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Summary 

Two steps of influenza virus A/WSN uncoating in MDCK cells are described. 
The products of the first step are cores which accumulate in the nuclear-associated 
cytoplasm. The products of the second step are ribonucleoproteins which penetrate 
the nuclei. Rimantadine blocks the second step without interfering with the first 
o n e .  

Amantadine hydrochloride and its structural analog rimantadine hydro- 
chloride are effective inhibitors of influenza A virus replication. However, the 
precise mechanism of their effect on virus reproduction is unknown. The generally 
agreed conclusions are tha t  the drugs affect some initial step in the virus replica- 
tion cycle, most probably input virus uncoating (6). In  accordance, it has been 
shown recently tha t  r imantadine interferes with WSN virus uncoating in MDCK 
cells inhibiting the reduction of RNase-resistant material (3). 

We studied the uncoating process in WSN infected h~DCK cells and the effect 
of r imantadine using two methodical approaches: 1. autoradiography of cells 
infected with WSN virus prelabeled with 3H-uridine; 2. ffactionation of cells 
infected with WSN virus prelabeled with 14C-amino acids and analysis of sub- 
viral components and their proteins in cellular fractions. 

Labeling of the virus in chicken fibroblasts, its purification, infection and 
fractionation of MDCK cells, analysis of virus-specific structures by centrifuga- 
tion in glycerol and CsC1 gradients and of their proteins by PAGE have been 
described (1). Briefly, after an t-hour adsorption period at  4°C the monolayers 
were rinsed with warm Eagle's minimum essential medium (this t ime representing 
0 t ime of infection), incubated at  37 ° C for 30 minutes, and then ffactionated. 
One additional step was introduced into the fractionation procedure: the nuclei 
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a f t e r  f i rs t  pu r i f i ca t i on  b y  1 per  cen t  T r i t o n  X-100,  were  r e s u s p e n d e d  in 0.1 M 
ci t r ic  ac id  eon tMning  0.001 M MgC12, t h e  m i x t u r e  was v o r t e x e d ,  and  i m m e d i a t e l y  

n e u t r a l i z e d  w i t h  1 M N a O H .  T h e r e a f t e r  t h e  nuc le i  were  p e l l e t e d  at. t000  × g, a n d  

t h e  s u p e r n a t a n t  was r e m o v e d  and  de s igna t ed  " n u c l e a r - a s s o c i a t e d  c y t o p l a s m " .  

T h e  poss ib i l i ty  t h a t  nuc l ea r - a s soc i a t ed  c y t o p l a s m  c o n t a i n e d  v i rus  pa r t i c l e s  ( they  

cou ld  be  a d s o r b e d  on ce l lu lar  m e m b r a n e s  e o s e d i m e n t e d  w i t h  nucle i )  d i s r u p t e d  

b y  such  t r e a t m e n t  was  e l i m i n a t e d  b y  con t ro l  e x p e r i m e n t s  wh ich  s h o w e d  t h a t  

br ief  c o n t a c t  w i t h  0.1 ~ c i t r ic  ac id  d id  n o t  b r e a k  t h e  v i rus  par t ic le .  T h e  nucle i  

were  f u r t h e r  pur i f i ed  b y  cen t r i f uga t i on  t h r o u g h  30 per  c e n t  sucrose,  a n d  t h e  

were  f u r t h e r  pur i f i ed  by  c e n t r i f u g a t i o n  t h r o u g h  30 pe r  c e n t  sucrose,  a n d  t h e  

nuc l ea r  e x t r a c t  was  o b t a i n e d  as desc r ibed  (1). 

Table  1. E/fect o/ rimantadine on the distribution o/ input virus radioactivity among 
subcellular ]factions 

Expe r imen t  1 Expe r imen t  2 

SubcelIular Control l~imantadine Control I~l,imantadinc 

f ract ions cpm % cpm % epm % cpm % 

Cytoplasm 203,800 -- 242,000 -- 159,400 -- 189,400 ......... 
Tr i ton  X - t 0 0  98,200 -- 148,600 --  82,800 --  103,600 - 

washings 
Cytoplasmic ex t rac t  . . . .  36,000 8.9 29,200 5.9 

(S20) 
Nucleus-associated 166,400 44.7 436,600 82.5 t51,000 37.1 376,200 76.7 

cy top lasm 
Nuclei  206,000 55.3 92,600 17.5 219,100 54.0 85,400 17.4 
Tota l  r ad ioac t iv i ty  674,400 -- 619,800 -- 612,300 -- 654,600 -- 

Nuclear  ex t rac t  70,800 34.3 66,800 72.1 46,800 32.4 62,800 71.6 
Nuclear  pellet  135,200 65.7 25,800 27.9 97,400 67.2 24,900 28.4 

M D C K  cells were t rea ted  with  50 ~zg/ml of r imantad ine  hydrochlor ide  in Eagle ' s  
med ium for one hour  a t  37 ° C, thereaf te r  the  med ium was removed,  the  cells were 
infected wi th  W S N  virus  labeled wi th  14C-amino acids (sp. act.  2 - - 5  × 104 e p m / H A  unit) .  
The  same r imantad ine-eonta in ing  med ium was added,  and the cells were incuba ted  for 
30 minutes  at  37 ° C. Thereaf te r  the  cells were fraet ionated,  and the  acid-insoluble 

r ad ioac t iv i ty  in subeellular  fract ions was de te rmined  

Fig. 1. Sed imenta t ion  and densi ty  analysis of parenta l  virus s t ructures  in nuclear-  
associated cytoplasm (A)  and  nuclear  ex t rac t  (B) .  M D C K  eells were f rac t ionated  
30 minutes  af ter  infect ion wi th  W S N  virus prelabeled wi th  14C-amino acids, a, b Nu-  
clear-associated cy top lasm (A) and nuelear  ex t rac t  (B) were centr i fuged in l inear 15 
to 30 per cent  glycerol  gradients  prepared in T N E  buffer  (0.01 M Tris-ttC1 p i t  7.4, 
0.1 ~ NaC1, 0.00t N E D T A )  in a Spinco SW41 bucket  ro tor  at  38,000 rpm for 3 hours 
(A), or a t  15,000 rpm for 16 hours  (B) a t  4 ° C (a). The  acid insoluble r ad ioac t iv i ty  was 
counted  in al iquots,  and the  peak fractions ( b r a c k e t e d ) w e r e  rceentr i fuged in pre- 
formed CsC1 gradients  prepared on phospha te  buffer  p i t  7.4 conta ining 0.001 ~ E D T A  
and 4 per  cent  fo rmaldehyde  in the  SW41 bucket  ro tor  a t  35,000 rpm for 16 hours 
a t  4 ° C (b). c Nuclear-associated cy top lasm (A) and  nuclear  extract, (B) were centr i fuged 
in pre formed CsC1 gradients  conta in ing 4 per cent  formaldehyde  as in "b". d Nuclear-  
associated cy top lasm (A) and nuclear  ex t rac t  (B) f rom r iman tad ine - t r ea t ed  cells were 
centr i fuged in CsC1 gradients  as in " b " .  The cells were p re t rea ted  wi th  50 ~g/ml of 
r iman~adine hydroehlor ide  for one hour,  and the  same r imantad ine-eonta in ing  med ium 
was added after  infection.  The  gradients  were f rac t iona tcd  and processed for acid- 

insoluble rad ioac t iv i ty  
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Table  1 shows the  d i s t r ibu t ion  of pa ren t a l  v i rus  r ad ioac t i v i t y  in u n t r e a t e d  
and  r iman tad ine  t r ea t ed  cells. The amoun t  of cel l -associated inpu t  virus  radio-  
a c t i v i t y  was nea r ly  the  same in bo th  eases. The  r a d i o a c t i v i t y  in t he  cy top lasmic  
fract ion,  which was ma in ly  due to the  virus adsorbed  on cellular  membranes  (1) 
was also s imilar  in u n t r e a t e d  and  d rug - t r ea t ed  cells. This demons t ra t e s  t h a t  
r i m a n t a d i n e  does no t  interfere wi th  the  process of virus adsorp t ion  and  pene t ra -  
t ion.  On the  o ther  hand,  r iman tad ine  dras t ica l ly  changed the  d i s t r ibu t ion  of i n p u t  
virus  r ad ioac t i v i t y  be tween nuclear -associa ted  cy top lasm and nuclei :  the  radio-  
a c t i v i t y  in nuclear -associa ted  cy top lasm was move t h a n  twice t h a t  of d rug - t r ea t ed  
cells while in the  nuclei  i t  was reduced  by  a t  least  a fac tor  of two. Most  of the  
in t ranuc lea r  r a d i o a c t i v i t y  could be ex t r ac t ed  from r i m a n t a d i n e - t r e a t e d  cells 
b y  0.16 ~I NaC1. 

Fig. 2. Polypeptides of intraeellular input  virus structures. MDCK cells were frae- 
t ionated 30 minutes after infection with WSN virus prelabeled with t4C-amino acids. 
Nuclear-associated cytoplasm from untreated (2) and rirnantadine-treated (3) cells 
was centrifuged in CsC1 gradients without formaldehyde, and polypeptides of the 
1.29 structure were analysed. 4 polypeptides of the nuclear extract  obtained from 
untreated ceils. 1 polypeptides of "WSN virus labeled with 14C-amino acids were taken. 
as markers. The polypeptides were analysed by electrophoresis in 10 per cent poly- 

acrylamide gels according to LA~gM~I~I (4) 

The sed imen ta t ion  and  b u o y a n t  dens i t y  analys is  of pa ren t a l  virus  s t ruc tu re s  
in subeel lu lar  f ract ions is shown in Fig. 1. I t  is seen t h a t  virus  s t ruc tures  in nuclear-  
associa ted  ey top lasm sed iment  more  r a p i d l y  in g lycerol  g rad ien ts  t han  pa ren ta l  
virus  R N P s  in nuclear  ex t rac t s  [Figs. 1 A (a) and  113 (a)]. When  reeentr i fuged in  
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CsC1, these structures band at 1.29 g/ml with a shoulder at 1.25 g/ml [Fig. t A (b)]. 
The totM materiM from untreated cells banded in CsC1 heterogeneously, while the 
same material from rimantadine-treated cells banded more homogeneously at 
1.29 g/ml [Fig. 1 A (c--d)]. When the proteins of the 1.29 structure were analysed 
by PAGE nueleocapsid proteins P and NP and matrix protein M were revealed 
(Fig. 2). 

These results are compatible with the suggestion that  the 1.29 structure 
represents virus cores that  are formed from input virus particles and accumulate 
in nucleus~associated cytoplasm. In  accordance, the electron microscope examina- 
tion of the 1.29 component from nucleus-associated cytoplasm revealed the 
presence of round particles containing helical strands (Fig. 3). 

Fig. 3. Electron micrograph of the 1.29 material obtained from nuclear-associated 
cytoplasm. MDCK cells were fraetionated and nuclear-associated cytoplasm was 
analysed as in Fig. 1Ac, and the 1.29 structures were investigated for electron micro- 

scopy after negative staining with uranyl acetate ( × 380,000) 

The parental structures extracted from the nuclei of untreated cells by 0.16 M 
NaC1 were previously identified as virus RNPs:  they scdimented at 40--70S in 
glycerol gradients, banded at 1.41 g/ml in CsC1 gradients, and PAGE analysis 
of their proteins revealed nucleocapsid protein I~P and no M protein (1, see also 
Figs. 1 B and 2). Low amounts of RNPs with a buoyant density of 1.34 g/ml were 
isolated as well from the nuclei of rimantadine-treated cells [Fig. 1 B (d)]. 

The autoradiographs of cells 30 minutes after infection with SH-uridine virus 
are shown in Fig. 4. A striking difference in grain distribution was seen in rimant- 



280 A.G.  BIJI41~INSKAYA, N. K. VOI~KU~OVA, and IR. A. NAI~MA~BETOVA: 

adine-treated cells as compared to un t rea ted  cells. Most of the grains in  un t r ea t ed  
cells were located above the nnelei, while in r imantad ine- t rea ted  cells the nuelei 
were practically free of grains, and the grains accumula ted  in the cytoplasm near  
the nucleus. This region of the cytoplasm differed from the residual par t  in poor 
s taining suggesting t ha t  it  contained some specific cellular organells. The enlarge- 
men t  of this  region in  some r imantad ine- t rea ted  cells could mean  tha t  these 
orga.netls were specifically affected by  the drug. 

The results presented allow to suggest t ha t  in infected cells cores are formed 
from inpu t  virus particles representing apparen t ly  in termediates  in  virus un-  

Fig. 4a 

Fig. 4. Autoradiogxaphs of MDCK cells 30 minutes after infection wi~h WSN virus 
labeled with 8tt-uridine. Cells grown on cover slips in Left.oft tubes were infected with 
3H-uridine labeled virus (sp.act. about 104epm/HA unit  or 1 ~epm/PFU),  after 
30 minutes incubation at 37~C they were washed, fixed, dipped in photographic 
emulsion and stored at + 4 ° C  for autoradiographie exposure. After 2 weeks the 
specimens were developed and stained, a untreated cells, b rimantadine-treated cells. 
The cells in "b" were pretreated with 50 ~zg/ml of r imantadine hydroehloride for one 

hour, and the same rimantadine-containing medium was added after infection 
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coating. They are located in the nuclear-associated cytoplasm, while I~NPs are 
found mainly within the nuclei. So far, the process of virus uneoating could be 
divided into two steps : In  the first step cores are formed, which accumulate in the 
nuclear-associated cytoplasm. In  the second step ribonueleoproteins penetrate 
into the nuclei. Rimantadine seems to block the second step of uncoating "freez- 
ing" the cores and preventing the liberation of the M protein. Thus, RNPs  could 
not be released from M protein and transported into nuclei, and the nuclear stage 
of replication is switched off. 

Fig. 4b 

The mechanism of core "freezing" by rimantadine is unknown. Rimantadine 
may  interact with M protein blocking further uncoating of cores, or alter the cell 
organells, located most probably in the nuclear-associated cytoplasm so tha t  
they could not support the second step of virus uneoating. 

The mode of action of rimantadine on uncoating described here is in good 
agreement with data  indicating a dependence of sensitivity to rimantadine on 
the gene for the 2¢I protein (2, 5). 
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