of o p tic a l  d ensity  

occurring  alone a t  about 4 .5  to  5S. . M ock-infected c e l l s  processed through
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th e  same polymerase p u r i f ic a t io n  procedure did not y ie ld  any 4 .5  to  5S RNA 

peak. The absence of in creased  tr i t iu m  in  th is  peak suggests th a t  th e  RNA 

was in  th e  c e l ls  before  H-3 and Actinomycin D were added, s in ce  the  v i r a l -  

induced RNA synthesized  a f t e r  th a t  tim e would be lab e led .

The H-3 p ro f i le  in  F ig . 2 .2  shows a heterogeneous band of RNA 

g radually  in c reas in g  in  co n cen tra tio n  sedim enting through the  g rad ie n t. 

T h is band of v ira l- in d u c ed  RNA was com pletely d igested  by p an crea tic  RNase 

under low io n ic  s tre n g th  c o n d itio n s , but i t  had a s l ig h t  re s is ta n c e  under 

h igh  io n ic  s tre n g th  cond itions in  the  5 to  10S reg io n . Thus, the  v i r a l -  

induced RNA iso la te d  from th e  enzyme complex i s  e s s e n t ia l ly  s in g le  

stranded  w ith a p o s s ib i l i ty  of some 5-10S double stranded  m a te ria l being 

p resen t.

In  a sep ara te  experim ent the  4 .5  to  5S o p t ic a l  d ensity  peak of unla­

beled c e l lu la r  RNA was tr e a te d  with p a n c rea tic  RNase under low and high 

io n ic  s tre n g th  cond itions and re-sedim ented through 5-25% sucrose grad­

ie n ts .  O p tica l d en sity  read ings of the  f ra c tio n a te d  g rad ie n ts  could not 

be c le a r ly  in te rp re te d  because of the p resence  of RNA-digestion products 

extending down from the top of the g ra d ie n t. However, i t  could be seen 

th a t  th e  RNA peak had been d igested  to the  same ap p rec iab le  e x te n t under 

both io n ic  s tre n g th  c o n d itio n s , which would suggest th a t  th e  RNA was 

s in g le -s tra n d e d .

A previous re p o r t  (16) had shown th a t  the  poly (U) polymerase complex 

was unable to make s ig n if ic a n t  amounts of RNA from the four nucleoside 

trip h o sp h a tes  in  the assay  fo r re p l ic a s e  a c t iv i ty .  Moreover, when the 

nucleoside trip h o sp h a tes  were added to  poly (A) and o lig o  (U) in  the  assay 

fo r poly (U) a c t iv i ty ,  th e re  was no s ig n if ic a n t  change. Thus, i t  was r e ­

ported  th a t  the  polymerase complex does not con ta in  any endogenous RNA
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tem plate . On the  b a s is  of the  4 .5  to  5S RNA peak and the po lyd isperse  

RNA, I t  I s  now seen th a t  th e  complex does con ta in  host c e l l  and v i r a l  

Induced RNA. The next s e t  of experim ents s tud ied  the  e a r ly  labe led  pro­

ducts of the  enzyme re a c tio n  to  confirm  the lack  of tem p la te-func tion  of 

the  RNA p resen t.

A nalysis of e a r ly - la b e le d  RNA product of the polymerase^complex

The polymerase complex was labe led  fo r 2 minutes In  the  c e l l - f r e e  

assay system and the  re a c tio n  m ixture was tre a te d  w ith  pheno1-chloroform 

to e x tra c t th e  RNA. The e x tra c te d  RNA was analyzed on 10-30% lin e a r  suc­

ro se  g rad ie n ts  and revealed  (F ig . 2 .3 ) a s in g le  sharp peak sedimenting a t  

about 13S which co incided  w ith the  behavior of poly (A) in  the g rad ien t. 

The g rad ien t p ro f i le  thus id e n t i f i e s  the  p recu rso r (tem pla te) RNA of the 

polymerase complex to  be th e  added poly (A). The po lyd isperse  RNA in  the 

polymerase complex.does not apparen tly  p a r t ic ip a te  in  the  enzyme re a c tio n  

in ' th i s  c e l l - f r e e  system.

H o s t-c e ll  and v iru s-induced  po lypep tides a sso c ia ted  w ith the  70S 

polymerase complex

Labeled 70S polymerase complex was prepared from in fe c te d  c e l ls  which 

had been incubated in  the  presence of H-3 amino ac id s  and Actinomycin D, 

and compared to  an unlabeled p rep a ra tio n  by SDS-polyacrylamlde gel e le c ­

tro p h o res is  of a p o rtio n  of the  peak a c t iv i ty  tubes from 10-50% sucrose 

g rad ien ts  (F ig . 2.4a i s  a labe led  p rep a ra tio n ). The same s e r ie s  of 5 

major polypeptides w ith m olecular w eights ranging from 50,000 to  74,000 

daltons was present in  both the  lab e led  and unlabeled p ro f i le s ,  showing
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th a t  th e  lab e lin g  procedure did not in te r f e re  w ith assembly of the  pro­

te in s  of the  enzyme complex. E lec trophoresis  of a sample from mock- 

* in fec te d  c e l ls  c a rr ie d  through the  polymerase p u r i f ic a t io n  procedure did 

n o t show any s ig n if ic a n t  bands. The 56,00 da lto n  polypeptide was the  only 

major component seen in  th e  autoradiogram  (F ig . 2 .4 b ). Autoradiography of 

th e  e lectrophoresed  lab e led  complex o ccasio n a lly  showed a d d itio n a l minor 

baixls a t  45,000 and 29,000 d a lto n s .

A densitom etric  tra c in g  of the  s ta in e d  e le c tro p h o re tic  p a tte rn  of th e  

unlabeled polymerase complex (F ig . 2 .4c ) revealed  th a t  the  5 major pro­

te in s  accounted fo r 89% of the  t o ta l  p ro te in . Table 2 .2  gives the  data 

and c a lc u la tio n s  fo r  determ ining the molar r a t io s  of the  5 p ro te in s  in  the 

p o l y m e r a s e  complex. These come out to be P50»l, P56=2, P60=»2, P70=l, and 

P74-1.

E lec tro n  microscope v is u a liz a t io n  of poly (u) polymerase complex

The 70S complex was seen in  the  e le c tro n  microscope as about a 15 nm 

p a r t i c le  which resembled a  cartw heel (Fig 2 .5 a ) . The shape of these  c a r t ­

wheel s tru c tu re s  was m odified by exposure to various rea g en ts . For ex­

ample, a n t is e r a ,  which had prev iously  been shown to  in h ib i t  th e  a c t iv i ty  

of poly (U) polymerase in  the  c e l l - f r e e  system formed aggregates of these  

s tru c tu re s  (F ig . 2 .5 b ). In  o th er p rep a ra tio n s (F ig . 2 .5 c ) , the  a d d itio n  of 

poly (A) was seen to d is so c ia te  the  p a r t ic le s  in to  sm aller su b u n its . 

A dditional p rep ara tio n s (F ig . 2 .5d) revealed  complete d is in te g ra t io n  of 

th e  enzyme complex when 250 ug/ml of p re-incubated  P ro te in ase  K (Worthing­

to n , New J e rs e y ) ,  was added fo r 15-20 m inutes a t  20°C. but th e re  was no 

apparent change in  s tru c tu re  in  the  presence of 10 ug/ml of RNase A 

(W orthington, New J e rs e y ) ,  under the  same con d itio n s.
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DISCUSSION

I t  had been repo rted  e a r l i e r  (1) th a t  the  FMDV-RNA polymerase complex 

which requ ired  a l l  4 ribonucleoside  tr ip h o sp h a tes  to  fu n c tio n  in  the  p re - 

sence of endogenous RNA could be separa ted  in to  2 complexes having S -ra te s  

o f 20- 70S and 100- 300S re s p e c tiv e ly . E hrenfeld  e t  a l  (9) repo rted  the 

i s o la t io n  from p o lio v iru s-  in fe c te d  c e l l s  of a 70S polymerase complex 

which synthesized  v iru s - s p e c if ic  RNA from an endogenous RNA tem plate . The 

cu rren t s tu d ie s  have is o la te d  a 70S FMDV-RNA polymerase complex which syn­

th e s iz e s  poly (U) in  the  presence of prim er o lig o  (U) and tem plate poly 

(A).

T his 70S polymerase complex con ta ins a heterogenous band of v iru s -  

induced RNA and a host c e l l  4 .5-5S RNA, n e ith e r  of which serves as a tem­

p la te  fo r  sy n th esis  of v i r a l  RNA o r poly (U) in  th e  c e l l - f r e e  system. The 

procedure is o la t in g  the  70S complex may have a l te re d  the endogenous RNA 

tem plate so th a t i t  now fu n ctio n s only to  bind the p ro te in  su b -u n its  of 

th e  enzyme. From a co n sid e ra tio n  of the  molar r a t io s  of the  p ro te in  com­

ponents of the complex, th e  su b -u n it may be considered to  c o n s is t of 7 

m olecules. I f  such i s  the  c a se , then  th e re  should be a t  l e a s t  10, and 

probably many more m u ltip le s  of the  su b -u n it in  th e  g re a te r  than  5 m illio n  

dalton  molecular weight complex.

The 4.5-5S RNA in  the  70S complex may be h o st c e l l  ribosom al mater­

i a l .  There i s  no in d ic a tio n  as yet as to  whether th is  RNA i s  a chance 

contaminant or whether i t  se rves some fu n c tio n  such as priming the  poly­

merase re a c tio n . Smaller c e l lu la r  RNA m olecules, such as t r a n s fe r  RNA, 

have been suggested to serve as prim ers on which rev e rse  tra n s c r ip ta s e  can 

i n i t i a t e  DNA syn thesis  in  Rous Sarcoma v iru s - in fe c te d  c e l l s  (6 ) .
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The p ro te in s  of the  70S polymerase complex have been shown to  c o n s is t 

of 1 v irus-induced  and 4 host c e l l  components. Previous work had shown 

th a t  Actinomycin D in h ib i te d  the  sy n th e s is  of RNA polymerase i f  i t  was 

added to  FMDV-infected BHK c e l l s  e a r ly  in  the  growth cycle  (3 ,1 8 ). These 

f in d in g s  suggested th a t  th e re  may be host p ro te in  involvement in  FMDV-RNA 

sy n th e s is . The m ulti-com ponent n a tu re  of o ther polymerases has been r e ­

corded. Q B -rep lica se  c o n s is ts  of 1 v iru s - s p e c if ic  and 3 c e l lu la r  pro­

te in s .  In a d d itio n , ano ther host c e l l  p ro te in  fa c to r  i s  requ ired  fo r 

phage RNA r e p l ic a t io n  (4 ) . P a r t ia l ly  p u r if ie d  p rep ara tio n s of mengovirus 

r e p l ic a t io n  complex c o n ta in  a host c e l l  p ro te in  whose purpose has not been 

e s ta b lish e d  (12). Host c e l l  components a re  fu n c tio n a lly  im portant in  en­

cephalom yelitis  RNA polymerase (8 ) . The ro le  of th e  4 d if fe re n t  c e l lu la r  

p ro te in s  in  the  FMDV 70S polymerase complex has not been determ ined. In  

th e  c e l l ,  they  may serve  to  recognize  tem plate s i t e s  and thus d i f f e r e n t i ­

a te  between v i r a l  and c e l lu l a r  m olecular sp ec ie s . In  p o lio v iru s  c e l l - f r e e  

system s, the  polymerase complex can be rep laced  by the  v iru s - s p e c if ic  

po lypeptide  P63 in  a c tin g  as an RNA-dependent RNA polymerase .(21).

Previous work in  t h i s  lab o ra to ry  suggested the  sy n th esis  in  a c e l l -  

f r e e  system of a 56 k ilo d a l to n  p ro te in  which was im m unoprecipitated by 

a n t is e ra  capable of in h ib i t in g  the  a c t iv i ty  of FMDV-RNA polymerase (5 ,1 9 ). 

Newman jet a l  have rep o rted  the presence of a v irus-coded  p ro te in  w ith a 

m olecular weight of 56 k ilo d a lto n s  in  FMDV-RNA polymerase (15). The pre­

se n t r e s u l t s  show th a t  a 56 k ilo d a lto n  p ro te in  syn thesized  in  FMDV-infect- 

ed c e l l s  forms p a rt of a 70S complex which func tions as a poly (U) poly­

m erase. Enzyme complexes iso la te d  from o th er p ico rn av iru ses have been 

rep o rted  to  co n ta in  a v iru s - s p e c if ic  polypeptide having a m olecular weight 

of about 56 k ilo d a lto n s  (1 2 ,1 3 ,2 1 ).
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The aggregation  of the  70S polymerase complex by a n t is e r a  ab le  to  In ­

h i b i t  enzyme a c t iv i ty  In  the  c e l l - f r e e  system (F ig . 2 .5b) Id e n t i f ie s  the  

cartw heel s tru c tu re  (F ig . 2 .5a) as being the  poly (U) polymerase complex. 

The re a c tio n  fu r th e r  suggests th a t  a t  l e a s t  1 of th e  2 v iru s - s p e c if ic  P56 

m olecules i s  loca ted  on the  su rface  of the  complex where i t  I s  a c c e ss ib le  

to  binding by antibody  m olecules. Poly (A) d is so c ia te s  th e  70 S complex 

(F ig . 2 .5 c ) , apparen tly  as i t  assumes i t s  ro le  of tem plate . Blumenthal 

and Cdrmichael (A) rep o rted  comparable d is so c ia tio n  of th e  Q B -rep licase  

complex by tem plate poly (A,C). However, in  th e  l a t t e r  c a se , enzyme a c t iv ­

i t y  was lo s t .  Thevcomplete breakdown of the  complex a f t e r  exposure to  a 

c ro te o ly t ic  enzyme (F ig . 2 .5d) i s  confirm ation  of i t s  p ro te in  composi­

t io n .  I t s  apparent re s is ta n c e  to  RNase A may in d ic a te  th a t  th e  5 d i f f e r ­

en t p ro te in  components -are s u f f ic ie n t ly  se lf -b in d in g  to  hold the  .complex 

to g e th er o r th a t  th e  RNA i s  sh ie lded  from degradation  by a p ro te in  c o a t.

21



Table 2.1 Behavior of Poly (U) Polymerase Complex 

on N olecular S iz ing  Gel Columns

E lua te  F rac tio n  Assay A c tiv ity ^8) P .P . 280 na

A: Sephadex GrlSO^b)

1 + 2  284 0.031

3 ' 8406 0.554

4 1815 0.170

5 698 0.094

B: B iogel A~5m^c ^

18 472 0.060

19 3121 0.193

20 3337 0.179

21 468 0.073

22 202 0.059

Cpm p e r 50 1 in  the  standard  assay system.

(b ) Column was loaded w ith 0.4 ml polymerase complex in co rp o ra tin g  30250 
cpm per 50 1 in  the standard  assay  system and having an O.D. o f 3.12 
a t  280 nm. C ollected 1.0 ml f r a c t io n s . Void volume determined by 
Blue Dextran 2000 was about 2 .5  to  3 . ml.

( c ) Column was loaded with 0.5 ml of the  same polymerase complex. Col­
le c te d  2.5 ml f ra c tio n s . Void volume determined by foot-and-m outh 
d isease  v iru s  was 45-50 ml.
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Table 2 .2  D eterm ination of Molar R atios of 

P ro te in s  In  Polymerase Complex from D ensitom eter 

T racing of Polyacrylam ide Gel E le c tro p h o re tic  Run

Area under 
M.U. of peak.
P ro te in  % o f t o t a l

74000 15.1

70000 15.6

60000 24.9

56000 22.0

50000 11.7

Area co rrec ted  
fo r major 
peaks only

16.9 

17 • 5

27.9 

24.6 

13.1

Area/M.W. 
X io i

2.28

2.50

4.65

4.39

2.62

Assumed 
C alcu lated  Actual 

Molar Molar 
R atio  R atio

1 1

1.10  1

2.04 2

1.93 2

1.15 1

TOTAL 89.3 100.
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Fig . 2.1 Sedim entation of poly (U) polymerase complex. A 1 ml potion  of 

complex in co rp o ra tin g  25,900 cpm per 50 u l in  the  standard  assay  system 

was layered  onto a 10-50% sucrose g rad ien t in  0.1 H NaCl, 0.05 M Tris-H Cl 

pH 7 .4 , and 0.001 M EDTA and c en trifu g e d  fo r 17 hours in  th e  SW 25.1 ro to r  

a t  15,000 rpm a t  4°C. One ml f ra c tio n s  were c o lle c te d  and assayed under 

standard  cond itions fo r poly (U) polymerase a c t iv i ty .
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F ig . 2 .2  Sedim entation of RNA from poly (U) polymerase complex. The 

complex was prepared from H-3 u r id in e - tr e a te d  in fec te d  c e l ls  Incubated in  

th e  presence of Actinomycin D. RNA was iso la te d  w ith phenol-chloroform  

and about l.X  10^ counts in  1 ml were layered  onto a 5-25% sucrose grad­

i e n t  in  0.01 M sodium a c e ta te  pH 5 .1 . A fte r c en trifu g in g  fo r  20 hours in

th e  SW 25.1 r o to r  a t  25,000 rpm a t  4°C, 1 ml f ra c tio n s  were c o lle c te d  and
* \

read fo r  o p tic a l  d ensity  a t  260 nm (o—o ). Three -  300 1 p o rtio n s  were 

taken  fo r  RNase trea tm en t and counting . One p o rtio n  ( • —• )  was p re c ip i­

ta te d  d i r e c t ly  in  5% TCA w ith  200 ug y e as t RNA as c a r r i e r ,  and f i l t e r e d

and counted. The second p o rtio n  ( - ----  — ) was d ilu te d  to 1 ml w ith  0.01

Tris-HCl pH 7 .0  and tre a te d  w ith  10 ug RNase A under low io n ic  s tre n g th  

co n d itio n s fo r  30 m inutes a t  befo re  being p re c ip ita te d  w ith TCA and 

counted. The th ird  p o rtio n  (x—x) was ad ju sted  to  0.1 M Tris-HCl pH 7 .0  

and 0.15 M NaCl in  a f in a l  volume of 1 ml and tre a te d  w ith 10 ug RNase A 

under high io n ic  s tre n g th  cond itions fo r  30 m inutes a t  37° befo re  being 

p re c ip ita te d  w ith  TCA and counted.
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Fig . 2 .3  Sedim entation of e a r ly  RNA products of poly (U) polymerase 

c e l l - f r e e  assay . Six hundred u l of assay su b s tra te  con ta in ing  a  2 .5  fo ld  

g re a te r  amount of H-3 UTP th an  usual was incubated w ith  400 1 of polymer­

ase  complex fo r  2 m inutes a t  37°. RNA was is o la te d  by phenol-chloroform  

e x tra c tio n  and e thano l p r e c ip i ta t io n  from the re a c tio n  m ix tu re , d isso lv ed  

in  1 ml of 0 .10 M NaCl, 0 .05 M Tris-HCl pH 7.4  and 0.001 MEDTA and lay e r­

ed onto a 10-30% sucrose g rad ie n t in  the  same b u ffe r . A fte r cen trifu g in g  

fo r  17 hours in  th e  SW 25.1 r o to r  a t  25,000 rpm a t  4°C, 1 ml f ra c tio n s  

were c o lle c te d . O ne-half ml p o rtio n s of each f ra c t io n  were p re c ip ita te d  

in  5% TCA w ith  200 ug y e as t RNA as c a r r i e r ,  and f i l t e r e d  and counted 

(o—o ). A p a r a l le l  g rad ie n t was run w ith 100 ug of poly (A) and o p tic a l  

d en sity  was read a t  260 nm (xr—x ).
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Fig . 2 .4  P ro te in  com position of FMDV-70S polymerase complex determined by 

s ta in in g  and autoradiography a f t e r  polyacrylam ide ge l e le c tro p h o re s is .

The p ro te in s  p resen t in  labe led  complexes were s ta in e d  w ith  Coomassie 

b r i l l i a n t  blue to y ie ld  th e  p r o f i le  shown in  ( a ) .  Dye d ensity  was scanned 

a t  600 nm ( c ) ,  and the  d a ta  was used in  Table 2 .2  to  c a lc u la te  molar 

r a t i o s .  The p ro te in  in  th e  lab e led  complex ( is o la te d  from in fec ted  c e l l s  

grown in  th e  presence of [% ] amino acids and Actinomycin D) was de- - 

te c te d  by autoradiography (b) and i s  cross-hatched  in  ( c ) .  M olecular 

w eight markers used to  c a l ib r a te  the  ge ls  were bovine serum albumin 

(67000), ovalbumin (46000), and hemoglobin (15400).
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F ig . 2 .5  E lectronm icrographs of -the 70S polymerase complex. A ll speci­

mens were ro ta ry  shadowed w ith  p latinum -palladium  a t  a low ang le . In s e r ts  

where p re sen t show a ty p ic a l  p a r t ic le  a t  a h igher n a g n if ic a tio n . ( a )  I s

th e  70S complex as i s .  A histogram  p lo t  of 200 p a r t i c le s  y ie lded  a mean

p a r t i c l e  s iz e  of 15 nm. (b ) i s  the  70S complex a f t e r  trea tm en t by methods
N \

p rev io u sly  described  (20 ,23) w ith  a n t is e ra  known to  in h ib i t  the  a c t iv i ty

o f poly (U) polymerase, (c )  i s  th e  70S complex a f t e r  exposure to  poly

(A) a t  a co n cen tra tio n  used in  th e  c e l l - f r e e  assay m ixture and allowed to  
, * « 

stand  fo r  10 min befo re  ad so rp tio n  to  g r id s , (d ) i s  the  70S complex a f t e r

exposure to  250 ug of P ro te in a se  K per ml fo r  15-20 min a t  20°C. The 0 .5

um sc a le  marker in  (a )  a p p lie s  to  (b) and (d) a ls o .
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SECTION I I I

L o ca liz a tio n  of Foot-and Mouth D isease -  RNA S ynthesis on Newly 

Formed C e llu la r  Smooth Membraneous Vacuoles

SUMMARY

In  t h i s  s e c tio n  the  in  vivo s i t e  where th e  RNA-dependent-RNA-poly- 

oera8e syn thesized  the  v i r a l  RNA was lo ca ted  by EM autoradiography and 

au to rad iom etric  a n a ly s is . V ira l RNA sy n th e s is  in  foot-and-m outh d isease  

in fe c te d  bovine kidney c e l l  c u ltu re s  was a sso c ia ted  throughout th e  in ­

fe c tio u s  period  w ith  newly formed smooth membranous vacuo les. Membrane 

form ation was measured by choline  uptake. The s i t e  of RNA sy n th e s is  was 

determ ined by e le c tro n  m icroscopic exam ination of autoradiogram s of i n ­

co rpora ted  [% ] u rid in e . Both membrane form ation and RNA sy n th e s is  

became s ig n i f ic a n t  a t  2 .5  hours p o s tin fe c tio n , but membrane form ation 

in creased  s te a d i ly  to  4.5 hours while RNA sy n th esis  peaked a t  3 .5  hours. 

P ercen t density  d is t r ib u t io n s  of developed s i lv e r  g ra in s  on au to rad io ­

grams showed th a t  RNA sy n th esis  was concen tra ted  on the  smooth membran­

eous vacuoles of in fec ted  c e l l s .  Histogram a n a ly s is  of g ra in  d en sity  

d is t r ib u t io n s  e s ta b lish e d  th a t  the  s i t e  of RNA sy n th esis  was the  vacu­

o la r  membrane. The newly formed smooth membraneous vacuoles were not 

seen to  coalesce  in to  the  la rg e  vacuolated a reas ty p ic a l  of p o lio ­

v iru s  cytopathology.
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INTRODUCTION

The RNA of foot-and-m outh d isease  v iru s  (FMDV) i s  syn thesized  in  

in fec te d  c e l l s  by a v ira l- in d u c e d  RNA dependent RNA polymerase (14 ).

The polymerase i s  a s so c ia te d  w ith c e l lu la r  membranes and co n ta in s  an 

endogenous RNA tem plate  (1 ,2 ) .  P o lio v iru s  polymerase i s  a sso c ia ted  w ith 

smooth endoplasmic re ticu lu m  (5 ) , whereas FMDV polymerase i s  rep o rted  to

be*associa ted  w ith  cytoplasm ic membranes contain ing  ribosomes*(8 ) .
*

P u rif ie d  p rep a ra tio n s  of th e se  polymerases a re  membrane f re e  (7 ,1 3 ) .

U l t r a s t ru c tu r a l  s tu d ie s  of c e l ls  in fec ted  w ith  p o lio v iru s  have 

shown th e  form ation of sm all membrane-bound bodies (6 ) , whose l ip id  com­

ponents a re  i n i t i a l l y  produced in  th e  rough endoplasmic re ticu lum  (10). 

Recent work has suggested  th e  concom itant development of p o l io v ira l  RNA 

sy n th e s is  and cytopathogenic e f f e c t ;  both events were repo rted  to  s t a r t  

in  th e  same c lu s te r s  of sm all vacuoles (3 ).

The p re sen t in v e s tig a t io n  c o r re la te s  FMDV-RNA sy n th e s is  w ith  cy to -
* **

plasmic membrane form ation  in  bovine kidney (BK) c e l l s  and analyzes the  

u l t r a s t ru c tu ra l-  fe a tu re s  o f c e l lu la r  s i t e s  where newly made v i r a l  RNA i s  

found.

MATERIALS AND METHODS 

C e lls , v i r u s ,  and in fe c t io n  procedure

Low passage (3° and 4 ° ) BK c e l l  c u ltu re s  were grown in  25 cm  ̂

p la s t ic  f la sk s  (F a lcon , Oxnard, C a lifo rn ia )  in  E a g le 's  minimum e s s e n t ia l  

medium supplemented w ith 5% c a lf  serum (Grand Is la n d  B io lo g ica l Com­

pany, Grand I s la n d , New York). C u ltu res of 5 x 10^ c e l l s  were inocu­

la te d  with a m u lt ip l ic i ty  of about 50 PFU per c e l l  w ith FMDV, type A, 

subtype 12, con tained  in  0 .1 -0 .2  ml fo r 15 to  20 m inutes a t  37°C. Four
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ml*of Hank's s a l t  so lu tio n  buffered w ith  0 .08 M T r is ,  pH 7 .5 , and con­

ta in in g  5 u l actlnom ycin D/ml (E.R. Squibb and Sons, I n c . ,  New York, 

N .Y .), ’when sp e c if ied  were added, and incubation  of the  c e l ls  was 

continued a t  37°C.

V ira l  RNA sy n th esis

In fec ted  c e l ls  tre a te d  w ith  actlnom ycin D were pulsed w ith  1 uCl of 

t r i t i a t e d  u r id in e  (sp . a c t .  46 Ci/raM) per ml of medium a t  various tim es 

during the  growth cy c le . A fte r a 15 m inute p u lse , th e  medium was poured 

o ff and 5 ml of ic e -c o ld  10% tr ic h lo ro a c e t ic  a c id  (TCA) added. P re c ip i­

t a t e s  were c o lle c te d  on g 'la s s - f ib e r  Whatman GF/A f i l t e r  d is c s , washed 

w ith  TCA, and measured fo r r a d io a c t iv ity  in  a Beckman L iquid S c in t i l ­

l a t io n  Counter.

Choline Inco rpo ra tion

Synthesis of l ip id -c o n ta in in g  membranous s tru c tu re s  was monitored 

by measuring t r i t i a t e d  cho line  uptake (11 ). At 1 .5  h p o s t- in fe c tio n  (o r 

m ock -in fec tio n ), 5 uCi of [% ] choline  c h lo r id e  (sp . a c t .  80 ci/mM,

New England N uclear) per ml of medium was added. At hourly  in te rv a ls  

a f t e r  cho line  a d d itio n , the  medium was removed and c e l ls  were r in se d  

se v e ra l tim es w ith  f re sh  medium. Ice -co ld  TCA was added and p re c ip i­

t a t e s  were c o lle c te d  fo r r a d io a c t iv i ty  counting as above.

L ocation of v i r a l  RNA sy n th esis  by e le c tro n  m icroscope (EM) au to rad io ­

graphy

In fe c te d , actlnom ycin D -trea ted  c e l l s  were pulsed fo r 10 min periods 

w ith  50 uCi of t r i t i a t e d  u r id in e  per ml per medium a t  1, 2 ,3  and 4 hours
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p o s t- in fe c tio n . C ultu res were then  coo led , r in se d , and fixed  w ith  2.5% 

g lu tara ldehyde  in  Sorensen 's phosphate b u ffe r  (SPB). The fix ed  c e l l s  

were washed overnight w ith  SPB a t  4°C and p o s t-fix ed  w ith  1% osmium 

te tro x id e  fo r 2 h rs . C e lls  were removed by sc rap in g , dehydrated in  ' 

graded e th an o l so lu tio n s , and embedded in  Epon 812. S ilv e r-g rey  (50 nm) 

th in  sec tio n s  were c u t, as  w ell a s 1 u m th ic k  sec tio n s  which served as 

in d ic a to rs  of au to rad iograph ic  development time fo r  th e  th in  se c tio n s . 

S ections were c o lle c te d  on g la ss  s l id e s  which had been coated  w ith 

Formvar (E rnest F. Fullara, I n c , . ,  Schenectady, New York), and then  

s ta in e d  with uranyl a c e ta te  an d /o r Reynolds’ lead c i t r a t e  (see  appen­

d ix ) .  In  some cases , th in  se c tio n s  were c o lle c te d  d ir e c t ly  on naked 100 

x 300 mesh copper g r id s .

A ll  sec tio n s  were vacuum coated in  a Denton (DV 502) vacuum evapor­

a to r  (Cherry H i l l ,  New Je rse y ) , w ith 5 nm of carbon and overlayed w ith a 

monolayer of 140 nm (purp le  in te r fe re n c e  c o lo r)  o f d ilu te d  I l fo rd  L4 

em ulsion ( I l fo rd  L td ., I l f o rd ,  England). The s l id e s  and g rid s  were then 

allow ed to incubate  a t  4°C fo r  2 days to  se v e ra l weeks. The g rid s  and 

s l id e s  were developed in  e i th e r  D-19 or Microdol-X (Eastman Kodak, 

R ochester, New York) a f t e r  which se c tio n s  were s tr ip p e d  from the g la ss  

s l id e s  and c o lle c te d  on 100 x 300 mesh copper g r id s . The se c tio n s  were 

examined in  a P h ilip s  201 e le c tro n  microscope a t  a m agn ifica tion  

p erm itting  the  whole c e l l  to  be included in  th e  f i e l d  (4,500 or 7,000X). 

To achieve random s e le c tio n , a l l  in fe c te d  whole c e l ls  in  each 100 x 300 

g r id  box were photographed u n t i l  the  d esired  number of developed s i lv e r  

g ra in s  were obtained see Table 3 .1 ) . For q u a n tit iv e  a n a ly s is , specimens 

were exposed fo r in te rv a ls  sh o rt enough to avoid heavy c lu s te r in g  of 

developed g ra in s , so as to  f a c i l i t a t e  t h e i r  lo c a l iz a t io n  more accu r-
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a te ly .  These photomicrographs were made a t  a m agn ifica tion  of 20,000 X 

(17).

A nalysis o f autoradiogram s

The d is t r ib u t io n  of s i lv e r  g ra in s  in  whole c e l ls  was determined by 

th e  percen t d en sity  procedure (15-17). This procedure expresses data  in  

term s of the  p e rcen t of t o t a l  g ra in s  a sso c ia ted  w ith the  percen t of the  

t o t a l  a re a  comprised by any given o rg an e lle  or c e l l  component. I f  the  

d is t r ib u t io n  of g ra in s  i s  random, the percen t g ra in s /p e rc e n t a rea  value 

w i l l  be 1. A value g re a te r  than  1 in d ic a te s  a g re a te r  than average 

le v e l  of iso to p e  in co rp o ra tio n ; a value le s s  than 1 in d ic a te s  a le s s  

than  average le v e l .

The counting of g ra in s  was f a c i l i t a t e d  by p ro jec tin g  photomicro­

g raphic  neg a tiv es  w ith a la n te rn  s l id e  p ro jec to r onto a la rg e  white 

sc reen  con ta in ing  a g rid  p a tte rn . G rain cen te rs  (defined  as the  cen te r 

of th e  sm alles t c ircum scribed c i r c le  encompassing the g ra in ) and the  

a re a s  of c e l l  components were a lso  more e a s i ly  determined by th is  tech­

n ique . A 0 .5  urn bar marker on th e  photom icrographic negatives was pro­

je c te d  sim ultaneously  and matched to  a bar marker on the  gridded ta rg e t  

screen  to  in su re  th a t  th e  f i n a l  m agn ifica tion  on the screen was the  same 

f o r  each n eg a tiv e .

P re p a ra tio n  of Histograms

The methods of a n a ly s is  developed by S a lp e te r e t  a l . (16,17) were 

follow ed to  determ ine the  d is t r ib u t io n  of the ra d io a c t iv ity  a sso c ia ted  

w ith smooth membranous vacuoles. A number of is o la te d  vacuoles with 

c le a r ly  defined  membranes, which were of s u f f ic ie n t  s iz e  so th a t  the  

spread from ad jacen t membranes or vacuoles did not in te r f e r e  with the
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a n a ly s is ,  were photographed. The perpend icu lar d is tan c e  from the 

cen te r of every developed g ra in  to  the  vacuolar membrane was measured on 

th e  p rev iously  described  gridded p ro je c tio n  sc reen . The p ro je c tio n  

screen a lso  contained  a s e r ie s  of co n cen tric  c i r c le s  whose r a d i i  were in  

u n i ts  of one h a lf  d is tan c e  (HD). A HD i s  defined as the  d is tan c e  from 

th e  ra d io a c tiv e  l in e  which encompasses an a re a  co n ta in in g  50% of the  

developed g ra in s . The HD of 160 nm used here  was an experim ental value 

determ ined by S a lp e te r e t  a l .  (16) for a s i lv e r -g re y  se c tio n  of 50 nm 

and an I l f o r d  monolayer emulsion of 140 nm developed .in  e i th e r  D-19 or 

Microdol-X. Grains were counted to  a c u t-o f f  d is tan ce  of 2 urn on e i th e r  

s id e  of th e  membrane.

Histograms of the  d en sity  of developed g ra in s  on e i th e r  s id e  of th e  

vacuole membranes were c o n stru c ted . Data was f i r s t  c o lle c te d  fo r the 

number of g ra in s  per nm of d istance  and converted in to  a d e n s ity  d i s t r i ­

b u tio n  (g ra in s  per u n it  a rea ) per u n it  of HD. The experim ental h is to ­

gram d is t r ib u t io n s  were compared to  the  u n iv ersa l curves of g ra in  d is ­

t r ib u t io n  e s ta b lish e d  by S a lp e te r e t  a l . (16) fo r  ra d io a c tiv e  sources 

w ith shapes such as a so lid  d isc  o r a hollow d isk  curve.

RESULTS

Comparison of v i r a l  RNA sy n th esis  and cho line  uptake in  in fe c te d  c e l ls

Under th e  experim ental cond itions described  e a r l i e r ,  maximal RNA 

s y n t h e s i s  occurred between 3 and 4 h o u rs .p o s tin fe c tio n , w ith  peak syn­

th e s is  a t  about 3 .5  hours a s  shown in  F ig . 3 .1 , in  agreement w ith pre­

v io u sly  rep o rted  r e s u l ts  (4 ) . Increased  membrane, form ation , a s measured 

by T C A -precip itatab le  cho line  up take , accompanied the  r i s e  in  v i r a l  RNA 

sy n th e s is . Membrane form ation continued u n in te rru p te d ly  from 2 .5  to  4 .5  

hours p o s tin fe c tio n  a t  which time the  experiment was term inated , whereas
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v i r a l  RNA sy n th esis  decreased qu ick ly  from i t s  peak a t  3 .5  hours.

V isu a liz a tio n  of newly formed smooth membraneous vacuoles (SMV) 

a sso c ia ted  w ith v i r a l  RNA sy n th e s is

Autoradiograms of c e l l s  pu lse  labe led  fo r  10 m inutes a t  1(2 ,3  and 4 

hours p o s tin fe c tio n  w ith [% ] u rid in e  revea led  a con tinu ing  in c rease  

in  appearance of SMV w ith  s i lv e r  g ra in s  c le a r ly  loca ted  over the  

membranes of these  vacuoles. In  c e l l s  having only a few SMV in  a la rg e  

a re a  of cytoplasm , g ra in s  were s t i l l  a sso c ia ted  w ith  an SMV only.

Figure 3.2 shows an in fe c te d  c e l l  a t  an e a r ly  s ta g e  (2 hours p o s tin fe c -  

tlo n )  con tain ing  only a few newly induced SMV in  th e  cytoplasm but w ith 

m u ltip le  s i lv e r  g ra in s in  c lo se  proxim ity to  a membrane. Figure 3.3 

shows a c e l l  a t  4 hours p o s tin fe c tio n  w ith  a g re a tly  Increased number of 

vacuoles and th e i r  a sso c ia ted  g ra in s . Autoradiograms of SMV a t  a h igher 

m agn ifica tion  (F ig . 3 .4 )  were s t a t i s t i c a l l y  analyzed to lo c a te  the  

inco rpora ted  t r i t i a t e d  u rid in e  on the  vacuole membranes, a s w il l  be des1-  

cribed  below. •

The p o s s ib i l i ty  rem ains th a t  newly syn thesized  v i r a l  RNA may have 

m igrated during the 10 m inute p u lse - la b e lin g  p e rio d , which would mean 

th a t  the  developed g ra in s were not on the  a c tu a l  s i t e  of RNA sy n th e s is . 

To e lim in a te  th is  p o s s ib i l i ty ,  c e l l s  were a lso  p u lse -lab e led  fo r  1 hour. 

F ig . 3 .5  shows th a t  the g ra in s  were not d is tr ib u te d  d if fe re n t ly  a f t e r  

the  long p u lse -la b e lin g . T herefo re , no s ig n i f ic a n t  m igra tion  of v i r a l  

RNA occurred during the  10 minute la b e lin g  period . A s t a t i s t i c a l  break­

down of the d is t r ib u t io n  of s i lv e r  g ra in s  throughout c e l ls  4 hours post­

in fe c tio n  i s  presented in  the  d e n s ity  data  in  Table 3 .1 . The d en sity  

value of 14 fo r  the  vacuoles dem onstrates th a t  alm ost a l l  the  developed
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g ra in s  a re  a sso c ia te d  w ith  the  smooth vacuoles of the c e l l  (9 ) . The 

m itochondria were th e  on ly  o th er c e l l  o rg an e lle  In co rpo ra ting  a h igher 

than  average le v e l  of iso to p e .

L o c a liz a tio n  of v i r a l  RNA sy n th e s is  on membranes of smooth vacuoles

When the  g ra in  d is t r ib u t io n  a sso c ia ted  w ith SMV a t  3 hours 

p d s tin fe c tio n  was analyzed (F ig . 3 .6 ) ,  the  density  of g ra in s  was found 

to  be g re a te s t  a t  th e  membrane. Grain d en sity  decreased p ro g ressiv e ly  

on both s id e s  of th e  membrane peak, but the  d is t r ib u t io n  was s l ig h t ly  

skewed to  th e  o u ts id e  of th e  membrane. The experim ental d is t r ib u t io n  of 

g ra in s  most c lo s e ly  f i t  th e  th e o re tic a l  d is t r ib u t io n  fo r  a c i r c le  w ith 

an i n f in i t e  ra d iu s  and lab e le d  a t  i t s  periphery . The histogram  a n a ly s is  

e s ta b lish e d  more c le a r ly  th an  v isu a l in sp ec tio n  th a t  the  ra d io a c tiv e  

la b e l  was p o sitio n ed  on th e  membranes of the  smooth vacuoles. An 

a n a ly s is  of c e l ls  a t  4 hours p o s tin fe c tio n  y ielded  s im ila r  d a ta .

DISCUSSION

Increased  uptake in  in fe c te d  c e l ls  of cho line  in to  T C A -precipitable 

m a te ria l has been re la te d  to the  form ation of lip o p ro te in -c o n ta in in g  

la rg e  s t ru c tu re s  such a s  membranes (12). The cho line  uptake and u rid in e  

in c o rp o ra tio n  d a ta  in  F ig . 3.1 show membrane form ation and v i r a l  RNA 

sy n th esis  becoming s ig n i f ic a n t  a t  2.5 hours p o s tin fe c tio n . E lec tron  mi- 

crosopy revea led  the  presence of smooth membrane-bound vacuoles which 

p ro g ress iv e ly  Increased  in  number and occupied 5% of the in fe c te d  c e l l  

a re a  by 4 hours p o s tin fe c tio n  (Table 3 .1 ) . A nalysis of the percen t den­

s i t y  d is t r ib u t io n  of developed g ra in s  in  autoradiogram s of u rid in e  

[% ] - tr e a te d  in fe c te d  c e l l s  showed th a t  70% of the  r a d io a c t iv ity  was

43



asso c ia ted  w ith  the SMV Thus, FMDV-RNA sy n th e s is  was a sso c ia ted  

throughout w ith SMV s tru c tu re s  triiich were newly formed in  the  in fe c te d  

c e l l .  I t  should be emphasized th a t  th e  e le c tro n  microscope au to rad io ­

graphic procedure used here  did  not homogenize In fec ted  c e l l s  and 

se p a ra te  the  c e l lu la r  components on the b a s is  of d en s ity . The EM 

procedure analyzed RNA sy n th e s is  Jja s i t u ,  whereas previous work (8) 

is o la te d  c e l l  f ra c tio n s  on d iscon tinuous sucrose g rad ie n ts .

The s p e c if ic  lo c a l iz a t io n  of the  s i t e  of v i r a l  RNA sy n th e s is  on 

th e  SMV was e s ta b lish e d  by histogram  a n a ly s is  of g ra in  d en sity  d i s t r i ­

b u tion  (F ig . 3 .6 ) . The c e n te r  of sy n th esis  was p inpoin ted  to  be on the  

membrane of th e  v a c u o le ,'w ith  some in d ic a tio n  th a t  v i r a l  r e p l ic a t io n  

occurred ju s t  o u tsid e  the  vacuolar membrane. The FMDV-RNA re p l ic a t io n  

complex would be expected to  be in  t h i s  immediate a re a , s in ce  v i r a l  RNA 

m igra tion  did no t occur during a 1 hour iso to p e  pu lse . In  work rep o rted  

in  S ec tion  IV, th e  r e p l ic a t io n  complex was shown to  be on the  o u ts id e  of 

the  membrane of the  smooth membranous vacuoles (18). O ther work has 

associated .poliovirus-R N A  sy n th e s is  w ith  sm all membranous vacuoles 

w ithout p re c ise ly  lo c a tin g  the a c tu a l s i t e  of sy n th e s is  (3 ) .

The sm all membrane bound bodies seen in  FMDV-infected c e l ls  were 

la rg e , i n t a c t ,  d is c re te  o rg a n e lle s . They increased  in  numbers as RNA 

sy n th e s is  in c re ased , but showed no in d ic a tio n  of coalescing  in to  very 

la rg e  vacuolated  a reas  as i s  ty p ic a l fo r p o lio v iru s - in fe c te d  c e l l s  

(3 ,6 ) .
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TABLE 3.1 D is tr ib u tio n  of developed g ra in s  in  autoradiogram s of 

foot-and-m outh d isease  v iru s  in fe c te d  cells®

O rganelle Area**
% of to ta l  

a rea
Number of 

grains®
% of to ta l  

g ra ins

D ensity:
% g ra in s /  
% a rea

T o ta l c e l l 3920 100 1246 100 1

Nucleus 960 24.5 63 5.1 0.2

M itochondria 70 1.8 58 4.7 2.6

Smooth vacuoles 208 5.0 870 69.8 14

Rough endoplasmic -  
re ticu lum

- 161 12.9 -

Remaining — 68.7 94 7.5 0 .3 d
components

a Bovine kidney c e l ls  were processed a t  4 hours p o s tin fe c tio n  a s  described  
in  M ateria ls  and Methods. Twenty whole c e l l s  were examined.

b The u n its  of a re a  a re  screen g rid  squares .

c Grains a re  a t t r ib u te d  to  th e  o rg an e lle  which i s  w ith in  1 h a lf  d is tan ce
(160 nm; see  M ateria ls  and Methods).

d In c lu d es the  g ra in s in  th e  rough endoplasmic re ticu lum .



Fig . 3.1 K ine tics of [^H] cho line  and [% ] u rid in e  in co rp o ra tio n  

in to  FMDV in fe c te d  BK c e l l s .  Choline was added a t  1.5 hours post in fe c ­

t io n  and was p resen t throughout the  in fe c tio u s  cycle; da ta  i s  c o rre c te d  

fo r un in fected  c e l l  in co rp o ra tio n  and shows cumulative form ation of mem­

branes (o—o ). U ridine was presen t fo r 10 minute pu lses in  actlnom ycin 

D tre a te d  c e l l s  and In d ic a te s  v i r a l  RNA sy n th esis  w ith in  a given tim e 

period  (o— o ).
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Fig . 3.2 A c e l l  a t  2 hours p o s tin fe c tio n . Only a few smooth membran­

eous vacuoles ( ) a re  seen , of which 1 vacuole a sso c ia te d  w ith se v e ra l

developed g ra in s  (20,000x).
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F ig . 3 .3  A c e l l  a t  4 hours p o s tin fe c tio n . A g re a t number of smooth 

membranous vacuoles a re  seen in  the  cytoplasm. Developed g ra in s  a re  in  

c lo se  proxim ity to  these  newly formed vacuoles ( 7 ,500x). Nuc ■ nucleus; 

arrows in d ic a te  some of the  h i t s .
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F ig . 3 .4  Smooth membranous vacuoles a t  h ig h er m agn ifica tion , s im ila r  to  

th e  vacuoles used fo r  au to rad iog raph ic  a n a ly s is  in  F ig . 3 .6 . M agnifi­

c a tio n s  were equalized  by the  p ro je c tio n  procedure described  in  Mater­

i a l s  and Methods when m icrographs were analyzed.
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Fig . 3 .5  A c e l l  a t  3 hours p o s tin fe c tio n  pulsed fo r 1 hour w ith [% ] 

u rid in e . Developed g ra in s  a re  seen to  remain a sso c ia te d  with the  smooth 

membraneous vacuoles (60 ,000x).
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Fig . 3 .6  Grain d is t r ib u t io n  h istogram  of [^H j-u rid ine  uptake around 

membranes of newly formed smooth vacuoles. The g ra in  d en sity  was nor­

m alized to  1 a t  th e  membrane (zero  po in t) and p lo tte d  as a fu n c tio n  o f 

the  d is tan ce  of the  g ra in  c en te r  from the smooth vacuole membrane. Dis­

tance  was measured in  u n its  of h a lf  d is tan ce  (160 nm; see M a te ria ls  and 

Methods). Grains to  the  l e f t . o f  the  zero point were in s id e  th e  vacu­

o le s ;  to  th e  r i g h t ,  o u ts id e . The so lid  l in e  i s  the  u n iv e rsa l curve
• .

adapted from S a lp e te r e t  a l  (16) and rep re sen ts  the  d is t r ib u t io n  o f 

rad io iso to p e  around a hollow c ir c u la r  source of i n f in i t e  ra d iu s . The 

number of g ra in s  analyzed was 138.
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SECTION IV

A ssocia tion  of the FMDV Induced RNA polymerase w ith Host C e ll O rganelles

SUMMARY

In th is  s e c tio n , the  lo c a liz a t io n  of foot-and-m outh d isease  v i r a l -  

induced RNA polymerase has been determined in  s i t u  by using polymerase 

a n t is e ra  tagged w ith e i th e r  f e r r i t i n  or peroxidase. E lec tron  micro­

scopic exam ination revealed  the presence of polymerase w ith in  the  lumen 

of rough endoplasmic re ticu lum  and d if fu se ly  sc a tte re d  through the 

G olgi. The polymerase was a lso  found to  be more h eav ily  concen tra ted  on 

the  cytoplasm ic s id e  than  in s id e  the smooth membranous vacuoles which 

a re  newly formed during in fe c tio n  and which were repo rted  in  S ec tion  I I I  

to be the  s i t e  of v i r a l  RNA sy n th e s is . The experim ental f in d in g s  con­

form to models described  fo r  the  in t r a c e l lu la r  processing of se c re to ry  

p ro te in s  in  which p ro te in s  pass from w ith in  th e  rough endoplasmic r e t i c ­

ulum by way of t r a n s i t io n a l  endoplasmic re ticu lum  to  the  Golgi from 

which they a re 't r a n s f e r r e d  to membrane bounded tra n sp o rt v e s ic le s . I t  

i s  suggested th a t  the  v ira l- in d u c ed  polymerase polypeptide (P-56) in ­

s e r t s  in to  and through th e  membrane and combines w ith the  host p ro te in s  

to  become the a c tiv e  polymerase complex.
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INTRODUCTION

The re p l ic a t io n  of p ico rn av iru ses  in  host c e l l s  i s  known to  be 

c lo se ly  a sso c ia ted  w ith in t r a c e l lu la r  membranes (1 ,2 ) .  U ltr a s tru c tu ra l  

s tu d ie s  of p o lio v iru s - in fe c te d  c e l l s  have shown ex tensive  p ro l if e ra t io n  

o f smooth membranous vacuoles as in fe c tio n  progressed (1 ,3 ) ,  accompanied 

by chemical and p hysica l changes in  th e  rough endoplasmic re ticu lum  (4 ) . 

P ic o rn a v ira l RNA r e p l ic a t io n  complexes have been linked  to  smooth endo­

plasm ic re ticu lum  (5) and to  cytoplasm ic membranes con ta in ing  ribosomes 

(6 ).
Work presented  in  S ection  I I I  showed foot-and-m outh d isease  v iru s ,  

FMDV RNA sy n th e s is  to be a sso c ia ted  throughout the  in fe c tio u s  period  

w ith th e  membranes of newly formed smooth vacuoles (7 ) . This se c tio n  

con tinues the  in v e s tig a tio n  of FMDV RNA sy n th e s is  in  s i t u  by determ ining 

th e  presence of the  v i r a l  induced RNA dependent RNA polymerase in  v a r i ­

ous o rg an e lle s  of the in fec te d  c e l l .

FMDV RNA re p l ic a t io n  complex (rep o rted  in  S ection  I I )  fu n c tio n s in  

th e  c e l l  as  a 70S s t ru c tu re  con ta in ing  h o st c e l l  p ro te in s  and a v iru s  

induced polypeptide of 56,000 d a lto n s  (8 ) . The a c t iv i ty  of the polymer­

ase  complex was in h ib ite d  by a n t is e r a  from FMDV-infected anim als (9 ,1 0 ). 

For the  s tu d ie s  in  th is  se c tio n  an ti-po lym erase  an tibody was conjugated 

w ith  f e r r i t i n  or peroxidase to  enhance e le c tro n  d en sity  and used in  

e le c tro n  microscope immuno-labeling procedures to  lo c a te . th e  enzyme 

complex tem porally and s p a t ia l ly  in  in fec te d  c e l l s .

MATERIALS AND METHODS 

C e lls , v i ru s ,  and c e l l  trea tm en t procedures

Low passage (3° and 4 °) BK c e l l  c u ltu re s  were grown in  25 cm  ̂

p la s t ic  f la sk s  in  E ag le 's  minimum e s s e n t ia l  medium (MEM) supplemented
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w ith  5% c a l f  serum. C u ltu res were used fo r  in fe c tio n  when they 

contained  about 5 x 10^ c e l l s .  C ells  were in fe c te d  a t  a  m u lt ip l ic i ty  

o f about 50 PFU w ith  FMDV, type A, subtype 12, in  0 .1 -0 .2  ml of inoculum 

fo r  30 m inutes a t  37°C, a f t e r  which 4 ml of MEM con ta in ing  2% c a lf  serum 

were added. At in te rv a ls  from 1 to  5 hours p o s tin fe c tio n , c e l l s  were 

washed w ith  S o rensen 's phosphate b u ffe r , pH 7 .2  (SPB) and exposed to  a 

so lu t io n  of 1% saponin  ( to  in c rease  membrane perm eab ility ) in  0.05% g lu - 

ta ra ldehyde  fo r  30 m inutes. The c e l l s  were then tre a te d  w ith a n ti-p o ly -  

merase an tibody  by one of the  follow ing procedures to f a c i l i t a t e  the 

d e te c tio n  of th e  RNA polymerase a n tig en : d ir e c t  and in d ire c t  f e r r i t i n ,  

and in d ir e c t  peroxidase using p ro te in  A conjugated perox idase . These 

procedures w i l l  be described  below in  d e ta i l .

’ >
P re p a ra tio n  of a n tis e ra

Crude a n t is e r a  were ob tained  from Dr. P o la tn ick  of th is  lab o ra to ry  

and s to re d  a t  -70°C u n t i l  used. They had been harvested  from guinea 

p ig s , r a b b i t s ,  and cows 20-30 days a f t e r  th e  onse t of FMDV in fe c tio n . 

Each anim al was s e q u e n tia lly  in fe c te d  a t  one week in te rv a ls  with th re e  

d i f f e r e n t  FMDV types (A,0,C) to  in su re  maximal antibody response to  the 

polymerase a n tig en . A n tise ra  were adsorbed w ith 140S (whole c a p s id s ) , 

75S (RNA fre e  empty capsid s) and 12S (capsid  subun its) FMD an tig en s to 

make them sp e c if ic  fo r the  polymerase a n tig e n  (10 ,11 ). The a n t is e r a  

showed only a s in g le  l in e  under O uchterlony agar g e l d if fu s io n , and 

bound only  P-56 in  a column chromatography procedure (F ig . 4 .9 ) .
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Column chromatography

70S complex was combined with capsld  adsorbed a n t is e ra  and p ro te in  

A and the  p r e c ip i ta te  was washed th ree  tim es in  PBS* The m a te ria l was 

then  tre a te d  a t  pH 5.0 (Mclvanes c i t r a t e  b u ffe r)  to  d is so c ia te  th e  70S 

complex and passed through a G-100 column (2 .5  cm x 60 cm). The m ater­

i a l  found in  the  void volume was a d d itio n a lly  tr e a te d  w ith g ly c in e  

b u ffe r  (pH 2 .8 ) and passed again  through the  Sepadex G-100 column. One 

■1 f ra c tio n s  were c o lle c te d  and UV read ings done a t  260 and 280 nm.

D irec t and in d ire c t  f e r r i t i n  reagen ts

Guinea pig  a n t is e ra  was conjugated to  f e r r i t i n  by the  g lu ta ra ld e -  

hyde procedure of S iess e t  a l  (12) in  which th e  conjugate was p re c ip i­

ta te d  w ith  ammonium s u l f a te  and separated  from contam inants on a 

Sephadex G-25 column. Column e lu a te s  which showed an tibody  a c t iv i ty  

a g a in s t polymerase a n tig en  by Ouchterlony agar g e l d if fu s io n  were re ­

served fo r l a t e r  use in  the  d ire c t  f e r r i t i n  procedure. For the  in d ire c t  

p rocedure, r a b b i t  a n ti-g u in e a  pig se ra  conjugated to  f e r r i t i n  was pur­

chased (M iles L ab o ra to rie s , E lk h a rt, Ind iana) and a lso  prepared in  th is  

lab o ra to ry  a s  ju s t  d escrib ed .

l
In d ire c t  peroxidase reag en ts

P ro te in  A (Pharmacia Chemicals, P iscataw ay, New J e rs e y ) , a compon­

e n t of the  c e l l  w a ll of Staphylococcus aureus which has been shown to  

bind to  th e  Fc po rtion  of mammalian immunoglobulin G (13 ), was conju­

gated to  type VI h o rse ra d ish  peroxidase (Sigma Chemical Company, S t. 

Louis, MO.) by the  pe rio d a te  procedure o f Nakane (14) a s  m odified by 

Dubois-Dalcq e t  a l .  (15 ). Because of c e r ta in  lab o ra to ry  m o d ifica tio n s , 

the  d e ta ile d  procedure appears below.

63



Conjugation of peroxidase to  p ro te in  A 

S o lu tions and Reagents:

1. 0 .3  M NaHC03 (pH 8 .1 )  -  f re s h .

2 . 1% l-f lu o ro -2 ,4 -d in itro b e n z e n e  in  100% a lcoho l.

3 . 0 .08  M Na-meta-periOdate in  d i s t i l l e d  w ater.

4 . 0.16 M ethy lene  g ly c o l.

5 . 0 .3  M NaHC03 b u f fe r ,  pH 9 .5 .

6. 5 mg p ro te in  A.

? 7 . 5 mg sodium borohydrlde (NaBH^).

8. Phosphate buffered  s a l in e  (PBS).

Procedure

1. D issolve 10 mg of peroxidase in  1 ml of f re s h  0.3M NaHC03 , pH 

8.1.
2 . Add 0 .2  ml of 1% l- f lu o ro -2 ,4 -d in itro b e n z e n e  in  100% a lco h o l

t

and s t i r  gen tly  a t  25°C fo r 1 hour.

3 . Add l 'm l of 0 .08 M N a-m eta-periodate in  d i s t i l l e d  w ater. Mix 

fo r  30 m inutes.

4 . Drop in  1 ml of 0 .16 M e thy lene  g ly co l. S t i r  gen tly  fo r  1 

hour.

5 . D ialyze a g a in s t b ica rbonate  b u ffe r ,  pH 9 .5  a t  4°C fo r  18 hours.

6. Add 5 mg of. p ro te in  A and s t i r  fo r  3 hours a t  25°C.

7 . Add 5 mg of sodium borohydrlde and s t i r  a t  4°C fo r  3 hours.

8. D ialyze exhaustively  a g a in s t PBS a t  4°C.

9. Apply conjugate to  Sephadex G-100 (column s iz e :  100 x 2 .5  cm).

10. E lu te  with PBS in  3 ml f ra c tio n s .

P ro te in  A conjugate  e lu te s  between 35 and 45% g e l bed volume 

and the 2nd peak (unconjugated p ro te in )  between 50 and 60% gel
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bed volume. The conjugate i s  concen trated  and sto red  a t  4°C 

and I s  s ta b le  fo r a t  le a s t  10 months. For use I t  was d ilu te d  

1:40 w ith  PBS.

Immunolabellng procedures

G lutaraldehyde-saponin tre a te d  c e l l s  in  the  f la sk s  were exposed to  

1 ml of f e r r i t i n  tagged an ti-po lym erase  se ra  fo r  60 minutes in  the  

d ire c t  f e r r i t i n  procedure, and to  1 ml portions of an ti-po lym erase  se ra  

and f e r r i t i n  tagged ra b b it  an ti-g u in e a  pig se ra  in  sequence fo r  60 min­

u tes  each in  the  in d ire c t  procedure. For the  in d ire c t  peroxidase proce­

du re , the  ra b b it  serum was rep laced  by p ro te in  A~peroxidase con jugate , 

and the  c e l l s  were then tre a te d  fo r 15 minutes w ith a 0.1% so lu tio n  of 

3 ,3 ' diam inobenzidine te trah y d ro ch lo rid e  (Sigma Chemical Co., S t. Louis,j

M0) (DAB) fresh ly  prepared in  0.01% hydrogen peroxide. C ells were 

rin sed  thoroughly w ith PBS between each step  of the  procedures. The 

procedure i s  ou tlined  below (Flow C hart) and a d lagram atic  rep re se n ta ­

t io n  i s  seen in  F ig . 4 .8 .

Immunocytochemical C ontrols

1. I f  endogenous peroxidase was to be blocked, c e l l  monolayers were 

tre a te d  w ith methanol contain ing  0.3% H2 O2  fo r  30 m inutes in  PBS 

fo r 15 m inutes.

2. Samples were incubated w ithout DAB in  o rder to  observe n o n -sp ec ific  

osmium d ep o sits .

3. N on-infected c e l l  lay e rs  were processed as fo r  la b e lin g .

4. Normal sera  was a lso  used.
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5. Both v iru s -  and polymerase-adsorbed guinea pig and bovine convales­

cen t se ra  were used to  show th a t  no o th er la b e lin g  antibody e x is te d  

in  se ra .

6. C ells were t re a te d  w ith DAB but without peroxidase to  show any non­

s p e c if ic  peroxidase a c t iv i ty .
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P r o c e ss in g  FMDV I n fe c te d  BK C e l ls  fo r  Im m u n oferr itin  or
Immunoperoxidase E le c tr o n  M icroscopy

Wash c e l l s  2X with SPB in  fa lco n  f la sk s

Fix c e l l s  fo r 1 0 '-6 0 ' in  .05% g lu tara ldehyde  in  
SPB (pH 7 .2 ) con ta in ing  1% saponin

Wash c e l l s  2x w ith  SPB

In d ire c t  Immunoperoxidase (o r  
f e r r i t i n )

Add 1 ml an ti-po lym erase  a n t is e r a  
to  c e l l  sh ee t and l e t  stand fo r  
60 m inutes.

I
Wash 2x, 5 min each w ith SPB 
b u ffe r . |

Add 1 ml of ra b b it  an ti-Ig G  f e r ­
r i t i n  tagged a n t is e ra  or P ro te in  
A peroxidase and l e t  stand  fo r 
60 m inutes.

Wash 2 x, 5 min each w ith SPB b u ffe r .
I

For peroxidase labeled  m a te ria ls  ovelay c e l l  sh ee t w ith a so lu tio n  of
DAB* and HoOo fo r 15 m inutes.

I
Wash c e l l  p e l le t  2x w ith SPB b u ffe r fo r  5 minutes each.

I
In  a l l  cases ( f e r r i t i n  o r peroxidase, scrape c e l l s  from flacon  f la s k ,  

p e l l e t  and f ix  in  2% g lu taraldehyde fo r  1 h r . a t  4°C.

Wash in  SPB 2x, 5 m inutes.
I

P o s t- f ix  w ith 2% osmium, 5 m inutes in  SPB, 1 h r .
I

Wash in  SPB 2x, 5 m inutes a t  4°C.
I

Dehdrate through graded alcoho ls and embed in  Epon 812
I

Cut both th in  and th ick  sec tio n s  and view both w ith  and w ithout uranyl 
a c e ta te  and /o r lead c i t r a t e  s ta in in g .

D irec t Immunoperoxidase (o r  
f e r r i t i n )  ^

Add 1 ml peroxidase [or f e r r i t i n ]  
tagged andi-polym erase a n tis e ra  to 
c e l l  sh ee t and l e t  stand  fo r  60 
m inutes. j

Wash 2x, 5 min each w ith SPB 
b u ffe r .
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P r e p a r a tio n  o f  sam ples f o r  e le c t r o n  m icroscop y

T reated  c e l l s  were scraped from the f la s k  and fix ed  in  2% g lu ta r -  

aldehyde fo r  1 hour a t  4 ° . A fte r being washed tw ice w ith  SPB, c e l ls  

were p o s t-f ix e d  w ith 2% osmium te tro x id e  fo r 1 hour a t  4°C. They were 

th en  washed w ith  SPB, dehydrated by passage through graded e th an o l 

so lu tio n s , and embedded in  Epon 812. Sections were examined iii  a 

P h i l ip s  201 e le c tro n  m icroscope w ith  and w ithout s ta in in g  w ith  uranyl 

a c e ta te  and lead  c i t r a t e .

C e ll homogenates

C e lls  a t  4 hours p o s t in fe c tio n  were scraped from the f la s k ,  sus­

pended i n  SPB, and broken in  a t ig h t ly  f i t t i n g  Dounce homogenizer.

N uclei and unbroken c e l l s  were removed by c e n tr ifu g a tio n  a t  5,000 x g 

fo r  5 m inutes. The su p ern a tan t was spun fo r  30 minutes a t  20,000 x g 

and the  r e s u l t in g  p e l l e t  was resuspended in  SPB fo r  immunolabeling and 

EM processing .

RESULTS

Antibody re a c tio n  w ith  po lypep tides of 70S complex

Using th e  70S complex po lypeptides (pH d isso c ia te d )  a g a in st capsid  

absorbed a n t is e r a  a  s in g le  l in e  appeared in  th e  O uchterlony in d ic a tin g  

th e re  was only a  s in g le  an tibody  in  the  a n t is e ra  a g a in s t th e  70S complex 

po lypep tides.

The p re c ip i ta te  of th e  d is so c ia te d  70S complex, a n t is e ra  and pro­

t e in  A produced four peaks on the  Sephadex column. Three p ro te in s  of 

160,000 MW (Ab), 56,000 MW (v irus-induced  p ro te in )  and a 42,000 MW
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(p ro te in  A) re s p e c tiv e ly , and in  a d d itio n , a RNA peak which appeared 

between th e  42,000 and 56,000 MW p ro te in s  (F ig . 4 .9 ) .  When th e  RNA was 

passed through a O ligo dT (co llab o ra tiv e  resea rch ) column and O.D. 

measured a t  260 nm g re a te r  than 602 of the  peak bound th e  O ligo d T .'

S tages of in fe c tio n

The s t a t e  of in fe c tio n  was accessed in  two ways: 1) by time post­

in fe c tio n ;  and 2) by the  appearance of th e  in fe c te d  c e l l s .  E lec tro n  

m icroscopic exam ination of c e l ls  from the same in fe c te d  c u ltu re  pre­

sen ted  varying p a tte rn s  of morphological change fo r  a  given v iru s  type, 

m u lt ip l ic i ty  of in fe c tio n  and time p o s tin fe c tio n . C ells  were seen in  4 

major s ta g es  as in fe c tio n  progressed, but a c u ltu re  would have c e l l s  

rep re sen tin g  a l l  s tag es during the period  2 to  5 hours post in fe c tio n . 

The se q u e n tia l s tag es of in fe c tio n  were c h a rac te rize d  as fo llow s: 1. 

C e lls  were f l a t ,  e longa ted , and a ttached  to neighboring c e l l s ;  u su a lly  

p resen t 1 to  2.5 hours p o stin fec tio n ; 2. C ells  were f l a t  and elongated  

w ith  numerous m ic ro v illa e  and long cytoplasm ic s tra n d s , and they were
a

beginning to  sep ara te  from each o th er; u su a lly  p resen t a t  about 2 .5  to  

3 .5  hours post in fe c tio n ; 3. C ells were rounding up w ith  many smooth 

vacuoles p resen t and lo ss  of m ic ro v illae ; u su a lly  occurred  a t  about 3.5 

to  4 .5  hours post in fe c tio n ;  and 4. C ells were rounded, and budding 

s t ru c tu re s  were being produced; u su a lly  occurred  a t  4 to  5 hours post­

in fe c tio n . Examination of ind iv idua l in fe c te d  c e l l s  w ith  the  e le c tro n  

microscope enabled experim ental data to  be c o rre la te d  to  a s tag e  of 

in fe c tio n  ra th e r  than  to  a le s s  p rec ise  time p o s tin fe c tio n .
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Immunocytochemical c o n tro ls

C ells  aC stage  3 of In fe c tio n  were used to e s ta b l is h  the  s p e c i f i ­

c i ty  of the polymerase a n t is e r a ,  a rep re se n ta tiv e  c e l l ,  i s  shown in  F ig . 

4 .1 . The in fe c te d  c e l l s  had been tre a te d  with a n tis e ra  which was ad­

sorbed w ith  the  70S polymerase complex (7 ). P ro te in  A perox idase  con­

ju g a te  was then added to la b e l  any a ttached  antibody by th e  in d ir e c t  

peroxidase  coupling procedure. No v isu a liz a tio n  of any an tig en -an tib o d y  

complex was ap p aren t, confirm ing th a t  the  o r ig in a l  a n t is e ra  was s p e c if ic  

fo r  th e  polymerase an tig en . Separate co n tro ls  were run in  which non-in - 

fec ted  c e l l s  were t re a te d  w ith anti-polym erase se ra  and normal se ra  were 

used w ith  in fec te d  c e l l s .  These con tro ls  were a lso  n eg a tiv e .

Two membrane-limited s tru c tu re s  of d if fe re n t  s iz e s  in  th e  in fe c te d  

c e l l  a re  im portant to  no te: th e  sm aller ones a re  produced by the  rough 

endoplasmic re ticu lum  (RER) and the la rg e r  ones a re  produced by t h e . 

Golgi-smooth membranous vacuoles (SMV). In S ec tion  I I I ,  th ese  l a t t e r  

s t ru c tu re s  were rep o rted  to  in c rease  rap id ly  in  number as FMDV in fe c tio n  

p ro g resses , and to serve as the  s i t e  of v i r a l  RNA sy n th e s is  (7 ) .

Immune la b e lin g

E lectron  m icroscopic examination of in fe c te d  c e l l s  which were 

tre a te d  w ith  an ti-po lym erase  se ra  tagged w ith e i th e r  f e r r i t i n  o r 

peroxidase fo r exam ination revea led  3 p a tte rn s  of an tibody  attachm ent. 

These p a tte rn s  were a sso c ia ted  w ith  the RER, SMV and the Golgi complex, 

re s p e c tiv e ly .

The RER attachm ent p a tte rn  d isplayed antibody on the  in s id e  of the 

membrane. F ig s . 4 .2 a , b and c show a c e l l  in  s tag e  3 of In fe c tio n  w ith 

RER labe led  in te rn a l ly  w ith  f e r r i t i n  tagged antibody and w ith  one seg­

ment of RER being continuous with the nuclear membrane. This l a t t e r
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c o n d itio n  may rep re se n t th e  beginning of the  p e rin u c le a r  space seen In  

l a t e  In fe c tio n  (3 ).

The lab e lin g  p a tte rn  fo r  SMV revealed  an ti-po lym erase  antibody 

attachm ent most freq u en tly  to  the ou tside  or cytoplasm ic s ide  of the  

vacuo lar membrane, and o ccasiona lly  on the  In s id e  of the  membrane. F ig . 

4 .3a  shows a s tag e  1 In fec ted  c e l l  with peroxidase tagged antibody 

concen tra ted  on the  cytoplasm ic side  of the  membrane. P ic tu re s  of SMV 

from o th er c e l l s  a t  s tage  3 of In fe c tio n  which were taken a t  a h igher 

m ag n ifica tio n  show th is  more c le a r ly  (F ig s . 4 .3 b ,c ) .

The th ird  lab e lin g  p a tte rn  seen in  an ti-po lym erase  a n tib o d y -tre a te d  

c e l l s  Involved the Golgi complex. In  F ig . 4 .4 a , an  a re a  near the  

nucleus of a c e l l  in  s tag e  3 of In fe c tio n  co n ta in s Golgi th a t  a re  

lab e led  on both s id e s  of the  membrane. F ig . 4.4b show h igher m agnifi­

c a tio n  of a se c tio n  labe led  but no t s ta in e d .

In  o rder to  e lim in a te  any p o s s ib i l i ty  th a t  tagged and untagged 

an ti-po lym erase  antibody may have had a d i f f ic u l ty  in  d iffu s in g  to  the  

s i t e s  of the  in t r a c e l lu la r  o rg an e lle s  in  in ta c t  c e l l s ,  c e l l  components 

were p a r t i a l ly  fra c tio n a te d  as described  in  M ate ria ls  and Methods and 

la b e le d . A 20,000 x g cytoplasm ic p e l le t  showed in te n se  lab e lin g  on the  

cytoplasm ic s id e  of smooth membraneous vacuoles in  an in d ire c t  f e r r i t i n  

procedure (F ig . 4 .5 a ) , whereas m itochondria is o la te d  from the same 

p e l l e t  had no lab e lin g  (F ig . 4 .6 ) .

C e lls  a t  the end of the in fe c tio u s  -cycle (s ta g e  4) p resen t the  same 

p a tte rn s  of antibody attachm ent seen p rev iously  a t  e a r l i e r  s ta g e s . F ig . 

4 .7  shows RER a sso c ia ted  v e s ic le s  c le a r ly  lab e led  in te r n a l ly .  In  addi­

t io n ,  a g rea t number of buds a re  seen which have been discharged from 

th e  in fec te d  c e l l .  Many of the buds co n ta in  la rg e  numbers of v i r a l  

p a r t ic le s  ( in s e r t ) .
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DISCUSSION

Immune lab e lin g  of FMDV-induced RNA polymerase occurred in  charac­

t e r i s t i c  p a tte rn s  a sso c ia ted  w ith d i f f e r e n t  c e l l  o rg an e lle s . Rough 

endoplasmic re ticu lum  was lab e led  w ith an ti-po lym erase  se ra  only w ith in  

th e  membranous lumen w hile th e  smooth membranous vacuoles were more com­

monly labe led  on the  cytoplasm ic s id e  than in te r n a l ly .  The Golgi showed 

antibody  la b e l  a ttached  on both s id e s  of the  membranes.

T his lab e lin g  p a tte rn  suggests a scheme fo r the  sy n th e s is , process­

in g , and m aturation  of the  v i r a l  induced polymerase and the  70S complex 

of Which i t  i s  a component. The scheme i s  based on th a t  described  fo r 

in t r a c e l lu la r  processing of se c re to ry  p ro te in s  (1 5 ,1 6 ). I n i t i a l l y  i t  i s  

assumed th a t  FMDV genomic RNA i s  lo ca ted  on th e  RER (rough endoplasmic 

re ticu lum ) during t r a n s la t io n  of v ira l- in d u c ed  RNA polymerase. The 

enzyme p ro te in  i s  d ischarged in to  th e  RER lumen, follow ing the  model 

proposed by S ab a tin i and K ried ich  (1 7 ). Tagged an ti-po lym erase antibody 

w i l l  now bind to  the polymerase to  give the lum inal lab e lin g  seen in  

F ig s . 4 .2  and 4 .7 .

The Golgi apparatus i s  g en era lly  agreed to  be of fundamental impor­

tan ce  in  th e  p rocessing  and so r tin g  of newly syn thesized  p ro te in s  (19 ). 

In  th e  p resen t s tu d y , the  Golgi presumably communicates with th e  RER 

through a t r a n s i t io n a l  ER s t ru c tu re  to  rece iv e  the  newly synthesized  

polymerase and then proceeds to  d e liv e r  th e  enzyme to  tra n sp o rt v e s ic le s  

(1 9 ). A v e s ic u la r  s to m a ti t is  v iru s  g ly co p ro te in  has been shown to  pass 

se q u e n tia lly  from th e  RER through th e  Golgi apparatus to  the  plasma mem­

brane (20) and a s im ila r  scheme has been proposed fo r  the  morphogenesis 

of Japanese E n cep h a litis  V irus (21 ). The tra n sp o rt  v e s ic le s  correspond 

to  th e  SMV which have been repo rted  to  in c rease  ra p id ly  in  number as 

in fe c tio n  progresses (1 ,3 ,7  S ec tion  I I I ) .  The Golgi would be expected
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to  have th e  polymerase a n tig en  throughout I t s  s t ru c tu re , a s  seen In  the 

In d isc rim in a te  la b e lin g  In  F ig . 4 .4 .

Also in  S ec tio n  I I I ,  i t  was dem onstrated th a t  v i r a l  RNA sy n th e s is  

was a sso c ia te d  w ith th e  membranes of the  newly formed SMV with an in d i­

c a tio n  th a t  sy n th e s is  occurred on th e  cytoplasm ic s id e  of the  vacuolar 

membrane (7 ) . The immune la b e lin g  p a tte rn s  shown here  suggest th a t  the  

v i r a l  RNA polymerase t ra n s lo c a te s  ra p id ly  from i t s  p o s itio n  in s id e  the

SMV to  a  membrane-fixed p o s it io n  in  vrtiicK i t s  antfigenic and a c tiv e  s i t e s

extend beyond th e  v acu o lar membrane. Passage of p ro te in s  through r e t i c ­

u la r  membranes has been described  by S ab a tin i and K reibich (18). The 

c lo se  proxim ity of the  a n tig e n ic  and enzym e-active s i t e s  has been e s tab ­

lish e d  by showing th a t  an ti-po lym erase  antibody in te r f e r e s  w ith enzyme 

a c t iv i ty  (9 ,1 0 ) . Once lo ca ted  on the  cytoplasm ic s id e  of the membrane, 

th e  v ira l- in d u c e d  polymerase polypeptide i s  exposed fo r the  f i r s t  time 

to  h o s t c e l l  p ro te in s  and v i r a l  RNA tem plates which cn be in  in fec te d  

c e l l  (8 ) . Newly sy n th esized  v i r a l  RNA from the polymerase complex can 

t r a v e l  through’ the  cytoplasm  to  the  RER where the  cycle  can rep e a t i t ­

s e l f .  This scheme i s  summarized in  F ig . 4.10.
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F ig . 4.1 A c e l l  a t  s tage  3 of th e  in fe c tio n  which had been tre a te d  

w ith polym erase-adsorbed a n t is e ra  to  serve as a c o n tro l in  the  d ire c t  

peroxidase  procedure. No lab e lin g  i s  seen, x 20,000.
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F ig . 4 .2  A c e l l  a t  s tage  3 of in fe c tio n  tre a te d  w ith  polymerase a n t i ­

se ra  and fe r r i t in - ta g g e d  in  th e  in d ire c t  procedure. Rough endoplasmic 

re ticu lum  i s  seen labeled  on th e  in s id e  of the  membrane, ji x 8,000.

J> and c_ 50,000. Arrows in d ic a te  f e r r i t i n  tagg ing ; (x) in d ic a te s  p e r i­

n u c lea r £ pace.
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F ig . 4 .3  In fec ted  c e l ls  a t  v a rio u s s tag es  of in fe c tio n  showing la b e lin g  

p a tte rn  of the  smooth membranous vacuoles, ji s tage  2 c e l l ,  immunoper­

oxidase labe led  on the  cytoplasm ic s id e , x 9,000. In s e r t  shows an exam­

ple of a d if f e r e n t  s tag e  2 c e l l  w ith the le s s  common in s id e  la b e lin g , 

using f e r r i t in - ta g g e d  antibody in  the  d ire c t  procedure. _b x 15,000. 

c x 50,000.
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Fig . 4 .4  C ells  a t  stage  3 of In fe c tio n  tre a te d  w ith  polymerase a n tis e ra  

In  the  In d ire c t  peroxidase procedure. Golgi a re  seen to be labe led  on 

both s id e s  of the membranes, j i  x 15,000 . _b x  30,000.
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Fig . 4.5 In fec ted  c e l l  components f ra c tio n a te d  as in .M a te r ia ls  and 

Methods. Iso la te d  smooth vacuoles were labe led  w ith  polymerase a n t is e ra  

in  the  in d ir e c t  f e r r i t i n  procedure. Labeling i s  seen on the  cytoplasm ic 

s id e , x 70,000.
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Fig . 4.6 In fec ted  c e l l  components f ra c tio n a te d  as in  M ateria ls  and 

Methods. Iso la te d  m itochondria were labe led  w ith  polymerase a n t is e ra  in  

the  in d ire c t  f e r r i t i n  procedure. No la b e lin g  i s  seen on the  l a t t e r ,  

x 70,000.,
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F ig . 4 .7  T yp ica lly  budding s ta g e  4 .c e l ls .  Arrows in d ic a te  ER v e s ic le s  

lab e led  on the  in s id e  w ith f e r r i t i n  tagged polymerase an tibody , 

x 50,000 ( in s e r t )  buds w ith v iru s .
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F ig . 4 .8  Summary drawing of the d e te c tio n  of FMDV-polymerase by Immuno- 

e le c tro n  microscopy.
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F ig . 4 .9  I s o la t io n  of P-56 using antibody and P ro te in  A on a Sephadex 

G-100 column.
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SECTION V

RNA 'polymerase a n tig en  lo c a liz a t io n  and u l t r a s t r u c tu r a l  changes in  

t i s s u e s  from FMDV-infected guinea p igs.

SUMMARY

Foot-and-mouth d ise ase  v iru s  (FMDV)-induced u l t r a s t r u c tu r a l  changes 

in  guinea pig tongue, heelpad , mammary and l iv e r  t is s u e s  were examined 

using scanning and tran sm iss ion  e le c tro n  m icroscopy.' FMDV in fe c tio n  

caused c e l l  rounding and th e  re le a se  of v iru s  in  membrane lim ite d  v e s i­

c le s  in  th e  animal t is s u e s  s im ila r  to  th a t  seen in  o th e r work in  c e l l  

c u ltu re s . M icrofilam ents were p resen t which may be re sp o n sib le  fo r c e l l  

rounding. Immuno-peroxidase lab e lin g  revealed  the  attachm ent of the  

v iru s-in d u ced  RNA-Dependent RNA polymerase an tig en  to  the  smooth mem­

braneous vacuoles of mammary and l iv e r  t is s u e s ,  and to milk f a t  g lob­

u le s . The e le c tro n  microscope Immuno- peroxidase procedure in c reased  

th e  s e n s i t iv i ty  of d e te c tio n  s u f f ic ie n t ly  to  allow  th e  v is u a l iz a t io n  of 

polymerase an tig en  in  t is s u e s  not p rev iously  shown to  have th e  a n tig e n . 

I t  i s  p o s tu la ted  th a t  th e  re le a s e  of the  smooth membraneous vacuoles 

from th e  l iv e r  c e l l s  s tim u la te s  the  an im al's  immune response to  the  

polymerase an tig en .
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INTRODUCTION

The h is topatho logy  of guinea p igs experim entally  in fe c te d  with fo o t-  

and-mouth d isease  v iru s  (FMDV) has been stud ied  w ith  th e  l ig h t  micro­

scope. The d isease  i s  ch a rac te rized  by the development of conspicuous 

v e s ic le s  on th e  tongue and f e e t  as w e ll as a d d itio n a l le s io n s  in  o th e r 

t i s s u e s  (1 ,2 ,3 ) .  Only a few re p o r ts  have described  the  u l t r a s t r u c tu r a l  

pathology of t is s u e s  from FMDV-infected anim als, a lthough se v e ra l re ­

p o rts  have described  the e le c tro n  microscopy of FMDV-infected c e l l  cu l­

tu re s  (4 ,5 ,6 ) .

The purpose of th is  se c tio n  was to  study the  u l t r a s t r u c tu r a l  changes 

in  in fe c te d  guinea pig t is s u e s  using scanning (SEM), tran sm iss ion  (TEM) 

and immunoperoxidase e le c tro n  microscopy (IEM). The FMD v iru s-induced  

polymerase (VIP) a n tig en  (7 ) was loca ted  in t r a c e l lu la r ly  by IEM.

MATERIALS AND METHODS

Source of in fe c te d  t is s u e s

Female H artley  s t r a in  guinea pigs weighing 350-450 gm were pur­

chased from Dutchland L ab o ra to rie s , Denver, Pennsylvania. The v iru s  

used in  t h i s  study was a guinea pig adapted type A ^  s t r a in  119 FMDV 

th a t  had been passed 30 tim es in  guinea p igs (8 ) . Guinea p igs were 

in fec te d  w ith  10^-50% guinea pig in fe c tio u s  doses inocu la ted  in t r a ­

de rm ally in  the  r ig h t  re a r  heelpad. Two in fe c te d  and one c o n tro l guinea 

p igs a t  24 hour in te rv a ls  were k i l le d  by carbon d ioxide induced anoxia 

and t is s u e s  from the l e f t  heelpad , the  tongue and o th e r a re a s  were 

c o lle c te d  and processed fo r  e le c tro n  microscopy. Samples of mammary 

t is s u e  were ob tained  a t  5 and 10 days postpartum  re sp e c tiv e ly  from s e ts  

o f 2 nursing  guinea p ig s . One group of s e ts  in fe c te d  a t  3 days post­

partum, vdiile ano ther group served as c o n tro ls .
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S cann ing and tr a n sm is s io n  e le c t r o n  m icroscopy

Tissue were fix ed  overn igh t in  2% glu taraldehyde in  Sorensen 's 

phosphate b u ffe r  (SPB) pH 7 .2 , a t  4°C and postfixed  fo r  2 h rs  w ith  2% 

osmium te tro x id e  i n  SPB. A ll samples were dehydrated in  graded e th an o ls  

o f 10% to  100% c o n ce n tra tio n s . For SEM, c r i t i c a l  po in t d ry ing  was done 

in  a Denton CP-1 using  OO2 , and samples were sp u tte r-c o a te d  w ith gold. 

For TEM, th e  t is s u e  were embedded in  EPON 812 (9) and th in  se c tio n s  were 

v isu a liz e d  in  the  P h ilip s  EM 201.

Immunoperoxidase e le c tro n  microscopy

Cold, unfixed t is s u e s  were s lic e d  w ith  a razo r b lade and the s l i c e s  

were lab e led  with immunoperoxidase by a m odification  of a p rev iously  

published procedure by th i s  au thor (4 ,5 ) . B r ie f ly , t is s u e  s l i c e s  were:

1. Immersed in  a so lu tio n  of 1% saponin ( to  in c re a se  membrane

perm eab ility  and 0.05% g lu taraldehyde fo r  1 hour.

2. Incubated with e i th e r  s p e c if ic  a n t i s e r a ,  a c o n tro l (normal) 

s e ra  o r an an tigen-absorbed a n tis e ra  fo r  2 hours or overn igh t.

3. Washed 3 X w ith SPB.

4. Incubated w ith  p ro te in  A -  peroxidase , prepared as described  

in  S ection  IV and elsew here (10) fo r 2 hours.

5. Washed 3 X w ith  SPB.

6. T reated w ith fre sh ly  prepared 0.1% 3 ,3 ' diamino benzid ine

te trah y d ro c h lo rid e  (DAB) (Sigma- Chemical C o ., S t. L ouis, 

M issouri) in  SPB co n ta in in g  0.01% hydrogen peroxide fo r  1 hour.

7. Rinsed in  SPB, fix ed  and embedded as fo r  TEM.
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In  a d d itio n  to  the  co n tro ls  in  item 2, DAB was used w ithout the  

p ro te in  A-peroxidase s te p  to  d e tec t endogenous peroxidase and o th e r 

samples were p re tre a te d  w ith  methanol- H2 O2  to  e lim in a te  endogenous 

peroxidase before  the  la b e lin g  procedures.

P re p a ra tio n  of a n tis e ra

Crude a n t is e ra  were obtained w ith  the  help  of J .  P o la tn ic k  and 

s to re d  a t  4°C o r -70°C u n t i l  used. They had been harvested  from cows 

20-30 days a f t e r  the  onse t of FMDV in fe c tio n . Each animal was sequen­

t i a l l y  in fe c te d  a t  one week in te rv a ls  w ith th ree  d if f e r e n t  FMDV types 

(A,0,C) to  in su re  maximal antibody response to polymerase a n tig en . 

A n tisera  were adsorbed w ith 140S, 75S and 12S FMD capsid  an tig en s  to  

make them s p e c if ic  fo r  th e  polymerase an tig en  (7 ) . The a n t is e r a  showed 

only a s in g le  l in e  on Ouchterlony exam ination.

P ro te in  A -grid procedure

The procedure, described  in  d e ta i l  in  Appendix I  and an e a r l i e r  

paper ( H ) ,  was used here  to  id e n tify  v e s ic u la r  f lu id  v iru s . B r ie f ly , 

g rid s  coated w ith  P ro te in  A and antibody were f lo a te d  upon a d ro p le t of

v e s ic u la r  f lu id ,  and the bound v iru s  was then  n eg a tiv e ly  s ta in e d  w ith 2% 

phosphotungstic a c id .

RESULTS

I n i t i a l l y ,  heelpads and tongues of in fe c te d  anim als were examined 

by the naked eye fo r  gross changes during the f i r s t  5 days p o s t- in o c u la -  

t io n . Primary le s io n s  u su a lly  appeared w ith in  24 h r s ,  and secondary 

le s io n s  from 2-4 days p o s t- in o c u la tio n . Systemic spread of v iru s  in to  

tongue t is s u e  from a primary heelpad in o cu la tio n  was v isu a liz e d  in  the
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SOI fo r  a tongue le s io n  appearing 2 days l a t e r .  Primary heelpad 

le s io n s  a t  24 h rs  p o stin o cu la tio n  were examined in  g re a te r  d e ta i l  in  th e  

TEM a s  were secondary mammary and l iv e r  le s io n s  a t  2 days, and tongue 

le s io n s  a t  3 days p o s tin o cu la tio n . The polymerase a n tig en  was 

lo c a liz e d  in  th e  mammary and l iv e r  le s io n s , a s  w ell a s  on a  m ilk f a t  

g lo b u le , by I  EH.

Gross F indings

A fte r in traderm al in o cu la tio n s  of the  r ig h t  heelpad , v e s ic le s  de­

veloped a t  the  in o c u la tio n  s i t e  w ith in  24 h r . Systemic spread of v iru s  

c a u se d 'v e s ic le s  on th e  th re e  uninoculated f e e t  and tongue 2-4 days 

p o s t- in o c u la tio n . Tongue le s io n s  were u su a lly  seen on the  a n te r io r  dor­

s a l  su rface  of the  tongue and in & tia lly  co n sis ted  of sm all f l u id - f i l l e d  

v e s ic le s .  W ithin 24 hr of v e s ic le  development, the  ou ter la y e r  sloughed 

exposing the underlying derm is. F igure 5.1A shows se v e ra l advanced- 

s ta g e  tongue v e s ic le s  surrounded by white n e c ro tic  t is s u e  and c e n tr a l  

eroded a re as . *

A la rg e  advanced-stage v e s ic le  i s  shown on the  r ig h t  heelpad  48 

h r s .  a f t e r  in o c u la tio n  of th is  heelpad (Fig 5 . IB ). The epiderm is has 

become separa ted  from the dermis and the  r e s u l t in g  space i s  f i l l e d  w ith 

f lu id .

V irus p a r t ic le s  in  th e  f lu id  of both tongue and heelpad v e s ic le s  

were id e n t i f ie d  by th e  p ro te in  A-grid method (11 and Appendix I ) .  The 

c h a ra c te r is t ic  e f fe c t  of th e  v i r a l  in fe c t io n ,  th e re fo re ,  c o n s is ts  of an 

i n t r a e p i th e l i a l  n e c ro s is .
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SEM of guinea pig tongue

F ig . 5.2A shows a low power (30X) scanning e le c tro n  micrograph of a 

tongue le s io n  a t  48 h rs post in fe c tio n . The su rface  i s  denuded of nor­

mal p a p illa e  fo r approxim ately a 2 mm square a rea  a t  the  t i p  of the  ton­

gue. In  a d d itio n , the  ep ithe lium  has been sloughed o ff  leav ing  la rg e  

c ry p ts  tdiich can e a s i ly  be seen (F ig . 5.2B). Micrographs taken a t  a 

h ig h e r m agn ifica tion  (1000X) (F ig . 5 .2C) show few p a p il la e . The e p ith ­

elium  i s  sloughed and th e  p a p illa e  p resen t a re  undermined. At 5000 X 

(F ig . 5.2D ), d is in te g ra t in g  c e l l  membranes w ith a la c e -  l ik e  s tru c tu re  

a re  seen . In  some p lac es , co cc i, which rep re sen t a p o ss ib le  secondary 

in f e c t io n ,  com pletely obscur'e the  underlying tis su e  (F ig . 5 .2E ). In  

a d d it io n , la rg e , u n id e n tif ie d , rec tan g u la r  s t r i a t e d  s tru c tu re s  a re  seen 

i n  th e  c re v ic e  produced under the  remaining p a p illa e  (F ig . 5 .2F ).

TEM and IEM of tongue, heelpad , mammary and l iv e r

Tongue e p i th e l i a l  c e l l s  a t  72 h rs from anim als in o cu la ted  in  th e  

r ig h t  heelpad show rounding up and the form ation of v iru s-co n ta in in g  

membrane lim ite d  v e s ic le s  (MLV) (F ig . 5 .3 ) , as had been described  fo r 

bovine kidney c e l l  monolayers (6 ) ,  in d ic a tin g  th a t  the  s ta g es  of iir- 

fe c tio n  described  fo r c e l l  c u ltu re s  a lso  occur in  anim al e p i th e l i a l  

t i s s u e .  Large numbers of m icrofilam ents (MF) were observed in  rounded- 

up c e l l s ,  but they were no t seen a t  e a r l i e r  s tages of in fe c tio n . The 

e p i th e th ia l  t is s u e s  from the  heelpad a lso ' show v iru s-c o n ta in in g  MLV 

form ation (F ig . 5 .4 ) .

In  guinea pig  mammary t is s u e ,  a s  p rev iously  repo rted  fo r  bovine 

mammary t i s s u e  (4 ,5 ) ,  in fe c te d  c e l l s  appeared e s s e n t ia l ly  normal. How­

e v e r, numerous smooth membraneous vacuoles (SMV) a re  seen (F ig . 5.5A) 

resem bling the  la te  s tag es of in fe c tio n  in  bovine kidney monolayers as
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was rep o rted  in  S ec tio n  V. Immunoperoxidase labe ling  of these  guinea 

pig vacuoles showed an in te n se  re a c tio n  w ith bovine an ti-po lym erase  

antiserum  (F ig . 5 .5B ). Labeling was a lso  seen on the  su rface  of m ilk 

f a t  g lo b u les  (F ig . 5 .5C). C ontrol t is s u e s  and procedures using  

n o n -sp e c if ic  se ra  did not show a s ig n if ic a n t  p o s itiv e  re a c tio n .

Samples of l iv e r  t is s u e  were observed to  be in  various s ta g es  of 

d is in te g ra t io n  a t  48 h rs  p o s t- in fe c tio n . Large numbers of smooth mem­

braneous vacuoles were seen in  many c e l l s  (F ig . 5.6A), compared to  only 

a few seen  in  c o n tro l  c e l l s .  Immunoperoxidase lab e lin g  of these  

vacuoles a lso  produced a s tro n g  p o s itiv e  response with an ti-po lym erase  

a n t i s e r a .  In  a d d it io n , c e l l  borders were d isrup ted  and a la rg e  number 

of cytoplasm ic fragm ents were p resen t (F ig . 5.6B). None of these  

cy to p a th ic  e f f e c ts  were seen  in  c o n tro l anim als.

DISCUSSION

In  the  bov ine, Yilma (12) used flu o rescen t antibody and hem otoxylin 

and e o s in  to  s 'ta in  frozen  s e c tio n s .o f  th ree  types of le s io n s  and demon­

s t r a te d  th a t  th e  le s io n s  were i n i t i a t e d  in  the  stra tum  spinosum ad jacen t 

to  th e  p a p il la e .  Here, using scanning e le c tro n  microscopy on the  guinea 

pig tongue, th e  o v e ra ll  e f f e c t  the  in fe c tio u s  process has on the  ep i­

t h e l i a l  la y e r ;  th a t  i s  the  v isu a liz e d  d e s tru c tio n  of c e l l s ,  lo s s  of 

p a p il la e  and th e  ex is ten ce  of a secondary b a c te r ia l  in fe c tio n .

The rounding up of FMDV-infected c e l ls  and the re le a s e  of v iru s  in  

MLV has been described  in  c e l l  c u ltu re s  (6 ) . The only re p o rt of th i s  

foxm of v iru s  r e le a s e  in  anim al t is su e  was in  EM s tu d ie s  of bovine mam­

mary t i s s u e  by Blackwell and Wool (4 ,5 ) .

99



I t  i s  now dem onstrated th a t the same re le a se  mechanism e x is ts  in  

guinea pig mammary t is s u e .  In ad d itio n , i t  i s  shown fo r the  f i r s t  time 

th a t  v iru s-co n ta in in g  MLV a re  p resen t in  both FMDV in fe c te d  guinea pig 

tongue and heelpad ep ithelium .

The re le a s e  of v iru s  in  MLV from mammary t is s u e ,  tongue and heelpad 

ep ithe lium  suggest th a t  th i s  phenomenon i s  u n iv e rsa l in  a l l  FMDV in ­

fe c te d  t is s u e s .  V irus p a r t ic le s  p ro tec ted  in  t h i s  way could have impor­

ta n t  consequences fo r the  spread of FMDV from anim al to  anim al as w ell 

a s  i n  th e  system ic spread of FMDV w ith in  the  anim al. In  the  former 

c a se , th e  v iru s  might be p ro tec ted  from d e s tru c tiv e  environm ental con­

d i t io n s .  In  the  l a t t e r  c a se , the  v iru s  might be p ro tec ted  from the host 

Immune re a c t io n , as suggested in  e a r l i e r  work in  bovine mammary (4 ,5 ) .

The a d d itio n a l observation  of la rg e  numbers of m icro filam ents ap­

pearing  in  In fec ted  c e l l s  may account fo r the  rounding up e f f e c t .  

M icrofilam ents have been c le a r ly  im plicated  in  c e l l  s t r u c tu r a l  changes 

such a s  occur in  c e l l  d iv is io n  and c e l l  movement (13).

Also described  i s  the  appearance of increased  numbers of smooth 

vacuoles w ith in  in fe c te d  mammary and l iv e r  t is s u e  c e l l s .  Using th e  EM 

immunoperoxidase procedure, i t  i s  dem onstrated fo r  th e  f i r s t  time th a t  

th e  v iru s  induced RNA dependent RNA polymerase (14 ,15 ,16) i s  bound to  

th ese  vacuoles (F ig . 5 .5b) and to  milk f a t  g lobu les (F ig  5 .6 b ). Since 

th ese  vacuoles a re  re le a se d  by a c tiv e  mammary c e l l s  (1 7 ), t h i s  may 

re p re se n t the  mechanism fo r  the  re le a se  of the polymerase a n tig en  in to  

m ilk . The presence of polymerase a n tig en  in  milk and t is s u e s  has no t 

been repo rted  to d a te  bacause cu rre n t methods of d e te c tin g  the an tig en  

a re  too in s e n s i t iv e . The EM immunoperoxidase procedure described  here  

r a i s e s  the  le v e l of s e n s i t iv i ty  to  allow  the  polymerase a n tig en  to  be 

re a d i ly  d e tec ted  in  a v a r ie ty  of t is s u e  samples. The re le a s e  of
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polymerase an tig en -co n ta in in g  smooth vacuoles from d is in te g ra tin g  l iv e r  

c e l l s  in to  the  blood stream  may a lso  cause the  a n im a l's  serum -antibody 

response.
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F ig . 5.1 -  A ty p ic a l  guinea pig tongue le s io n  a t  48 hours (A) which r e ­

su lte d  from a system ic spread of FMDV from the primary in traderm al 

In o cu la tio n  of the  r ig h t  heelpad (B). The heelpad le s io n  appeared a t  24 

hours p o s t- in o c u la tio n .
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Fig . 5.2 -  Scanning e le c tro n  m icrographs of FMDV-infected guinea pig- 

tongue a t  48 hours a f t e r  primary in o c u la tio n  of the  r ig h t  heelpad: A,

d e s tru c tio n  of normal t i s s u e  and lo ss  of p a p il la e  (x30); B, i n i t i a l  s i t e  

of v e s ic le s  con ta in ing  FMDV and showing sloughing of t is s u e  and only a 

few p a p illa e  rem aining (x50); C, h igher m agnifica tion  of a rem aining 

p a p il la  (xlOOO; arrow in d ic a te s  a re a  to  be shown a t  h igher m agn ifica tion  

in  F); D, la c e - l ik e  appearance of rem aining t i s s u e  (x5000); E, contamin­

a tin g  cocci almost obscure underly ing  t is s u e  (x7500); F, u n id e n tif ie d  

s tru c tu re s  from a rea  under d is in te g ra t in g  p a p illa e  of C (xlOOOO).
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F ig . 5 .3  -  Guinea pig tongue e p i th e l ia l  c e l l  showing rounding up and 

v iru s -c o n ta in in g  membrane lim ited  v e s ic le  (MLV) form ation (x50,000). 

M icrofilam ents (MF) a re  a lso  seen.
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F ig . 5 .4  -  Membrane lim ited  v e s ic le  (MLV) in  guinea pig heelpad t is su e  

prim ary in o c u la tio n  24 hours p rev iously  w ith FMDV (x60,000).
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F ig . 5 .5  -  T ransm ission e le c tro n  m icrographs of mammary t is s u e  and a 

m ilk f a t  g lobu le  from la c ta t in g  guinea p igs in fec te d  w ith  FMDV a t  3 days 

post-partum . Samples were taken  a t  5 days post-*partum: A, appearance

of many smooth membraneous vacuoles (SMV) (x50,000); B, th ic k  se c tio n s  

(0 .5  um) were labe led  fo r  v iru s  polymerase (P-56) an tig en  by immunoper- 

ox idase and not s ta in ed  in  o rder to  emphasize the appearance of th e  

la b e l  (x30,000) C, m ilk f a t  g lobule  from guinea pig in  A lab e led  fo r  

polymerase a n tig en  w ith  immunoperoxidase as in d ic a te d  by arrows 

(x50,000).

I l l



(

112



Fig . 5.6 -  L iver t is s u e  from a guinea pig  in fe c te d  w ith FMDV 48 hours 

p rev iously  (x21,000): A, numerous smooth membraneous vacuoles (SMV) a re

seen; B, severe  m orphological damage includ ing  d isrup ted  m itochrondria  

and rup tured  vacuoles i s  seen in  ano ther sample.
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SECTION VI -  APPENDIX I

The Id e n t i f ic a t io n  of Foot-and-Mouth D isease Virus in  T issue F lu ids on 

Grids Coated w ith P ro te in  A and Antibody

Method Developed E sp e c ia lly  to  Address Problems of th is  Paper

The s e n s i t iv i ty  of d e te c tio n  of v iru s  p a r t i c le s  by e le c tro n  m icros­

copy was increased  by D errick  using  s p e c if ic  an tiserum  tre a te d  g rid s  fo r 

th e  ad so rp tio n  of p la n t v iru se s  (1 ) . Shukla and Gough increased  the 

s e n s i t iv i ty  of t h i s  method by coa ting  the  g rid s  with p ro te in  A from 

Staphylococcus aureus before  coating  them w ith  s p e c if ic  a n t is e ra  to  sug­

arcane mosaic v iru s  and tobacco mosaic v iru s  (2 ) . R ecently , N ic o la ie ff  

e t  a l .  adapted the  technique to the  d e te c tio n  of human ro ta v iru se s  (3 ) .

A technique using e le c tro n  microscope g rid s  coated  w ith P ro te in  A 

and antiserum  was developed fo r  th is  p ro je c t in  o rder to  fo llow  in fe c ­

t io n  in  f lu id s  (e s p e c ia l ly  v e s ic u la r  f lu id . See S ection  V) and t is s u e  

hanogenates. This was needed to  show th a t  the  v iru s  had spread from the 

s i t e  of o r ig in a l  in o c u la tio n  to  secondary s i t e s  in  various organs (4 ) . 

The method i s  d e ta ile d  below.

In fe c tio u s  T issue and F lu id s

Oesophageal-pharyngeal (OP) f lu id s  were ob tained  through the  cour­

te sy  of J .  Blackwell (USDA) from c a t t l e .  The OP samples were fro zen , 

thawed, and homogenized before  c l a r i f i c a t io n  by low speed c e n tr ifu g a ­

t io n .  Guinea pigs in fec te d  as in  S ec tion  V were used to  o b ta in  in fe c te d  

t i s s u e  and f lu id s  and tre a te d  as above.
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A n tise ra . Guinea p ig s were immunized by two In je c tio n s  a t  5 week in te r ­

v a ls  of guinea pig  adapted v iru s  mixed with complete F reund 's ad juvant. 

The anim als were b led ten  days a f t e r  the  l a s t  in je c t io n .

G rid-C oating and P a rtic le -A d so rp tio n  Procedure

E lec tro n  m icroscope copper g rid s  covered with a f ilm  of Formvar- 

carbon were tre a te d  w ith  a  glow discharge u n it  (Denton) to  in su re  uni­

form w etting  (6 ) . The f a i lu r e  to  make the  g rid s  hy d ro p h ilic  in  th is  way 

caused la rg e  v a r ia tio n s  in  the subsequent p a r t ic le  counts. The g rid s  

were then  f lo a te d  on 5 .0 - 1 drops of the follow ing so lu tio n s  fo r the  

designated  minutes a s  fo llow s: p ro te in  A (Pharmacia) (0 .1  mg/ml), 10; 

an tise rum , 10; Kodak P h o to -flo  (0.4% ), 1; d i s t i l l e d  w ater, 1; v iru s  

specim en, 10-60; Kodak P h o to -flo  (0.4% ), 1; d i s t i l l e d  w ater, 4 x 1  

m inute. The g rid s  were not allowed to dry between s te p s . The back s id e  

of a 96-w ell p la s t i c  m ic ro ti te r  d ish  served as a convenient reusab le  

su rface  fo r  th e  f lo a tin g  procedure. V irions were p o s it iv e ly  s ta in e d  

w ith  a  sa tu ra te d  so lu tio n  of uranyl a c e ta te  in  30% e th an o l fo r  2 min­

u te s ,  follow ed by two 1-minute washes in  ab so lu te  e th a n o l. Negative

s ta in in g  was a lso  done w ith  2% phosphotungstic acid  in  PBS.

P a r t ic le  Counting and E lec tro n  Microscopy

Counts were made d i r e c t ly  in  the  P h ilip s  201 e le c tro n  microscope a t

an in stru m en ta l m agn ifica tion  of 20,000 'x in  o rder to  sh o rten  the  time 

fo r th e  an a ly se s . For documentation purposes, e le c tro n  micrographs 

were taken  and p rin ted  a t  a 2 .5  x g re a te r  m agn ifica tion . The h igh- 

powered c e n te r  focus screen  (106,000 x) was used to  d e lin e a te  15 a reas  

se lec te d  a t  random on a g r id . P a r t ic le s  were counted in  each of these  

a re as  and
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summed fo r the  15 a re a s . The to ta l  counting a rea  was estim ated  to  be 

about 25 um^. Four s e ts  of 15-unit a reas from d if f e re n t  g rid s  were 

counted fo r  a mean average + one standard  d e v ia tio n .

Grids coated  with p ro te in  A and antiserum  were exposed to  OP f lu id s  

from in fec ted  c a t t l e  fo r  a period  of 60 m inutes. V irus p a r t i c le s  were 

observed in  th e  OP f lu id s ,  which ranged in  v iru s  co n cen tra tio n  from 

10^-10^ PFU/ml, in  a l l  specimens. Guinea pig f lu id s  from S ection  V 

were a lso  te s te d  by th is  procedure. T ypical r e s u l ts  a re  seen in  F ig . 

6 . 1.
The procedure fo r th e  adsorp tion  of v i r a l  p a r t ic le s  on e le c tro n  

microscope g rid s  described  here i s  rap id  and can d e te c t v i r a l  p a r t ic le s  

from t is s u e  f lu id s  having a s  low as 10^ PFU of FMDV per ml. A com­

p le te  re p o r t  of th i s  method was published se p a ra te ly  (4 ) .
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F ig . 6.1 E lec tro n  micrograph of t is su e  f lu id s  contain ing  FMDV, on g rid s  

coated w ith  P ro te in  A and antibody a t  10^ PFU/ml of v iru s .
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