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ABSTRACT

M O L ECU LA R ANALYSIS O F  T H E  SENDAI VIRUS G E N O M E

by

K ycong II. Park

Advisor:  Dr. M ark  Krystal

In con t ra s t  to DNA viruses,  re t rov i ru se s  and  pos i t ivc -s t rand  RNA 

viruses,  whose g en o m es  a r c  infect ious a n d  thus  a m e n a b le  to 

conven t iona l  m olecu la r  app roaches ,  nega t ive -s t rand  RNA viruses  such 

as the  o r thom yxov i ru ses  a n d  the  pa ram yxov i ru se s  d o  not  al low a 

s im ple  dissect ion and  m uta t iona l  analysis o f  the i r  g enom es .  In 

ad d i t io n  to the  negat ive  pola ri ty ,  the  la rge  g e n o m e  size a n d  the  

n o n s e g m e n t e d  n a t u re  o f  pa ram yxov iruses  ( ~  15 kilobases)  m a ke  it very 

difficult  to d irect ly  m a n ip u la te  o r  modify them  for s tudies .

In  the  first p a r t  o f  this thesis,  an  arti ficial m in i -g e n o m e  o f  Senda i  

virus ,  a p ro to ty p e  pa ram yxov irus ,  was d e v e lo p e d  as an  initial s tep to 

get  a r o u n d  the  difficult p rob lem s  im posed  by the  intr insic n a t u r e  of  

the  viral  g en o m e .  T h e  m in i -genom e RNA, cal led  Send-CA T,  was 

synthes ized  via in vitro T 7  p h a g e  RNA p o lym erase  t r an sc r ip t io n  f rom a 

cDNA con ta in ing  the ant isense cod ing  reg io n  o f  c h lo ra m p h e n ic o l



ace ty l t ransfc rasc  (CAT) g e n e  f lanked by 5 ’ 145 a n d  3 ’ 119 te rm ina l  

s equences  o f  the  viral  g en o m e .  W hen  in t ro d u ced  into cells a n d  

fol lowed by Senda i  virus infect ion,  the RNA was t r an sc r ib ed  a n d  

t rans la ted ,  as de tec ted  by CAT activity. T h e  efficiency o f  CAT 

express ion  was m arked ly  increased  by p re - in c u b a t in g  the  RNA with 

cytoplasmic  cell ex t rac t  de r ived  from e i the r  Senda i  v irus- in fec ted  or  

un in fec ted  cells, sugges t ing  tha t  a host  cell com p o n en t ( s )  may e n h a n c e  

viral g e n e  express ion .  F u r th e r m o re ,  the Scnd-C A T RNA was also 

read i ly  rep l ica ted  a n d  p ackaged  into p ro g e n y  vir ions.  O n c e  p a ck a g ed ,  

the  Send-CA T RNA could  be stably passaged  a n d  even  be g ro w n  to a 

very  h igh  t i ter .  T h e s e  studies  showed tha t  the  exist ing  leng th  o f  5 ’ a n d  

3’ viral sequences  were  necessary a n d  sufficient for t r an sc r ip t io n ,  

rep li ca t ion ,  a n d  packa g ing  by Sendai  virus. M ore  im por tan t ly ,  it now 

p ro v id e d  a well-sui ted system for ex a m in in g  var ious  c»s-acting signals  

o f  the  viral  genom e .

In  the second  pa r t  o f  the thesis, an in vivo  m ode l  for  

p s e u d o - te m p la t e d  t r ansc r ip t ion  o f  Sendai  virus  was deve loped .  D u r in g  

t r ansc r ip t ion  o f  the  P/C  gene ,  the  Sendai  vi rus  t ransc r ip ta se  inser ts  one  

o r  m o re  n o n te m p la t e d  g u a n in e  nucleo tides  at pos i t ion 1053. Based  on  

the  Send-CA T m in i -genom e ,  a der iva t ive cons t ruc t  was m a d e  tha t  

co n ta in e d  a s tretch  o f  nuc leo t ide  sequence  s p a n n in g  the  e d i t in g  site o f



the  P/C gene .  W hen  the resu l t ing  cons truc t ,  cal led PC-CAT, was 

t r ans fec ted  into cells which were  then  infected with S enda i  vi rus,  6.5% 

o f  its mRNAs con ta ined  a n o n tc m p la t e d  G nuc leo t ide  at the  e x p ec ted  

pos i t ion,  ind ica t ing  tha t  the  s equence  normal ly  re spons ib le  for 

p r o m o t in g  RNA ed i t ing  in Sendai  v irus  g e n o m e  was now func tional ly  

re s id ing  in the  PC-CAT construc t .  By progress ively  de le t ing  the  P/C 

g e n e  sequence  from the 5 ’ e n d  (in the  g e n o m e  sense) ,  24 bases were  

shown to be sufficient  for  the p s c u d o - te m p la t e d  t r ansc r ip t ion  in the 

m ode l  system. In add i t ion ,  m uta t iona l  analysis o f  the  consensus  

s eq u en ce  showed tha t  the th r e e  C res idues  p r e c e d in g  the  inse r t ion  site 

were  essential  a n d  cou ld  not  be subst i tu ted  by G res idues .  T h i s  system 

will now p e rm i t  p reci se  de l inea t ion  o f  the c»5-acting e lement (s)  

r e q u i r e d  for var ious  aspects  o f  RNA edi t ing .
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I. INTRODUCTION

A. T h e  fami ly P ara m yxov ir idae  is c o m p r i s e d  of  t h r e e  g e n e r a ,  

Morbil l iv irus,  Param yxov irus  a n d  Pneumovirus ,  t h a t  i nc l u d e  a 

n u m b e r  of  a n i m a l  p a t h o g e n s  a s  well  a s  m a n y  i m p o r t a n t  h u m a n  

p a t h o g e n s .  For  e x a m p l e ,  m e a s l e s  v i rus ,  m u m p s  v i rus ,  r e s p i r a t o r y  

sync y t i a l  v i rus ,  a n d  v a r i o u s  t y p e s  of  p a r a i n f l u e n z a  v i r u s e s  all 

b e l o n g  to th i s  fami ly.  A l t hough  s o m e  m e m b e r s  of  t h e  fami ly a r e  

m o r e  c l o s e l y  r e l a t e d  t h a n  o t h e r s ,  t h e y  a r e  all e n v e l o p e d  v i r u s e s  

wi th a n o n s e g m e n t e d ,  n e g a t i v e - s t r a n d  RNA g e n o m e  t h a t  ex h i b i t s  

s u b s t a n t i a l  h o m o l o g y  in t he i r  n u c l e o t i d e  s e q u e n c e ,  g e n e t i c  

o r g a n i z a t i o n ,  a n d  m o r p h o l o g y  ( K i n g s bu r y  et  al. ,  1978\  M a t t h e w s ,  

1982 ;  P r i ng l e ,  1987) .

Al t h o u g h  v a r i o u s  b i o c h e m i c a l  a n a l y s e s  h a v e  e l u c i d a t e d  t h e  

f u n c t i o n s  of  m a n y  of  t h e  p ro t e i n s  e n c o d e d  by p a r a m y x o v i r u s e s ,  

d e t a i l e d  s t u d i e s  h a v e  b e e n  h a m p e r e d  by a n  inabi l i ty to a p p l y  t h e  

c o n v e n t i o n a l  g e n e t i c  a p p r o a c h e s  t ha t  w e r e  a p p l i c a b l e  to t h e  

s t u d i e s  of  o t h e r  v i r u s e s  p o s s e s s i n g  DNA or  p o s i t i v e - s t r a n d  RNA 

g e n o m e s .  U n f o r t una t e l y ,  it is still no t  p o s s i b l e  to i n t r o d u c e  a 

s i t e - s p e c i f i c  m u t a t i o n  into t h e  p a r a m y x o v i r u s  g e n o m e  a n d  r e s c u e  

t h e  r e s u l t i n g  m u t a n t  in t h e  a b s e n c e  of  a  s e l e c t a b l e  m a r k e r .  T h u s  

far ,  t h e  m o l e c u l a r  a n a l y s e s  of  p a r a m y x o v i r u s e s  h a v e  b e e n  l imi ted



2

t o  t h e  n a t u r a l l y - oc c u r r in g  m u t a n t s ,  m o n o c l o n a l  a n t i b o d y  e s c a p e  

m u t a n t s ,  or  m u t a n t s  i s o l a t e d  s e r e n d i p i t o u s l y  in l a b o r a t o r i e s .  T h e  

n e e d e d  p r o g r e s s  a w a i t s  an  e x p e r i m e n t a l  a m e n i t y  t h a t  wou ld  

o v e r c o m e  t h e  t e c h n i c a l  l imi tat ion i m p o s e d  by t h e  l a r g e  s i z e  a n d  

n e g a t i v e  pola r i ty  of  t h e  p a r a m y x o v i r u s  g e n o m e .  An i dea l  m o d e l  

s y s t e m  wou l d  a l low c o n v e n i e n t  m a n i p u l a t i o n s  of  t h e  viral  g e n o m e  

in vitro a n d  ef f ic ient  r e s c u e  into i n f ec t i ous  vi r ions .  With t h a t  in 

mi nd ,  th i s  t h e s i s  f o c u s e s  on t h e  d e v e l o p m e n t  of  a s y s t e m  whi ch  

a l l ows  modi f i ca t i on  a n d  m u t a g e n e s i s  of  a n  art i f icial  g e n o m e  t h a t  is 

b io logica l ly  ac t i ve  a n d  c l o s e l y  mi r ro r s  t h e  t r u e  viral  g e n o m e  in 

t e r m s  of  its func t i on  a n d  beh a v i o r .  T h e  s i g n i f i c a n c e  of  th i s  

a p p r o a c h  is h igh l i gh t ed  by t h e  fac t  t ha t  v a r i o u s  c is -a ct ing 

s e q u e n c e s  c a n  now b e  ident i f i ed a n d  s t u d i e d  by us i ng  t r ad i t i ona l  

r e c o m b i n a n t  DNA t e c h n o l o g y .

B. PARAMYXOVIRUS S T R U C T U R E

1. VIRION M OR P H O LO G Y

T h e  p a r a m y x o v i r u s  vi r ions  a p p e a r  g e n e r a l l y  s p h e r i c a l  u n d e r  

t h e  e l e c t r o n  m i c r o s c o p e  with s i z e s  r a n g i n g  f rom 1 5 0 ~ 3 0 0  nm in 

d i a m e t e r  ( H o s a k a  et al.,  1966) .  T h e  o u t e r  s u r f a c e  is m a d e  up  of  a 

lipid m e m b r a n e  c o n t a i n i n g  viral  g l y c o p r o t e i n s ,  f us i on  (F) a n d
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h e m a g g l u t i n i n - n e u r a m i n i d a s e  (HN) p r o t e i n s ,  wh i ch  a r e  s e e n  by 

e l e c t r o n  m i c r o s c o p y  a s  " s p i ke s "  e v e n l y  d i s t r i b u t e d  8 - 1 0  nm a p a r t .  

T h e  ma t r i x  (M) pro t e i n  is t h o u g h t  to  u nd e r l i e  t h e  m e m b r a n e ,  

s u r r o u n d i n g  t h e  n u c l e o c a p s i d  c o r e  t h a t  c o n s i s t s  of  t h e  RNA 

g e n o m e ,  n u c l e o p r o t e i n  (NP) ,  l a r g e  p r o t e i n  (L),  a n d  

p h o s p h o p r o t e i n  (P).

2.  G E N O M E  S T R U C T U R E

T h e  n o n s e g m e n t e d ,  s i n g l e - s t r a n d e d  RNA g e n o m e  is t ight ly  

e n c a p s i d a t e d  by - 2 6 0 0  NP m o l e c u l e s  into a n u c l e a s e - r e s i s t a n t  

he l i ca l  r i b o n u c l e o p r o t e i n  (RNP)  c o m p l e x  a s s o c i a t e d  wi th - 2 5 0 - 3 0 0  

P  a n d  - 2 0 - 3 0  L p r o t e i n  m o l e c u l e s  (Gal insk i  a n d  W e c h s l e r ,  1991) .  

T h e  L a n d  P  p r o t e i n s  a r e  t h o u g h t  to c o m p r i s e  t h e  R N A - d e p e n d e n t  

RNA p o l y m e r a s e  c o m p l e x ,  r e s p o n s i b l e  for  b o t h  t r a n s c r i p t i o n  a n d  

r e p l i ca t i o n  of  t h e  g e n o m e  ( L a m b  et  al. ,  1976 ;  M a t t h e w s ,  1982) .  

By i m m u n o g o l d  l a be l ing  s t u d i e s ,  t h e  P a n d  L p r o t e i n s  a p p e a r  

c o - l o c a l i z e d  in c l u s t e r s  on  n u c l e o c a p s i d s  du r in g  a c t i ve  

t r a n s c r i p t i o n  a n d  r ep l i ca t i on  in i n f ec t e d  c e l l s  ( P o r t n e r  a n d  Murt i ,  

1986 ;  P o r t n e r  et  al. ,  1988) .  F i g u re  1 s h o w s  t h e  g e n o m e  

o r g a n i z a t i o n  for  S e n d a i  v i rus ,  wh i ch  fo l l ows  t h e  g e n e r a l  p a t t e r n  

f o un d  in o t h e r  p a r a m y x o v i r u s e s .  T h e  e x c e p t i o n s  to t h i s  s c h e m e  

a r e  t h e  m u m p s  vi rus  a n d  SV5,  w h e r e  t h e r e  is a  u n i q u e  a d d i t i o na l
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s ma l l  g e n e ,  t e r m e d  smal l  h y d r o p h o b i c  o r  "SH",  p l a c e d  b e t w e e n  

t h e  F  a n d  H N  c i s t r o n s  ( E l a n g o  et al. ,  1989;  H i e b e r t  et  al. ,  1985) .

Dur ing t r a n s c r i p t i o n ,  t h e  viral  p o l y m e r a s e  t r a n s c r i b e s  t h e  

l e a d e r  g e n e  ( I )  a n d  six t r an s c r i p t i o n  uni t s  ( s t a r t i ng  f rom t h e  3'  

e n d ,  NP,  P /C,  M, F,  HN,  a n d  L). It is t h o u g h t  t h a t  t h e  p o l y m e r a s e  

r e c o g n i z e s  a s i n g l e  e n t r y  s i t e  a t  or  n e a r  t h e  3'  e n d  a n d  

t r a n s c r i b e s  t o w a r d s  t h e  5'  e n d ,  t e r m i n a t i n g  a n d  r e - s t a r t i n g  

t r a n s c r i p t i o n  a t  e a c h  of  t h e  g e n e  j u n c t i o n s .  T h e r e  is a c o n s e r v e d  

c o n s e n s u s  s e q u e n c e  for t h e  s t o p - s t a r t  s i g n a l s  wi thin t h e  g e n o m e  

a s  wel l  a s  a m o n g  p a r a m y x o v i r u s e s .  T h e  t r an s c r i p t i o n  t e r m i n a t i o n  

a n d  p o l y a d e n y l y l a t i o n  s i gna l  ( 3 ' - U N A U U C U U U U U - 5 \  d e n o t e d  a s  

”E" in Fig.  1) is fo l l owed by a  n o n - t r a n s c r i b e d  i n t e r g e n i c  

t r i n u c l e o t i d e  s e q u e n c e  ( 3 ' - G A A - 5 \  d e n o t e d  a s  "I"),  wh i ch  

p r e c e d e s  t h e  s t a r t  s i gna l  for t h e  d o w n s t r e a m  g e n e  

( 3 ' - UC CC AN U U U C - 5 ' ,  d e n o t e d  a s  ”S") .  T h e  j unc t i on  s e q u e n c e  

b e t w e e n  t h e  l e a d e r  g e n e  (1+) a n d  N P  l a c k s  a  p o l y a d e n y l y l a t i o n  

s i g n a l ,  a n d  t h u s  t h e  l e a d e r  t r a n s c r i p t  d o e s  no t  n o rma l ly  h a v e  a 

po ly  (A) tail.  T h e  s i g n a l  for  t e r m i n a t i on  of  t h e  l e a d e r  t r a n s c r i p t  

a p p e a r s  u n i q u e  for  m o s t  p a r a m y x o v i r u s e s  ( G u p t a  a n d  K i ng s bu r y ,  

1984 ) .  Fol lowing t h e  L g e n e ,  only  t h e  "E" s e q u e n c e  is p r e s e n t ,  

a n d  t h e  "S" s e q u e n c e  is mi s s in g .  Not  all viral  p o l y m e r a s e s  t h a t  

e n t e r s  a t  t h e  3 ’ e n d  is t h o u g h t  to c o n t i n u e  a n d  t e r m i n a t e  a t  t h e  5'
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e n d  of  t h e  g e n o m e ,  t h u s  g e n e r a t i n g  a t r a n s c r i p t i o n  pola r i t y  

g r a d i e n t .  T h e r e f o r e ,  t h e  r e l a t i ve  a b u n d a n c e  of  t h e  m R N A s  

g e n e r a l l y  fo l l ows  in d e c r e a s i n g  o r d e r  Z ' - N P > P / C > M > F > H N > L - 5 ’ .
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N P Start  E I  S
   UCCCANUUUCUCCCAGUUUC

L  End 
UCAUUCUUUUU

VRNA (") 3'  P/C» HD y~i\n---£---L*D ^  U D  ^ 5'

cRNA (+), leader &mRNAs

F i g u re  1. S CHEMATI C R E P R E S E N T A T I O N  O F  THE SENDAI 

VIRUS G E N O M E  ORGANIZATION.  T h e  p o s i t i v e - s t r a n d  l e a d e r  

RNA,  { l * ) t a n d  t h e  s e q u e n c e s  a t  t h e  g e n e  b o u n d a r i e s  a r e  

i n d i c a t e d  a b o v e  t h e  m a p .  A d a p t e d  a n d  modi f i ed  f rom Ki n g s b u ry  

(1986 ) .

^
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C. S T R U C T U RA L P R O T E I N S

1. HN AND F P R O T E I N S

T h e  initial a t t a c h m e n t  a n d  en t ry  into a s u s c e p t i b l e  h o s t  cel l  

is m e d i a t e d  by two viral  s u r f a c e  g l y c o p r o t e i n s ,  HN a n d  F. T h e  HN 

s u r f a c e  g l y c o p ro t e i n  of  p a r a m y x o v i r u s e s  is a b i func t i ona l  m o l e c u l e  

with two a p p a r e n t l y  o p p o s i n g  ac t iv i t i es :  b i nd i ng  to t h e  s i a l i c  

a c i d - c o n t a i n i n g  r e c e p t o r s  a n d  t h e  e n z y m a t i c  c l e a v a g e  of  t h o s e  

r e c e p t o r s .  T h e  ro l e  of  h e m a g g l u t i n a t i o n  is ve ry  c l e a r - -  b r i ng i ng  

t h e  viral  m e m b r a n e  in c l o s e  proximi ty  to t h e  h o s t  cel l  m e m b r a n e  

s o  t h a t  t h e  F p ro t e i n  c a n  m e d i a t e  t h e  fu s i on  of  t h e  two 

m e m b r a n e s .  T h e  n e u r a m i n i d a s e  act ivi ty,  a l t h o u g h  its ro le  is l e s s  

c l e a r ,  is p r o b a b l y  i nvo l ved  in l a t e r  s t a g e s  of  in fec t ion ,  p r o m o t i n g  

p r o g e n y  vi rus  r e l e a s e  f rom t h e  cel l  m e m b r a n e  a n d  p r e v e n t i n g  

s e l f - a g g r e g a t i o n  of  t h e  viral  p a r t i c l e s  ( S c h e i d  a n d  C h o p p i n ,  1974 ) .

T h e  HN p r o t e i n s  a r e  5 6 5 - 5 8 2  a m i n o  a c i d s  long  a n d  

c l a s s i f i ed  a s  t ype  II i n t egra l  m e m b r a n e  p r o t e i n s  h av i n g  t h e  

N- t e r mi na l  c y t o p l a s m i c  tail  ( va r i a b l e  l e n g t h s  a m o n g  

p a r a m y x o v i r u s e s )  a n d  C- t e r m i n a l  e c t o d o m a i n - -  NlnC 0Ul t o p o l o g y  

(Blobe l ,  1980) .  I n t e r e s t i ng l y ,  t h e  n e u r a m i n i d a s e  (NA) p r o t e i n  of  

i n f l ue nz a  vi rus  a l s o  h a s  a  t y p e  II t opo l ogy ,  but  t h e  h e m a g g l u t i n i n  

(HA) h a s  a  t y p e  I t o p o l o g y  (N0UlC ln) ( F i e l ds  ef  a/ . ,  1 981 ;  Blok et  a!.,
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1982) .  At t h e  i n f e c t e d  cel l  s u r f a c e ,  t h e  HN pr o t e i n  is e x p r e s s e d  

a s  a t e t r a m e r  c o n s i s t i n g  of  a pai r  of  d i su l f i de - l i nked  d i m e r s ,  wh i ch  

is t h e  a c t i ve  wi ld t ype  o l i g o m e r  form.  In m a n y  m u t a n t  m o l e c u l e s ,  

th i s  s t r u c t u r e  m a y  b e c o m e  los t  a n d  a r e  f o u n d  a s  i na c t i v e  d i m e r s  

( P a r k s  a n d  Lamb ,  1990) .

R e c e n t  s t u d i e s  on t h e  HN pro t e i n  h a v e  p r o v i d e d  e v i d e n c e  

for  a thi rd l ikely ro le  s e r v e d  by t h e  m o l e c u l e :  a f unc t i on  invo l ved  

in p r omo t i n g  m e m b r a n e  fus ion .  For  e x a m p l e ,  wi th s o m e  HN 

v a r i a n t s  of  m u m p s  a n d  p a r a i n f l u e n z a  t yp e  3 v i r u s e s ,  t h e  f o r ma t i on  

of  s y n c y t i um w a s  i n c r e a s e d  ( Sh i b u t a  et al. ,  1983 ;  Me r z  a n d  

Wol insky ,  1983) .  Also,  m o n o c l o n a l  a n t i b o d i e s  a g a i n s t  S e n d a i  or  

m u m p s  v i rus  HN c a n  b lock  v i r u s - i n d u c e d  fu s i o n  wi t hou t  a f f e c t i ng  

h e m a g g l u t i n a t i o n  or  t h e  n e u r a m i n i d a s e  act iv i ty  (Miura ,  et a!.,  

1982 ;  P o r t n e r  et al. , 1987 ;  T s u r u d o m e  et at.,  1986) .  Mo r e  

c o m p e l l i n g  is t ha t  r e c o n s t i t u t e d  lipid m e m b r a n e s  c o n t a i n i n g  

S e n d a i  v i rus  F p ro t e i n  (with i n a c t i v a t e d  HN) a r e  u n a b l e  to u n d e r g o  

m e m b r a n e  f us ion ,  whi l e  t h o s e  wi th both  F a n d  HN r e t a i n  t h e  

f u s o g e n i c  act ivi ty ( O z a w a  et  al. , 1979 ;  C i t ov sk y  ef  al . ,  1986 ) .  

R e c e n t  c h a r a c t e r i z a t i o n  of  ce l l s  p e r s i s t e n t l y  i n f e c t e d  by h u m a n  

p a r a i n f l u e n z a  v i rus  t y p e  3 i n d i c a t e s  t h a t  n e u r a m i n i c  a c i d  m u s t  b e  

p r e s e n t  on t h e  cel l  s u r f a c e  for  s y n c y t i um f o rm a t i o n ,  a g a i n  

i nd i ca t i ng  t h e  n e e d  for  HN m o l e c u l e s  in fu s i o n  p r o c e s s  ( M o s c o n a
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a n d  P e l u s o ,  1991) .  O n e  e x c e p t i o n  to thi s  g e n e r a l  r e q u i r e m e n t  of  

HN pr o t e i n  for  f us ion  m a y  be  s imi an  v i rus  5 (SV 5),  in wh i ch  t h e  F 

p r o t e i n  a l o n e  s e e m s  to b e  suf f i c i en t  to i n d u c e  cel l  f u s i o n  

( P a t e r s o n  et al . ,  1985) .

Unl ike t h e  o r t h o m y x o v i r u s  c o u n t e r p a r t  w h o s e  h e m a g g l u t i n i n  

c a r r i e s  t h e  " fus ion pe p t i d e "  e m b e d d e d  in h y d r o p h o b i c  a m i n o  

t e r m i n u s  of  HA2,  t h e  F g l y c o p ro t e i n  of  p a r a m y x o v i r u s  is a  

s e p a r a t e  ent i ty ,  o v e r  5 0 0  a m i n o  a c i d s  long.  T h e  F p r o t e i n  

r e q u i r e s  a n  a c t i va t i on  s t e p  by a  p ro t eo l y t i c  c l e a v a g e .  T h e  

p r e c u r s o r  form,  F0 is p r o c e s s e d  into a l a r g e  F,  a n d  s m a l l e r  F 2 

s u b u n i t s .  F,  h a s  a h y d r o p h o b i c  a m i n o  t e r m i n u s ,  wh i ch  is t h o u g h t  

to b e  t h e  f u s o g e n i c a l l y  ac t i ve  c e n t e r  t h a t  p e n e t r a t e s  into cel l  

m e m b r a n e .  T h e  o t h e r  s ub u n i t ,  F 2, is s m a l l e r  t h a n  F,  wi th no 

o b v i o u s  func t i on  a n d  r e m a i n s  a t t a c h e d  to F,  by a  d i su l f i de  l i nk ag e  

( R i c h a r d s o n  et  al. ,  1980) .  T h e  v i rus -ce l l  m e m b r a n e  f us i on  o c c u r s  

d i r ec t ly  a t  t h e  s u r f a c e  a n d  d o e s  not  involve  a n  e n d o s o m e  s t a g e  a s  

is t h e  c a s e  for  t h e  i n f l ue nz a  v i r u s e s .  A p pr op r i a t e l y ,  t h e  f u s i on  

p r o c e e d s  r ead i l y  a t  neu t r a l  pH (Har r i s  a n d  Wa t k i n s ,  1965) .

2.  M P RO T E I N

T h e  ma t r ix  p ro t e i n ,  a b o u t  3 5 0  a m i n o  a c i d s  l ong ,  is t h o u g h t  

to m e d i a t e  t h e  i n t e r ac t i on  b e t w e e n  viral  m e m b r a n e  p r o t e i n s  a n d
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n u c l e o c a p s i d s  du r i ng  virion a s s e m b l y .  In vitro, t h e  a s s o c i a t i o n  

b e t w e e n  pur i f i ed S e n d a i  vi rus  n u c l e o c a p s i d s  a n d  pur i f i ed  

g l y c o p r o t e i n s  t a k e s  p l a c e  only  if t h e  M p r o t e i n  is p r e s e n t  in t h e  

m i x t u r e  ( Y o sh i d a  et  al. ,  1976) .  T h e  M pr o t e i n  is bo t h  b a s i c  a n d  

h y d r o p h o b i c ,  a n d  t h e  b a s i c  r e g i on  m a y  i n t e r ac t  wi th t h e  ac i d i c  

n u c l e o c a p s i d s  w h e r e a s  t h e  h y d r o p h o b i c  r eg i o n  m a y  a s s o c i a t e  wi th 

t h e  m e m b r a n e  c o m p o n e n t  (s)  ( Ga l insk i  a n d  W e c h s l e r ,  1991 ) .  

I m m u n o g o l d  l abe l ing  s t u d i e s  h a v e  s h o w n  t h a t  t h e  M p r o t e i n  is 

d i s t r i b u t e d  in l a r g e  q u a n t i t i e s  a l o n g  t h e  e n t i r e  l e n g t h  of  t h e  

n u c l e o c a p s i d s  in cy t o so l - pu r i f i ed  R N P s ,  whi l e  in v i r i on-pur i f i ed  

R N P s ,  f e w e r  M w e r e  o b s e r v e d  ( P o r t n e r  a n d  Murt i ,  1986 ) .  Th i s  

s u g g e s t s  t h a t  t h e  M p r o t e i n  m a y  r e g u l a t e  t r a n s c r i p t i o n .

O t h e r  ye t  u n d e f i n e d  f u n c t i on s  of  t h e  M p r o t e i n  m a y  a l s o  

ex i s t .  A n u m b e r  of  s t u d i e s  s u g g e s t  t h a t  t h e  M p r o t e i n s  m a y  b e  

invo l ved  in m o d u l a t i n g  v i r u s - h o s t  cel l  i n t e r a c t i on s .  Fi r s t ,  t h e  M 

p r o t e i n  of  c e r t a i n  p a r a m y x o v i r u s e s  s u c h  a s  NDV a n d  m e a s l e s  

v i rus  h a s  b e e n  s h o w n  to a s s o c i a t e  wi th cel l  c y t o s k e l e t o n  

( Mor r i s on  a n d  M c G i n n e s ,  1985;  Bohn  et  al. ,  1986) .  T h e  ac t i n  

f i l am e n t s ,  which  a r e  f ou n d  in t h e  p a r a m y x o v i r u s  v i r i ons  ( W a n g  et  

al. ,  1976 ) ,  mi gh t  a s s o c i a t e  phys i ca l l y  wi th t h e  M p r o t e i n s  (Giuf f r e  

et  al. ,  1982) .  S e c o n d ,  s t a i n i n g  of  N e w c a s t l e  d i s e a s e  v i rus  (NDV) 

i n f e c t e d  c e l l s  wi th m o n o c l o n a l  a n t i b o d i e s  s pe c i f i c  for  t h e  M
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p r o t e i n  h a s  s h o w n  t ha t  t h e  p r o t e i n  m a y  m i g r a t e  to nuc l eo l i  a t  e a r l y  

t i m e s  du r i ng  infec t ion ( F a a b e r g  a n d  P e e p l e s ,  1988 ;  P e e p l e s ,  

1991) ,  i nd i ca t i ng  t ha t  it m a y  r e g u l a t e  h o s t - ce l l  g e n e  e x p r e s s i o n  

e a r l y  a f t e r  in fec t ion .  Final ly,  h y p e r m u t a t i o n s  a f f ec t i ng  t h e  M  g e n e  

h a v e  b e e n  i mp l i c a t ed  in t h e  e s t a b l i s h m e n t  a n d  m a i n t e n a n c e  of  

s u b a c u t e  s c l e r o s i n g  p a n e n c e p h a l i t i s  ( S S P E )  by m e a s l e s  v i rus  

( C a t t a n e o  et  al. ,  1988) ,  a s  d i s c u s s e d  in m o r e  de t a i l  la ter .

3. THE C O R E  P R O T E I N S ,  NP,  P,  AND L

T h e  NP p r o t e i n ,  a b o u t  5 0 0  a m i n o  a c i d s  long,  is t h e  p r i m a r y  

s t r u c t u r a l  bui ld ing block of  n u c l e o p c a p s i d  c o r e s ,  p r e s e n t  a t  

a p p r o x i m a t e l y  2 6 0 0  m o l e c u l e s  p e r  viral  g e n o m e  ( L a m b  et  al. ,  

1976) .  T h e  m a n n e r  by which  NP e n c a p s i d a t e s  t h e  g e n o m e  

d i s t i n g u i s h e s  p a r a m y x o v i r u s  R N P s  f rom t h a t  of  i n f l u e n z a  v i r u s e s - -  

t h e  p a r a m y x o v i r u s  g e n o m e  h a s  a ve ry  t ight  s t r u c t u r a l  in t egr i t y  t h a t  

is r e s i s t a n t  to d i g e s t i on  by n u c l e a s e s .  T h e  g e n o m i c  s e q u e n c e s  

r e q u i r e d  for  e n c a p s i d a t i o n  a r e  l ikely to r e s i d e  a t  t h e  3'  t e r m i n u s ,  

s i n c e  m R N A s  l acking  t h e s e  s e q u e n c e s  a r e  no t  e n c a p s i d a t e d  bu t  

t h e  a n t i g e n o m i c  c o m p l e m e n t a r y  RNA (cRNA)  a n d  

d e f e c t i v e - i n t e r f e r i n g  (Dl) RNA which  p o s s e s s  t h e m  a r e  ef f i c i en t ly  

e n c a p s i d a t e d  ( A m e s s e  et al. , 1982;  Re  et  al. ,  1984 ;  R e  a n d  

Ki ngs bu r y ,  1986) .  In c h a p t e r  II, we  e x t e n d  th i s  o b s e r v a t i o n  by
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s h o w i n g  t ha t  t h e  vRNAs  a n d  c R N A s  of a n  ar t i f icial  m i n i - g e n o m e  

p o s s e s s i n g  t h e  3'  a n d  5'  t e r mi na l  s e q u e n c e s  b e c o m e  

e n c a p s i d a t e d  dur ing  r ep l i ca t i on  in vivo. It s h o u l d  b e  n o t e d  t ha t  

t h e r e  a r e  no a v a i l a b l e  a p p r o a c h e s  to e n c a p s i d a t i n g  p a r a m y x o v i r u s  

g e n o m e s  a n d  Dl g e n o m e s  in vitro, a l t h o u g h  t h e  Dl RNAs  of  

v e s i c u l a r  s t o ma t i t i s  vi rus  (VSV) h a s  b e e n  s u c c e s s f u l l y  

e n c a p s i d a t e d  t h r o u g h  i n c u b a t i o n  with i n f e c t e d  cel l  e x t r a c t  

( Mi r akhu r  a n d  P e l u s o ,  1988) .  E n c a p s i d a t i o n  is a l s o  t h o u g h t  to 

o c c u r  w h e n  t h e  i n f l uenza  v i rus  s e g m e n t s  or  ar t i f icial  g e n o m e s  a r e  

mi xe d  with pur i f i ed vi rus  p o l y m e r a s e  p r e p a r a t i o n s  ( E n a m i  a n d  

P a l e s e ,  1991) .

A s i d e  f rom c ons t i t u t i ng  t h e  s t r u c t u r a l  b a s i s  of  t h e  viral  

g e n o m e ,  t h e  NP pro t e i n  is l ikely i nvo l ved  in r e g u l a t i n g  

t r a n s c r i p t i o n  a n d  r ep l i ca t i on .  For  e x a m p l e ,  t h e  s wi t ch  f rom 

t r a n s c r i p t i o n  to r ep l i ca t i on  by t h e  viral  p o l y m e r a s e  c o m p l e x  is 

t h o u g h t  to be  r e g u l a t e d  by t h e  avai l abi l i ty  of  f r e e  i n t r a c e l l u l a r  NP 

p r o t e i n s .  For  S e n d a i  vi rus ,  t h e  f r ee  NP a p p e a r s  to m o d u l a t e  t h e  

c h a i n  e l o n g a t i o n  p r o c e s s  (Vidal  a n d  Kolakof sky ,  1989) .  

F u r t h e r m o r e ,  s i n c e  t h e  NP p r o t e i n  a l s o  b i n d s  to P ( R y a n  a n d  

Ki n g s b u r y ,  1988) ,  it p r o b a b l y  r e g u l a t e s  t h e  i n t e r ac t i o n  b e t w e e n  

t h e  p o l y m e r a s e  c o m p l e x  (P a n d  L) a n d  t h e  t e m p l a t e .

P o s t - t r a n s l a t i o n a l  p h o s p h o r y l a t i o n  o c c u r s  in all S e n d a i  v i rus
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pr o t e i n  s p e c i e s  e x c e p t  t h e  L pro t e i n  (Hsu  a n d  K i ng s bu r y ,  1982 ) .  

T h e  P ( p h o s p h o )  p ro t e i n ,  a s  t h e  n a m e  impl i e s ,  is t h e  m o s t  heav i l y  

p h o s p h o r y l a t e d  viral  p ro t e i n ,  r e p r e s e n t i n g  ~ 4 0 %  of  vir ion 

p r o t e i n - b o u n d  p h o s p h a t e s .  Mos t  of  t h e  p h o s p h a t e s  r e s i d e  in t h e  

a m i n o  t e r m i n u s - -  an  e s t i m a t e d  8 0 %  of  t h e  tota l  P  p r o t e i n  

p h o s p h a t e s  ( L a m b  a n d  C h o p p i n ,  1977;  Hsu  a n d  Ki n g s b u r y ,  1 982 ;  

Vidal  et al. ,  1988) .  T h e  P p ro t e i n  is a l s o  t h e  m o s t  d i v e r g e n t  

p r o t e i n  a m o n g  p a r a m y x o v i r u s e s ,  wi th its m o l e c u l a r  s i z e  r a n g i n g  

f rom 391 to 6 0 3  a m i n o  a c i d s  a n d  ve ry  little s e q u e n c e  c o n s e r v a t i o n  

( Ga l i ns k i  a n d  W e c h s l e r ,  1991) .  T h e  P  p r o t e i n  is e x p r e s s e d  f rom 

u n e d i t e d  ( S e n d a i  a n d  m e a s l e s  vi rus)  a n d  e d i t e d  (SV5 a n d  m u m p s  

vi rus )  m e s s a g e s  of  t h e  P /C  g e n e  t h a t  a r e  g e n e r a t e d  by i n s e r t i o n  

of  n o n t e m p l a t e d  G n u c l e o t i d e s  du r i ng  t r a n s c r i p t i o n  ( s e e  Fig.  2).  

T h e  p r o p o s e d  m e c h a n i s m  for RNA edi t i ng  a n d  o n e  c o n s e q u e n c e  

of  s u c h  g e n e  e x p r e s s i o n  a r e  d i s c u s s e d  in t h e  fol lowing s e c t i o n .  

A l t h o u g h  t h e  e x a c t  func t i on  of  t h e  P p r o t e i n  is no t  wel l  

u n d e r s t o o d ,  it is c l ea r l y  r e q u i r e d  for t h e  RNA s y n t h e s i s  in vitro 

( H a m a g u c h i  et al. ,  1983, ) .  Mon o c l o n a l  a n t i b o d i e s  d i r e c t e d  a g a i n s t  

t h e  P p r o t e i n  c a r b o x y  t e r m i n u s  inhibi t  viral  t r a n s c r i p t i o n  

( D e s h p a n d e  a n d  P o r t n e r ,  1985;  Rya n  a n d  Ki n g s b u r y ,  1988 ;  Vidal  

et  al . ,  1988) .  T h e  func t i ona l  s i g n i f i c a n c e  of  N - t e r m i n a l  

p h o s p h o r y l a t i o n  is u n c l e a r  h o w e v e r ,  s i n c e  t h e  P p r o t e i n s  t r e a t e d
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with S.  aureus  V8 p r o t e a s e ,  which r e m o v e s  t h e  a m i n o  t e r m i n a l  

por t i on  a n d  t h e r e f o r e  m o s t  of  t h e  p h o s p h o r y l a t i o n s ,  c a n  

s y n t h e s i z e  a n d  modi fy m R N A s  in vitro ( C h i n c h a r  a n d  P o r t n e r ,  

1981) .  In c o n t r a s t ,  t h e  l evel  of p h o s p h o r y l a t i o n  of  a n a l o g o u s  NS 

p r o t e i n  of  v e s i c u l a r  s t o ma t i t i s  vi rus  h a s  b e e n  s h o w n  to  d i c t a t e  t h e  

r a t e  of  viral  t r an s c r i p t i o n  ( Ki ngs bu r y  et  al. ,  1981) .

Mos t  of  t h e  m o n o c l o n a l  a n t i b o d i e s  r a i s e d  a g a i n s t  t h e  P 

p r o t e i n s  r e c o g n i z e  d e t e r m i n a n t s  wi thin t h e  c a r b o x y  t e r m i n u s  

(Vidal  et al. ,  1988;  R y a n  et al. ,  1991) .  T h e  C - t e r m i n a l  r e s i d u e s  a r e  

highly  hydrophi l i c  ( S h i o d a  et  al. ,  1983 ;  Giorgi  et al. ,  198 3 ) ,  a n d  it 

is t h o u g h t  t h a t  thi s  r eg i on  of  t h e  P p ro t e i n  f o r m s  t h e  o u t e r  s u r f a c e  

of  t h e  fo lded  pro t e i n .  T h e  func t i ona l  i m p o r t a n c e  a s  well  a s  t h e  

p r e f e r e n t i a l  a n t i b o d y  r e c o g n i t i o n  of  th i s  d o m a i n  c a n  b e  e x p l a i n e d  

on  th i s  b a s i s .  T h e  a m i n o  a c i d s  r e s p o n s i b l e  for  n u c l e o c a p s i d  

b i nd i ng  a r e  at  t h e  C - t e r m i n u s  a n d  s e p a r a t e d  into t wo  d o m a i n s  t h a t  

a p p e a r  to form a  s i n g l e  b inding  s i t e  a n d  a s i n g l e  e p i t o p e  in t h e  

f o l de d  pro t e i n  ( Ry a n  a n d  P o r t n e r ,  1990) .  I n t e rna l l y  d e l e t e d  P  

p r o t e i n s  s y n t h e s i z e d  in vitro t ha t  only c o n t a i n  t h e  two  b i nd i ng  

d o m a i n s  c a n  still bind to n u c l e o c a p s i d s  ( R y a n  et  al. ,  1991) .

R e c e n t l y ,  C u r r a n  a n d  Kolakof sky  ( 19 8 8 )  h a v e  d e t e c t e d  a  

1 0 - kD a  p r o t e i n ,  t e r m e d  MX" in S e n d a i  v i r u s - i n f ec t e d  c e l l s  ( S e e  Fig.  

2).  Th i s  smal l  p ro t e i n  r e p r e s e n t s  C - t e rm i n a l  -  95  a m i n o  a c i d s  of
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t h e  P p r o t e i n  ( 56 8  a . a . )  t h a t  a p p e a r s  to b e  s y n t h e s i z e d  by in t e rna l  

r i b o s o m a l  ini t ia t ion a t  1523.  T h e  X p r o t e i n  is no t  p r e s e n t  

a b u n d a n t l y  in i n f ec t ed  ce l l s  but  n e v e r t h e l e s s  d e t e c t e d  in vivo. It 

is p r o b a b l y  not  d e r i v e d  from a c l e a v a g e  of  P  p r o t e i n  p r e c u r s o r .  

F o u r  o u t  of  f ive m o n o c l o n a l s  r a i s e d  a g a i n s t  t h e  P  p r o t e i n  a l s o  

r e a c t  wi th t h e  X pro t e i n ,  s u g g e s t i n g  a c o n f o r m a t i o n a l  s imi lar i ty  

b e t w e e n  t h e  P a n d  t h e  X p r o t e i n s .  In l ight  of  t h e  f un c t i on a l  

i m p o r t a n c e  of  t h e  P p ro t e i n  C - t e r m i n u s ,  it will b e  i n t e r e s t i n g  to 

s e e  w h a t  r e g u l a t o r y  ro le  t h e  X pro t e i n  s e r v e s  d u r i n g  viral  

t r an s c r i p t i o n  a n d  r ep l i ca t i on .
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Fi g u r e  2.  P R O T E I N CODI NG R E G I O N S  OF THE P / C  G E N E  

mR N A S .  T h r e e  of  t h e  p o s s i b l e  m R N A s  t r a n s c r i b e d  a r e  s h o w n  a s  

"Un e d i t e d " ,  " + 1 G ”, a n d  "+2G".  T h e  C p r o t e i n s  ( C \  C, Y1,  a n d  Y2) 

a r e  i n d i c a t e d  by o p e n  b o x e s ,  t h e  p r o t e i n s  s h a r i n g  t h e  P  O R F  (P,  

V, W,  a n d  X) a r e  i n d i ca t e d  by h a t c h e d  b o x e s ,  a n d  t h e  u n i q u e  

c y s t e i n e - r i c h  d o m a i n  of  t h e  V p r o t e i n  is i n d i c a t e d  by  a 

c r o s s - h a t c h e d  box.  A d a p t e d  a n d  modi f i ed  f rom C u r r a n  e t  al. 

(1 9 9 1 ) .
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T h e  L ( l a rge )  p ro t e i n  is a b o u t  2 2 0 0  a m i n o  a c i d s  long a n d  

h a s  a n u m b e r  of  e n z y m a t i c  ac t iv i t i es .  T o g e t h e r  wi th t h e  P  p r o t e i n ,  

it is t h e  R N A - d e p e n d e n t  RNA p o l y m e r a s e  whi ch  c a r r i e s  o u t  t h e  

s y n t h e s i s  of  all viral  RNAs  inc luding vRNA,  cRNA,  a n d  m R N A s  

( P o r t n e r  a n d  Murti ,  1986) ,  a n d  p r o b a b l y  r e s p o n s i b l e  for  v a r i o u s  

m o d i f i c a t i o n s  s u c h  a s  c a p p i n g  a n d  m e t h y l a t i on  (Ga l i nsk i  a n d  

W e c h s l e r ,  1991 ;  C h i n c h a r  a n d  P o r t n e r ,  1981) .  In s t u d i e s  of  

c l o s e l y  r e l a t e d  r h a b d o v i r u s  VSV,  it w a s  s h o w n  t h a t  a  m u t a n t  

p h e n o t y p e  t h a t  a b n o r m a l l y  s y n t h e s i z e s  long poly(A)  t a i l s  w a s  

a s s o c i a t e d  wi th t h e  L pro t e i n  (Hunt  et al. , 1984) .  By i n f e r e n c e ,  it 

is l ikely t ha t  t h e  L pro t e i n  of  t h e  p a r a m y x o v i r u s e s  is a l s o  

r e s p o n s i b l e  for p o l y a d e n y l y l a t i o n  of  mRNAs .  T h e  L p r o t e i n  is 

f o u n d  in i n f e c t e d  ce l l s  l e a s t  a b u n d a n t l y ,  a n d  on ly  a b o u t  30  

m o l e c u l e s  of  t h e  L p ro t e i n  a r e  a s s o c i a t e d  with e a c h  n u c l e o c a p s i d ,  

c o m p a r e d  with a p p r o x i m a t e l y  3 00  m o l e c u l e s  of  t h e  P  p r o t e i n  

( L a m b  et al. ,  1976) .

D. T R A N S C R I PT I O N

T h e  p a r a m y x o v i r u s  t r a n s c r i p t i o n  is t h o u g h t  to ini t i a te  f rom a  

s i n g l e  t r a n s c r i p t a s e  en t ry  s i t e  n e a r  t h e  3'  e n d  of  t h e  viral  g e n o m e .  

T h e  p o l y m e r a s e  t e r m i n a t e s  a n d  r e i n i t i a t e s  a t  e a c h  g e n e  j u n c t i o n - -
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t h e  " s t o p - s t a r t ” m o de l  (Gal insk i ,  1991) .  T h e  ( + ) - l e a d e r  RNA is 

b a r e l y  or  not  a t  all d e t e c t a b l e  in vivo for  S e n d a i  v i rus  (Vidal  a n d  

Kol akof sky ,  1989)  or  m e a s l e s  v i rus  ( Cr owl ey  et al. ,  1988 ;  Bi l leter  

et si . ,  1 984 ;  C h a n  et al. , 1989) ,  r e s pe c t i ve l y .  In c o n t r a s t ,  t h e  

( + ) - l e a d e r  RNA is r ead i l y  d e t e c t e d  in s imi l a r  s t u d i e s  d o n e  for  VSV 

( L e p p e r t  et  al. ,  1979;  L e p p e r t  a n d  Kolakof sky ,  1980) .  B a s e d  on  

t h e s e  f i nd i ngs ,  it h a s  b e e n  s u g g e s t e d  t h a t  a l t h o u g h  t h e  s t a r t  s i t e  

for  r ep l i ca t i on  is a t  t h e  3'  e n d  of  t h e  viral  g e n o m e ,  t h e  p r o m o t e r  

for  t r a n s c r i p t i o n  m a y  r e s i d e  m o r e  i n t e rna l l y  ( B l u m b e r g  et  al. ,  

1991) .  O n c e  ini t i a ted,  t h e  t r a n s c r i p t a s e  c o m p l e x  p r o c e e d s  to t h e  

t r a n s c r i p t i o n  t e r m i n a t i o n  a n d  p o ly a d e n y l y l a t i o n  s i t e  ("E" in Fig.  1) 

( P r i d g e n  a n d  Kings bury ,  1972;  G u p t a  a n d  Ki ngs bu r y ,  1982 )  a n d  

r e i n i t i a t e s  a t  t h e  nex t  s t a r t  s i g n a l  ( " S ” in Fig.  1), wi th p r o p e r  

c a p p i n g  a n d  m e t h y l a t i o n  ( Co l o n o  a n d  S t o n e ,  1975 ;  Y o s h i k a w a  et  

al .,  1986) .  T h e  re ini t i a t ion e v e n t  a t  t h e  j un c t i o n  is a l w a y s  l e s s  

t h a n  10 0 % ef f ic ient ,  r e s u l t i ng  in a  t r an s c r i p t i o n  g r a d i e n t  wi th t h e  

N P  g e n e  (3'  e n d )  be i ng  e x p r e s s e d  a t  t h e  h i g h e s t  l e ve l s  a n d  t h e  L 

g e n e  ( 5 1 e n d )  t h e  l o we s t  l eve l s  (Gl a z i e r  et al. , 1977) .  S i mi l a r  to 

VSV,  whi ch  c o n t a i n s  a n o n t r a n s c r i b e d  d i n u c l e o t i d e  i n t e r g e n i c  

s e q u e n c e  (3 ' -GA-5 ' ) ,  t h e  p a r a m y x o v i r u s  t r a n s c r i p t a s e  c o m p l e x  

c r o s s e s  o v e r  a t r i n u c l e o t i d e  s e q u e n c e  b e f o r e  r e in i t i a t ion  ("1" in 

Fig.  1). A l t e r a t i o n s  in thi s  s p a c e r  r e g i on  f o u n d  in s o m e  S e n d a i
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a n d  h u m a n  p a r a i n f l u e n z a  vi rus  t y p e  3 (HPIV-3)  v a r i a n t s  a r e  

a s s o c i a t e d  with a b e r r a n t  r e a d - t h r o u g h  t r an s c r i p t i o n  ( G u p t a  a n d  

Ki ngs bu r y ,  1985 ;  Gal i nsk i  et al. ,  1987) .

P a r a m y x o v i r u s  t r a n s c r i p t i o n  a n d  r ep l i ca t i on ,  like t h a t  of  

o t h e r  DNA a n d  RNA v i r u s e s ,  m a y  r e q u i r e  s pe c i f i c  h os t - ce l l  

f a c t o r ( s ) .  A n u m b e r  of  r e p o r t s  s u g g e s t  a s pe c i f i c  v i rus - ce l l  

p r o t e i n  i n t e r ac t i on .  For  e x a m p l e ,  t h e  p r e s e n c e  of h o s t  cel l  

e x t r a c t s  c o n t a i n i n g  c y t o s k e l e t a l  p r o t e i n s  s u c h  a s  tubu l in  a n d  

ac t in ,  h a s  b e e n  s h o w n  to spec i f i ca l l y  s t i m u l a t e  v i rus  t r an s c r i p t i o n  

a n d  r ep l i ca t i on  bo t h  in vitro a n d  in vivo ( H a m a g u c h i  et  al. ,  1985;  

Y o s h i d a  et al. ,  1986 ;  C h a n  et al. ,  1989 ;  Moye r  et al. ,  1 9 8 6 ,  1990;  

De et al. ,  1990 ,  1991) .  In th i s  r e s p e c t ,  ac t in  h a s  b e e n  f ou n d  in 

t h e  v i r ions  of  p a r a m y x o v i r u s e s  a s  a  pa r t  of  t h e  s t r u c t u r a l  p r o t e i n s  

( W a n g  et al. ,  1976) .  It s h o u l d  b e  s t r e s s e d  t h a t  no t  all

p a r a m y x o v i r u s  t r a n s c r i p t i o n s  a r e  s t i m u l a t e d  by t h e  s a m e  h os t  

f a c t o r s .  For  S e n d a i  v i rus  ( a n d  VSV),  in vitro t r a n s c r i p t i o n  u s i ng  

d e t e r g e n t - d i s r u p t e d  pur i f i ed v i r i ons  w a s  en t i r e ly  d e p e n d e n t  o n  t h e  

add i t i on  of  pur i f i ed tubul in  a n d  c o m p l e t e l y  i nhibi t ed  by m o n o c l o n a l  

a n t i b o d i e s  a g a i n s t  p- tubul in  ( Moye r  et  al. , 1986) .  On  t h e  o t h e r  

h a n d ,  4 3 - k D a  pur i f i ed ac t in ,  bu t  not  tubul in ,  h a d  a c o n s i d e r a b l e  

s t i m u l a t o r y  e f f e c t  on  HPIV-3 in vitro RNA s y n t h e s i s  ( De  e t  al. ,  

1991) .  In t h e  l a t t e r  s t u d y ,  it w a s  n o t e d  t h a t  t h e  s o u r c e  of  t h e
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pur i f i ed ac t in  w a s  not  impor t an t ,  s i n c e  a n u m b e r  of  cel l  l i nes  

inc lud ing  CV-1,  HeLa ,  a n d  BHK cou l d  be  u s e d  s u c c e s s f u l l y .  It 

w a s  s u g g e s t e d  t h a t  p e r h a p s  a g e n e r a l  t y p e  of  i n t e r a c t i on  t a k e s  

p l a c e  s u c h  a s  t a r g e t i n g  or  t r a n s p o r t .  Fo r  VSV,  t h e  L p r o t e i n  

a p p e a r s  t o  d i rec t ly  a s s o c i a t e  wi th t ubul in ,  s i n c e  an t i - t ubu l i n  

a n t i b o d y  c a n  c o - p r e c i p i t a t e  in i n f e c t e d  ce l l s  ( Mo y e r  et  al . ,  1986) .  

Fo r  HPIV-3,  De et al. ( 1991)  s u g g e s t e d  t ha t  ac t i n  m o n o m e r s  b ind 

to HPIV-3 n u c l e o c a p s i d s  a n d  t h e n  p o l y m e r i z e ,  t h e  p r o c e s s  of  

wh i ch  f ac i l i t a t e s  viral  t r an s c r i p t i o n .  In C h a p t e r  II, w e  h a v e  s h o w n  

t h a t  c y t o p l a s m i c  e x t r a c t  m a d e  f rom e i t h e r  i n f ec t e d  or  u n i n f e c t e d  

c e l l s  c a n  s imi lar ly  s t i m u l a t e  t h e  e x p r e s s i o n  a n d  r e s c u e  of  a n  

ar t i f icial  g e n o m e  of  S e n d a i  vi rus .  W e  h a v e  s u g g e s t e d  t h a t  a h o s t  

cel l  f a c t o r  p r o b a b l y  a s s i s t s  t h e  m o d e l  RNA in p r o p e r  c y t o p l a s m i c  

t a r g e t i n g  a f t e r  t r a n s f e c t i o n .

1. P / C  G E N E  E X P R E S S I O N

In r e c e n t  y e a r s ,  a n u m b e r  of  m e c h a n i s m s  h a v e  b e e n  

iden t i f i ed  a s  cont ro l l i ng  t h e  p r o c e s s i n g  a n d  mo d i f i ca t i on  of  

e u k a r y o t i c  mRNA t r a n s c r i p t s .  T h e  first  a n d  m o s t  c o m m o n  

p r o c e s s  is spl i c ing,  which  g e n e r a t e s  a n  i n t r a m o l e c u l a r  

r e a r r a n g e m e n t  of  n u c l e a r  RNA a t  a  p o s t - t r a n s c r i p t i o n a l  l evel ,  

r e m o v i n g  int ron s e q u e n c e s  a n d  jo in ing  e x o n s  ( P a d g e t t  et  al . ,
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1986) .  Fo r  viral  t r a n s c r i p t i o n ,  sp l i c ing  a p p e a r s  to b e  l imi ted to 

t h o s e  h a v i n g  a n u c l e a r  p h a s e ,  s u c h  a s  t h e  r e t r o v i r u s e s ,  DNA 

v i r u s e s  (SV40 ,  a d e n o v i r u s e s ,  e t c . )  a n d  i n f l uenza  v i r u s e s  ( L a m b  et  

al. ,  1981) .  Also  r e c o g n i z e d  is t h e  trans  sp l i c ing  p h e n o m e n o n ,  

w h i ch  i nvo l ves  a n  i n t e r m o l e c u l a r  r e a r r a n g e m e n t  b e t w e e n  two 

s e p a r a t e  m e s s a g e s  ( W i s s i n g e r  et al. ,  1991) .  A l e s s  f r e q u e n t  a n d  

r e c e n t l y  d i s c o v e r e d  p h e n o m e n o n  f ou n d  to o c c u r  in v a r i o u s  c e l l s  is 

t e r m e d  RNA edi t ing.  He r e ,  spec i f i c  c h a n g e s  a r e  i n t r o d u c e d  into a 

t a r g e t  RNA s e q u e n c e ,  s u c h  t h a t  t h e  m a t u r e  RNA c o n t a i n s  

i n fo r ma t i on  t h a t  is not  d i r e c t e d  by t h e  t e m p l a t e .  RNA ed i t i ng  c a n  

i nvo l ve  a n  add i t i on  or  d e l e t i on  of  n o n t e m p l a t e d  n u c l e o t i d e s ,  or  

s pe c i f i c  s e q u e n c e  c h a n g e s .  T h e  m o s t  w e l l - c h a r a c t e r i z e d  

t r y p a n o s o m e  m i to c h o nd r i a l  RNA ed i t i ng ,  for e x a m p l e ,  i n s e r t s  or  

d e l e t e s  a s t r e t c h  of  ur id ine  r e s i d u e s  in t h e  t r a n s c r i b e d  m e s s a g e  

( B e e n e  et al. ,  1986 ;  S h a w  et al. ,  1988)  by t r a n s e s t e r i f i c a t i o n  

r e a c t i o n s  wi th g u i d e  RNA (gRNA) (Blum ef  al. ,  1991 ;  C e c h ,  1991 ) .  

In o t h e r  s y s t e m s ,  edi t ing is not  a s  e x t e n s i v e  bu t  s o m e  b a s e  

s pec i f i c i t y  a n d  e v e n  t i s s u e  spec i f i c i t y  a r e  n o t e d .  In p l a n t  

m i t o c h o n d r i a  ( w h e a t ,  m a z e ,  p e a ,  c a r r o t s ,  a n d  e v e n i n g  p r i m r o s e ) ,  

s pe c i f i c  C to U a n d  U to C t r a n s i t i o n s  h a v e  b e e n  f o u n d  ( Co v e l l o  

a n d  G r a y ,  1989 ,  1990;  G u a l b e r t o  et  al. ,  1989;  H i e s e l  et  al . ,  1989 ;  

W i s s i n g e r  et  al. ,  1990;  S c h u s t e r  et al. ,  1990) .  In h u m a n  a n d
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r abb i t  s ma l l  i n t e s t i n e s ,  t h e  t i s s u e - s p e c i f i c  e x p r e s s i o n  of  a s e c o n d  

form of  a p o l i p o p r o t e i n  ( a p o - B 4 8 )  r e q u i r e s  a  p r e c i s e  s i n g l e  C to U 

c h a n g e  t h a t  i n t r o d u c e s  a  t r a n s l a t i o n a l  s t o p  c o d o n  (Powe l l ,  et  al. ,

1987) .  A m o r e  r e c e n t  o b s e r v a t i o n  h a s  e x t e n d e d  t h e  o c c u r r e n c e  of  

RNA ed i t i ng  in t h e  brain w h e r e  t r a n s c r i p t s  for  t h e  g l u t a m a t e  

r e c e p t o r  c h a n n e l s  a r e  s e l e c t i v e l y  modi f i ed  by a s i n g l e  A to G 

t r a n s i t i o n  ( S o m m e r  et al. ,  1991) .  In all t h e s e  s t u d i e s  d o c u m e n t e d  

t h u s  far ,  t h e  o b s e r v e d  c h a n g e s  a r e  c o n s i d e r e d  " t rue"  ed i t i ng  in 

t h e  s e n s e  t h a t  t h e  e v e n t  o c c u r s  p o s t - t r an s c r i p t i o n a l l y .  In a d d i t i o n ,  

RNA ed i t i ng  c a n  o c c u r  c o - t r an s c r i p t i on a l l y ,  which  wou l d  b e  m o r e  

c o r r e c t l y  d e s c r i b e d  a s  p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n  a s  

d i s c u s s e d  be l ow.

T h e  P / C  g e n e  of  S e n d a i  vi rus  is u s u a l l y  t r a n s c r i b e d  into two 

d i s t i nc t  t r a n s c r i p t s  t h a t  di ffer  by o n e  i n s e r t e d  G n u c l e o t i d e ,  a n d  

t h e s e  t wo  m a t u r e  m e s s a g e s  a r e  t r a n s l a t e d  into a t  l e a s t  s e v e n  

r e c o g n i z e d  p r o t e i n s ,  P,  C,  C' ,  Y1,  Y2,  X, a n d  V (Fig.  2).  

Addi t i onal ly ,  a  thi rd mi nor  s p e c i e s  of  P / C  mRNA c o n t a i n i n g  two 

G - n u c l e o t i d e  i n s e r t i on s  h a s  b e e n  d e t e c t e d .  Th i s  m R N A  wo u l d  

e n c o d e  a n  e i g h t h  p r o t e i n ,  W, a s  d i s c u s s e d  la ter .  T h e  C,  C' ,  Y1,  

a n d  Y2 p r o t e i n s ,  which  t o g e t h e r  a r e  ca l l e d  t h e  C p r o t e i n s ,  

r e p r e s e n t  a n  i n - f r am e  s e t  of  p o l y p e p t i d e s  with s t a g g e r e d  N t e rmin i  

(Fig.  2).  T h e  C p r o t e i n s  r e s u l t  f rom a l t e r n a t e  r i b o s o m a l  in i t i a t i ons
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a t  mul t i p l e  s t a r t  s i t e s  ( Cu r r a n  a n d  Kolakof sky ,  1 9 8 8 a ,  1 9 88 b ,  

1989) .  T h e  C'  p ro t e i n  is t h e  l a r g e s t  of  t h e  C p r o t e i n s  a n d  is 

u n u s u a l  in t ha t  its t r a n s l a t i o n  in i t i a t es  with a  n o n - m e t h i o n i n e  

r e s i d u e ,  s u c h  a s  t h r e o n i n e  (ACG,  S e n d a i  vi rus )  o r  v a l i n e  ( GUG,  

p a r a i n f l u e n z a  vi rus  t y p e  1) ( Cu r r a n  a n d  Kol akof s ky ,  1 9 8 8 a ;  G u p t a  

a n d  P a t w a r d h a n ,  1988;  B o e c k  et al. ,  1992) .  T h e  C p r o t e i n s  a r e  all 

in -1 r e a d i n g  f r a m e  re l a t i ve  to t h e  P O R F ,  which  is t r a n s l a t e d  f rom 

t h e  fi rst  AUG c o d o n  at  pos i t i on  104 ( S e n d a i  vi rus ) .  T h e  C 

p r o t e i n s  a r e  not  c o m m o n l y  e x p r e s s e d  in all p a r a m y x o v i r u s e s ,  a n d  

for  s o m e  (SV5,  m u m p s  vi rus ,  a n d  N e w c a s t l e  d i s e a s e  v i rus )  t h e  C 

p r o t e i n  r e a d i n g  f r a m e  a p p e a r s  to b e  a b s e n t  en t i r e l y  ( S a t o  et  al. ,  

1 987 ;  T a k e u c h i ,  et al. ,  1988;  T h o m a s  et  al. ,  1988) .

In add i t i on  to P a n d  C p r o t e i ns ,  t h e  P /C  g e n e  e x p r e s s e s  t h e  

c y s t e i n e - r i c h  V p r o t e i n ,  wh i ch  s h a r e s  a c o m m o n  a m i n o  t e r m i n u s  

wi th t h e  P p r o t e i n  but  di f fer s  a t  t h e  C t e r m i n u s .  T h e  p r e s e n c e  of  

V p r o t e i n  in i n f ec t ed  ce l l s  w a s  or iginal ly  d e t e c t e d  in SV5  ( P e l u s o  

et al. ,  1977) .  Fo r  SV5,  t h e  V o p e n  r e a d i n g  f r a m e  ( O R F )  a t  t h e  

a m i n o  t e r m i n u s  is a c c e s s i b l e  in u n e d i t e d  mRNA.  On t h e  o t h e r  

h a n d ,  no  O R F s  w e r e  l a r ge  e n o u g h  to e n c o d e  t h e  P  p r o t e i n  

( T h o m a s  et al. ,  1988) .  A s e c o n d  s p e c i e s  of  mRNA,  whi ch  d i f f e r s  

by two n o n t e m p l a t e d  G r e s i d u e s  i n s e r t e d  b e t w e e n  n u c l e o t i d e s  5 48  

a n d  5 51 ,  a l l ows  a c c e s s  to a  f u s e d  O RF  in t h e  -2 r e a d i n g  f r a m e
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a n d  g i v e s  r i s e  to a 4 4 - k D a  P p ro t e i n  ( T h o m a s  et al. ,  1988) .  W h e n  

a to ta l  of  22  cDNA c l o n e s  w e r e  i s o l a t e d  f rom S V 5 - i n f e c t e d  ce l l s  

a n d  s e q u e n c e d ,  12 c l o n e s  w e r e  fai thful  c o p i e s  of  t h e  g e n o m e  (no  

i n s e r t i o n s ) ,  a n d  10 c l o n e s  c o n t a i n e d  n o n t e m p l a t e d  2 G n u c l e o t i d e  

i n s e r t i o n s  p r e c i s e l y  at  t h e  s a m e  pos i t i on .  N o n e  of  t h e  c l o n e s  

e x a m i n e d  h a d  o n e  o r  m o r e  t h a n  two G n u c l e o t i d e s  i n s e r t e d .  T h e  

P p r o t e i n  e x p r e s s e d  f rom e d i t e d  mRN A l a c k s  t h e  c y t e i n e - r i c h  

C - t e rm i n a l  d o m a i n  of  t h e  V p r o t e i n  t ha t  r e s e m b l e s  t h e  z inc  

m e ta l - b i n d i n g  r eg i o n  f ou n d  in t h e  s t e r o i d  h o r m o n e  r e c e p t o r  

s u p e r f a m i l y  ( E v a n s ,  1988) ,  t h e  e u k a r y o t i c  ini t iat ion f a c t o r  e l F 2  

( D o n a h u e  et al. ,  1988) ,  a n d  o t h e r  t r an s c r i p t i o n  r e g u l a t o r y  p r o t e i n s  

( T h o m a s  et al. ,  1988) .  T h e  P  a n d  V p r o t e i n s  a r e  i de n t i ca l  in t he i r  

f i rst  164  a m i n o  a c i d  r e s i d u e s  with a  l a r g e  n u m b e r  of  p ro l i ne  

r e s i d u e s  (17 of  164 ,  T h o m a s  et al. ,  1988) .  T h e  V p r o t e i n  a p p e a r s  

to b e  p r e s e n t  in v i r i ons  c o m p l e x e d  with L, NP,  a n d  P in s o m e  

p a r a m y x o v i r u s e s  ( Ra n d a l l  et al. ,  1987 ;  T h o m a s  et al . ,  198 8 ) .  T h e  

c y s t e i n e - r i c h  r eg i o n  of  t h e  V p r o t e i n  is highly  c o n s e r v e d ,  wh i ch  

led to t h e  p r ed i c t i on  t h a t  o t h e r  p a r a m y x o v i r u s e s -  m e a s l e s  v i rus ,  

c a n i n e  d i s t e m p e r  v i rus ,  S e n d a i  v i rus ,  h u m a n  p a r a i n f l u e n z a  v i rus  

t y p e  3,  N e w c a s t l e  d i s e a s e  vi rus ,  a n d  m u m p s  v i rus - -  wo u l d  a l s o  

e x p r e s s  t h e  V p r o t e i n  ( T h o m a s ,  et al. ,  1988 ;  C a t t a n e o ,  et al. ,

1 989) .  Th i s  impl ied  t h a t  c o - e x p r e s s i o n  of  t h e  P a n d  V p r o t e i n s  in
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t h e s e  v i r u s e s  wou ld  r eq u i r e  RNA edi t ing  a s  well .

In c o n t r a s t  to SV5,  t h e  S e n d a i  a n d  m e a s l e s  v i rus  P p r o t e i n  

is e x p r e s s e d  f rom a n  u n e d i t e d  mRNA--  i .e. ,  t h e  e x a c t  c o m p l e m e n t  

of  t h e  g e n o m i c  s e q u e n c e  e n c o d e s  t h e  P pro t e i n .  T h e  p r e d i c t e d  V 

p r o t e i n  e x p r e s s i o n  c o m e s  f rom a  s e c o n d ,  e d i t e d  mRN A t h a t  

c o n t a i n s  a s i n g l e  n o n t e m p l a t e d  G n u c l e o t i d e  i n s e r t i on  ( C a t t a n e o  

et  al. ,  1989;  Vidal  et  al. ,  1990) .  In m e a s l e s  v i rus ,  t h e  i n s e r t e d  G 

n u c l e o t i d e  c a u s e s  a s ub s t i t u t i o n  of  t h e  las t  2 7 7  a m i n o  a c i d s  of  t h e  

P p r o t e i n  with a  6 8 - a m i n o  a c i d  s e q u e n c e  t h a t  c o n t a i n s  s e v e n  

c y s t e i n e s  ( C a t t a n e o  et al. ,  1989) .  Of  t h e  n i n e t e e n  m e a s l e s  v i rus  

P  g e n e  cDNA c l o n e s  e x a m i n e d  by s e q u e n c i n g ,  s e v e n  c l o n e s  h a d  

n o  i nse r t i on ,  a n d  t e n  c l o n e s  c o n t a i n e d  a n  e x t r a  G n u c l e o t i d e  a t  

t h e  p r e d i c t e d  pos i t i on .  I n t e r e s t i ng l y ,  in add i t i on  to s i n g l e  

G - n u c l e o t i d e  i n s e r t i o n s ,  two c l o n e s  c o n t a i n e d  t h r e e  e x t r a  G 

n u c l e o t i d e s  t h a t  w e r e  not  e n c o d e d  by t h e  viral  g e n o m e .  T h e  t h r e e  

G - n u c l e o t i d e  i ns e r t i on  r e s u l t e d  in an  i n - f r a me  add i t i on  of  a  g l yc i n e  

r e s i d u e  to t h e  P p ro t e i n .  It s h o u l d  be  n o t e d  t h a t  t h e  s a m p l e s  

e x a m i n e d  i nc l ude d  not  on ly  t h o s e  f rom t h e  p r o t o t y p e  m e a s l e s  

v i rus  ( E d m o n s t o n  s t r a i n )  infec t ion,  but  a l s o  f rom two s u b a c u t e  

s c l e r o s i n g  p a n e n c e p h a l i t i s  ( S S P E )  cel l  l i nes  a n d  t h e  b r a i n s  of  

t h r e e  p a t i e n t s  w h o  d i e d  of  S S P E  ( C a t t a n e o  et al. , 1989) .  Of  t h e  

fou r  P  c l o n e s  f rom t h e  E d m o n s t o n  infec t ion s a m p l e ,  o n e  h a d  no
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i n s e r t i o n s ,  t h e  o t h e r  t h r e e  h a d  o n e  G n u c l e o t i d e  i n s e r t e d ,  a n d  no  

c l o n e s  h a d  m o r e  t h a n  o n e  e x t r a  G n u c l e o t i d e s .  W h e t h e r  t h e  t h r e e  

G - n u c l e o t i d e  i n s e r t i o n s  w e r e  u n i q u e  to S S P E  a n d  not  no r ma l ly  

s e e n  du r i ng  a p r o d u c t i v e  infec t ion by t h e  wi ld t ype  m e a s l e s  v i rus  

r e m a i n s  u n c l e a r .  A l t hough  t h e  n u m b e r  of  c l o n e s  e x a m i n e d  is f ar  

t o o  few,  it w a s  p r e d i c t e d  t ha t  t h e  P:V ra t i o  (bo th  a t  t h e  m R N A  a n d  

p r o t e i n  level )  wou ld  be  a b o u t  1:1 ( C a t t a n e o  et  al. ,  1989) .

D e s p i t e  t h e  e a r l i e r  conf l i c t ing m o l e c u l a r  c l on i ng  a n d  

s e q u e n c e  s t u d i e s  of  t h e  m u m p s  v i rus  P  g e n e ,  wh i ch  h a d  

s u g g e s t e d  t h a t  t h e  g e n o m i c  s e q u e n c e  e n c o d e d  t h e  P p r o t e i n  

( T a k e u c h i  et al. ,  1988;  C a t t a n e o  et al. ,  1989) ,  P a t e r s o n  a n d  L a m b  

( 19 9 0 )  s h o w e d  t h a t  t h e  m u m p s  vi rus  P  g e n e  e x p r e s s i o n  is s i mi l a r  

to  SV5.  N a m e l y ,  t h e  u n e d i t e d  P  g e n e  m e s s a g e  of  m u m p s  v i rus  

e n c o d e s  t h e  V pro t e i n ,  a n d  t h e  swi t ch  to t h e  P  O R F  r e q u i r e s  a n  

i n s e r t i on  of  two G r e s i d u e s .  In a  s e q u e n c e  s t u d y  of  54 P  g e n e  

cDNA c l o n e s ,  34  w e r e  fai thful  c o p i e s  of  t h e  g e n o m e ,  10,  7,  1, a n d  

2 c l o n e s  h a d  2,  3,  4,  a n d  5 G - n u c l e o t i d e  i n se r t i o n s ,  r e s p e c t i v e l y  

( P a t e r s o n  a n d  La m b ,  1990) .  Clea r ly ,  t h e  viral  i n s e r t i o n  of  

n o n t e m p l a t e d  n u c l e o t i d e s  is l e s s  p r e c i s e  t h a n  p r e d i c t e d  f rom t h e  

SV5 f ind i ngs ,  wh i ch  s h o w e d  only  two G - n u c l e o t i d e  i n s e r t i o ns .  T h e  

ra t i o  of  P to V cDNA c l o n e s  a p p r o x i m a t e l y  c o r r e l a t e d  wi th t h e  

r e l a t i ve  a m o u n t s  of  t h e  two p r o t e i n s  p r e s e n t  in m u m p s  v i rus
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i n f ec t e d  ce l l s ,  i nd i ca t i ng  t h a t  t h e  n u m b e r  of  e d i t e d  c l o n e s  

d e t e c t e d  c o r r e c t l y  r e p r e s e n t e d  t h e  t r ue  f r e q u e n c y  of  ed i t i ng  in 

m u m p s  v i rus  ( P a t e r s o n  a n d  La mb ,  1990) .  Un i que l y ,  t h e  mRN A  

c o n t a i n i n g  four  n o n t e m p l a t e d  G n u c l e o t i d e s  is t r a n s l a t e d  into a n  

a d d i t i o na l  p r o t e i n  t ha t  s h a r e s  t h e  a m i n o - t e r m i n a l  155 a m i n o  a c i d s  

in c o m m o n  with t h e  P  a n d  V p r o t e i n s ,  a n d  th i s  nove l  p r o t e i n ,  

c a l l e d  "I", w a s  d e t e c t e d  in i n f e c t e d  cel l s .

A l t hough  t h e  p r e s e n c e  of  V pro te in  in S e n d a i  v i rus  i n f ec t e d  

c e l l s  w a s  not  c l ea r ,  s e q u e n c e  s t u d i e s  s h o w e d  t h a t  t h e  CYS- r i ch  

O R F  in t h e  P /C  g e n e  cou l d  be  a c c e s s e d  in t h e  +1 r e a d i n g  f r a m e  

r e l a t i v e  to t h e  P ORF .  Upon  s c r e e n i n g  cDNA c l o n e s  f rom v i rus  

i n f e c t e d  ce l l s ,  Vidal  et al. ( 1 9 9 0 a )  f ound  t h a t  a b o u t  3 1 %  a n d  7 . 5 %  

of  t h e  mRN A c o n t a i n e d  o n e  a n d  two G - n u c l e o t i d e  i n s e r t i o n s ,  

r e s p e c t i v e l y ,  p r e c i s e l y  b e t w e e n  n u c l e o t i d e s  1051 a n d  1053 .  In 

add i t i on ,  ed i t i ng  w a s  s h o w n  to t a ke  p l a c e  du r i ng  in vitro 

t r a n s c r i p t i o n  r e a c t i o n s  us i ng  pur i f i ed vir ion n u c l e o c a p s i d s .  T h e  

f inding t ha t  t h e  ed i t i ng  o c c u r s  in vitro s t r o ng ly  i n d i c a t e d  t h a t  viral  

s t r u c t u r a l  p r o t e i n s  a r e  r e s p o n s i b l e  for g e n e r a t i n g  e d i t e d  m R NA s .  

F u r t h e r m o r e ,  t h e r e  w e r e  no e v i d e n c e  of  ed i t i ng  in 150  c l o n e s  

e x a m i n e d  w h e n  t h e  P / C  g e n e  w a s  e x p r e s s e d  f rom a v a c c i n i a  v i rus  

r e c o m b i n a n t  with S e n d a i  vi rus  co- in f ec t i on .  On l y  t h e  P / C  m R N A  

e x p r e s s e d  f rom t h e  S e n d a i  v i rus  w a s  e x c l u s i v e l y  f o u n d  to b e
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e d i t e d .  Thi s  p r ov i de d  a  s t r o n g  a r g u m e n t  t h a t  t h e  m e c h a n i s m  of 

ed i t i ng  w a s  c o - t r a n s c r i p t i on a l  a n d  t h a t  t h e  viral  p o l y m e r a s e  

c o m p l e x  c ou l d  not  i n s e r t  G n u c l e o t i d e s  on p r e - f o r m e d  m R N A s  

m a d e  by t h e  va c c i n i a  r e c o m b i n a n t  p o s t - t r an s c r i p t i o n a l l y .

Us i ng  in vitro t r a n s c r i p t i o n  r e a c t i o n s  with pur i f i ed  S e n d a i  

v i rus  v i r i ons  a n d  by va ry ing  c e r t a i n  r e a c t i o n  c o n d i t i o ns ,  Vidal  et  

al. ( 1 9 90 b)  h a v e  p r o p o s e d  a RNA p o l y m e r a s e  s t u t t e r i n g  m o d e l  

(Fig.  3).  In th i s  s t u t t e r i n g  mo d e l ,  it w a s  p r o p o s e d  t h a t  du r i ng  

t r a n s c r i p t i o n ,  t h e  viral  p o l y m e r a s e  first  p a u s e s  a t  or  n e a r  t h e  

ed i t i ng  s i t e  d u e  to an  int r ins ic p ro p e r t y  a s s o c i a t e d  wi th t h e  

t e m p l a t e .  W h e n  t h e  p a u s i n g  t i me  is suf f i c i en t ly  long (which  

o c c u r s  a t  a  c e r t a i n  f r e q u e n c y ) ,  it a l l ows  3'  e n d  of  t h e  n a s c e n t  

mRN A  c h a i n  to sl ip on  t h e  t e m p l a t e  a n d  to r e - a l i gn  b e f o r e  t h e  n e x t  

b a s e  is i n c o r p o r a t e d .  T h e  o u t c o m e  a f t e r  t h e  s l i p p a g e  is t h e n  t h e  

p o l y m e r a s e  r e i t e r a t i ve l y  a d d s  o n e  or  m o r e  G n u c l e o t i d e s  a t  t h i s  

s i t e .  A d i s p l a c e m e n t  of  t h e  n a s c e n t  c h a i n  by 1 ( S e n d a i  a n d  

m e a s l e s  v i r u s e s )  or  2 b a s e s  (SV5 a n d  m u m p s  vi rus)  g e n e r a t e s  t h e  

m o s t  s t a b l e  r e - a l i g n m e n t ,  a c c o u n t i n g  for  t h e  p r ed i l e c t i o n  for  t h e  

r e s p e c t i v e  n u m b e r  of  i n s e r t i o n s  by t h o s e  v i r u s e s .  T h e  t e m p l a t e  

s l i p p a g e  a n d  t h e  n u c l e o t i d e  i n s e r t i o n ( s )  a r e  t h o u g h t  to r e l i ev e  t h e  

p a u s i n g  c o n s t r a i n t  a n d  a l low t r a n s c r i p t i o n  to c o n t i n u e  p a s t  t h i s  

r eg i on .
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F ig u r e  3. STU T T E RI NG  MODEL F O R  PARAMYXOVIRUS 

P S E U D O - T E M P L A T E D  T R A N S C R I PT I O N  OF THE P  G ENE.  T h e  

i n s e r t i on  s i t e  in t h e  P  g e n e  for  e a c h  v i rus  g r o u p  a r e  s h o w n  with 

n o r ma l  p a i r s  i nd i ca t e d  by [|] a n d  U:G p a i r s  wi th [:]. T h e  t o p  a n d  

b o t t om l i nes  a r e  t h e  g e n o m e  a n d  t h e  n a s c e n t  m R N A  s e q u e n c e s ,  

r e s p e c t i v e l y .  ( A d a p t e d  a n d  modi f i ed  f rom Vidal  et al . ,  199 0 b ) .
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SV5/Mumps (+2G) Measles/Sendai (+1G)

3 ’ -UUCUCCC-5*
INI
GAGG i
/

5 ’ -AA
-OB

3 ’ -UUUUCCC-5’
INI
AAGG -OB

5 ’ -AA

3 ’ -UUCUCCC-5*
! *1 

GAGG _qo
/

5 ’ -AA

3 ’ -UUUUCCC-5’
I h i

AAGG
/

5 ’ -AA

'-O B

R e a lig n m e n t a f te r  1 -b a s e  s lip p a g e

t I
3 ’ -UUCUCCC-5’

: I I s
GAGG _oh
/

5 ’ -AA

3 ’ -UUUUCCC-5’
I I * *
AAGG .ob

/
5 ’ -AA

+1G

+2G

R e a lig n m e n t a f te r  2 -b a s e  s lip p a g e



31

In p r e v i o u s  s t u d i e s  Vidal  et al. ( 1 9 9 0 b )  t e s t e d  th i s  mo de l .  

D e c r e a s i n g  t h e  c o n c e n t r a t i o n  of  G T P  in t h e  in vitro t r a n s c r i p t i o n  

r e a c t i o n  would  t h e o r e t i c a l l y  p r o m o t e  l o n g e r  p a u s i n g  t i me  a t  t h e  

ed i t i ng  r eg i on .  I n d e e d ,  w h e n  e x a m i n e d ,  t h e  f r e q u e n c y  of  g r e a t e r  

t h a n  o n e  G - n u c l e o t i d e  i n s e r t i o n s  w a s  s ign i f i can t l y  i n c r e a s e d .  

Simi lar ly ,  t h e  s u bs t i t u t i o n  of  i n os in e  for g u a n i n e  n u c l e o t i d e ,  wh i ch  

i n c r e a s e s  t h e  l ikel ihood of  s l i p p a g e  d u e  to d e c r e a s e d  s t ab i l i t y  in 

b a s e  pa i r i ng ,  a l s o  i n c r e a s e d  t he  n u m b e r  of  mul t i p l e  G - n u c l e o t i d e  

i n s e r t i o n s .  T h e s e  r e s u l t s  w e r e  f ou n d  to be  e n t i r e l y  c o n s i s t e n t  with 

t h e  p r o p o s e d  s t u t t e r i n g  m o de l  for  S e n d a i  v i rus ,  a n d  t h e  

r e - e x a m i n a t i o n  of  s e q u e n c e  e l e m e n t s  s u r r o u n d i n g  t h e  ed i t i ng  

r eg i o n  in o t h e r  p a r a m y x o v i r u s e s  a l s o  s u p p o r t e d  t h e  c o r r e c t  

s l i p p a g e  a n d  r e - a l i g n m e n t  p r e d i c t i o n s  (Vidal  et  al. ,  1 9 90 b ) .  In 

f u r t h e r  s u p p o r t  of  t h e  p r o p o s e d  s t u t t e r i n g  m o d e l  for 

p a r a m y x o v i r u s  RNA ed i t i ng ,  it w a s  n o t e d  t h a t  th i s  viral  m o d e l  

b e a r s  m u c h  r e s e m b l a n c e  to t h e  p r o p o s e d  t e l o m e r a s e  m o d e l ,  in 

which  r e p e a t  s e q u e n c e s  of  3 ' - T T G G G G - 5 '  a r e  i n s e r t e d  a f t e r  t h e  

p o l y m e r a s e  p a u s i n g  a n d  s l i p p a g e  of  t h e  t e m p l a t e  ( G r e i d e r  a n d  

B l a c k b u r n ,  1989 ;  Vidal  et al. ,  1990b) .

In C h a p t e r  III, a s  a n e x t  s t e p  in t h e  s t u d y  of  RNA ed i t i ng  in 

p a r a m y x o v i r u s e s ,  w e  h a v e  s u c c e s s f u l l y  r e c o n s t i t u t e d  t h i s  u n i q u e  

viral  e v e n t  in vivo, u s i ng  a m o d e l  g e n o m e  t h a t  c o n t a i n s  t h e
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s e q u e n c e  s u r r o u n d i n g  t h e  ed i t i ng  s i t e  of S e n d a i  v i rus  P /C  g e n e .  

W e  a l s o  d e t e r m i n e d  t ha t  a s e q u e n c e  a s  little a s  2 4 - n u c l e o t i d e s  

s p a n n i n g  t h e  G - n u c l e o t i d e  i ns e r t i on  s i t e  c a n  b e  p l a c e d  a w a y  f rom 

t h e  n o r m a l  P /C  g e n e  s e q u e n c e  c o n t e x t  a n d  still p r o m o t e  t h e  

n o n t e m p l a t e d  t r a n s c r i p t i o n .  In add i t i on ,  w e  s h o w e d  t h a t  r e p l a c i n g  

t h e  t h r e e  C r e s i d u e s  in t h e  c o n s e n s u s  s e q u e n c e  with t h r e e  G 

r e s i d u e s  c o m p l e t e l y  e l i m i n a t ed  edi t ing .  More  s ign i f i can t l y ,  t h e  

d e v e l o p m e n t  of  thi s  in vivo m o d e l  for  ed i t i ng  in S e n d a i  v i rus  no w  

p r o v i d e s  a  s i m p l e  a p p r o a c h  to c o m p l e t e l y  d i s s e c t  t h e  s e q u e n c e  

r e q u i r e m e n t .

As  d i s c u s s e d  p r ev i ous l y ,  in add i t i on  to P,  V, a n d  C p r o t e i n s ,  

t h e r e  a r e  two o t h e r  p r o t e i n s  t h a t  a r e  e x p r e s s e d  f rom S e n d a i  v i rus  

P / C  mRNA.  T h e  X pro t e i n ,  which  c a n  b e  e x p r e s s e d  f rom bo t h  

e d i t e d  a n d  u n e d i t e d  m e s s a g e s  by r i b o s o m a l  ini t ia t ion at  

A U G / 1 5 2 3 ,  is a b o u t  ~ 95  a m i n o  a c i d s  long a n d  r e p r e s e n t s  t h e  

C - t e r m i n u s  of  t h e  P  p ro t e i n  ( C u r r a n  a n d  Kolakofsky ,  1988) .  S i n c e  

t h e  C - t e rm i n a l  por t i on  of  t h e  P p ro t e i n  is r e s p o n s i b l e  for  b i nd i ng  

to t h e  n u c l e o p r o t e i n  c o r e  ( Ry an  a n d  P o r t n e r ,  1990) ,  t h e  X p r o t e i n  

m a y  a l s o  h a v e  th i s  func t ion .  T h e  o t h e r  p r o t e i n ,  W,  c a n  on ly  be  

e x p r e s s e d  f rom e d i t e d  m R N A s  c o n t a i n i n g  two G - n u c l e o t i d e  

i n s e r t i o n s  t h a t  i n t r o d u c e  a  s t o p  c o d o n  at  pos i t i on  1061 .  T h e  W 

p r o t e i n  is e x p e c t e d  to b e  in ve ry  low a b u n d a n c e ,  s i n c e  t h e  +2G
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m R N A s  c o m p r i s e  only - 5 %  of t h e  to t a l  P / C  mRNA pool .  T h e  W 

p r o t e i n  r e p r e s e n t s  a b o u t  3 2 0  N- t e r mi na l  a m i n o  a c i d s  of  t h e  P 

p r o t e i n  a n d  is c o l i n e a r  t he  V pro te in  e x c e p t  for  t h e  a b s e n c e  of  

C - t e r m i n a l  - 5 1  a m i n o  a c i d s  of t h e  V prote in .

2.  R e v e r s e  G e n e t i c s

R e c e n t  a d v a n c e s  in m o l e c u l a r  b io l ogy  h a v e  led to 

d e v e l o p m e n t  of  in vivo s y s t e m s  in which  v a r i o u s  n e g a t i v e - s t r a n d  

v i rus  RNA s y n t h e s i s  is total ly dr iven  by p ro t e i n  e x p r e s s i o n  t h r o u g h  

e i t h e r  p h a g e  T 7 - b a s e d  v e c t o r s  or  r e c o m b i n a n t  v a c c i n i a  v e c t o r s  

c o n t a i n i n g  individual  c DNAs  of  t h e  viral  g e n e s .  Th i s  i n c l u d e s  

i n f l u e n z a  v i rus  (Smi t h  ef  a/ . ,  1987) ,  VSV ( P a t t n a i k  a n d  We r t z ,

1990 ) ,  a n d  S e n d a i  vi rus  ( C u r r an  e f  a/ . ,  1991) .  S u c h  a  s y s t e m  

o f f e r s  power fu l  t oo l s  to s t u d y  t h e  r o l e s  of  v a r i o u s  t ra n s -a c t ing 

p r o t e i n s  a t  v a r i o u s  s t a g e s  of  t h e  vi rus  r ep l i ca t i on .  For  e x a m p l e ,  

t h e  v a c c i n i a - b a s e d  i n f l uenza  s y s t e m  led to ident i f i ca t i on  of  t h e  

mi n i ma l  s u b s e t  of  viral  p r o t e i n s  n e c e s s a r y  for g e n o m e  r ep l i ca t i o n  

( H u a n g  ef  a/ . ,  1990) .  T h e  T 7 - b a s e d  m e t h o d  for  VSV a l l o w e d  

s imi l a r  s u c c e s s  in r e c on s t i t u t i on  of  a  r ep l i ca t i on  s y s t e m  for  Dl 

RNAs  ( P a t t n a i k  a n d  Wer t z ,  1990) .

For  S e n d a i  vi rus ,  t h e  T 7 - b a s e d  s y s t e m  h a s  a l s o  p r o v e d  v e r y  

fruit ful .  By e x p r e s s i n g  a s u b s e t  of  S e n d a i  v i rus  p r o t e i n s  t h r o u g h
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T 7 - b a s e d  p l a s m i d s ,  it w a s  s h o w n  t h a t  t h e  NP,  P,  a n d  L p r o t e i n s  

w e r e  n e c e s s a r y  a n d  suf f i c i ent  for r ep l i ca t i on  of  Dl RNAs  ( C u r r a n  

ef  a!.,  1991) .  T h e  four  C p r o t e i n s ,  h o w e v e r ,  w e r e  n e i t h e r

r e q u i r e d  for  r ep l i ca t i on  nor  a b l e  to s u b s t i t u t e  for P.  I n t e r e s t i ng l y ,  

e x p r e s s i o n  of  t h e  V p r o t e i n  h a d  a d o s e - d e p e n d e n t  inhibi tory  e f f e c t  

o n  t h e  r ep l i ca t i on  of  Dl RNAs ,  a n d  t h e  inhibi t ion c ou l d  b e  

o v e r c o m e  by o v e r e x p r e s s i o n  of  t h e  L p ro t e i n .  T h e  inhibi t ion did 

no t  a p p e a r  to b e  d u e  to t h e  Cys - r i ch  d o m a i n  s i n c e  t h e  W pr o t e i n ,  

wh i ch  d o e s  not  h a v e  t h e  Cys - r i ch  d o m a i n ,  h a d  a s imi l a r  inhibi tory 

e f f ec t .  T h e  X pro t e i n  did not  a p p e a r  to h a v e  a n y  e f f ec t  on  t h e  Dl 

RNA r ep l i ca t i on .  C o m b i n e d  t o g e t h e r ,  C u r r a n  ef  a/ .  ( 19 9 1 )  

p r o p o s e d  t h a t  t h e  V a n d  W p r o t e i n s  e x e r t  t he i r  inhibi tory  e f f e c t s  

by b ind i ng  to a n d  s e q u e s t e r i n g  t h e  L p ro t e i n .  T h e  L p r o t e i n  is 

t h u s  k e p t  f rom i n t e r a c t i ng  with t h e  P  p ro t e i n .  S i n c e  t h e  V a n d  W 

p r o t e i n s  of  S e n d a i  vi rus  a r e  e x p r e s s e d  f rom e d i t e d  m R N A s  

c o n t a i n i n g  o n e  a n d  two G - n u c l e o t i d e  i n s e r t i o n s ,  r e s p e c t i v e l y ,  t h e  

d o w n - r e g u l a t i o n  of  g e n o m e  r ep l i ca t i on  by t h e s e  p r o t e i n s  c ou l d  b e  

d i r ec t ly  c o n t ro l l ed  by t h e  f r e q u e n c y  of  RNA ed i t i ng  du r i ng  

t r a n s c r i p t i o n .  T h e r e  still r e m a i n s  a  n u m b e r  of  u n a n s w e r e d  

q u e s t i o n s  r e g a r d i n g  t h e  func t i ona l  s i g n i f i c a n c e  of  v a r i o u s  p r o t e i n s  

a n d  t he i r  d o m a i n s .  For  i n s t a n c e ,  it is still not  c l e a r  w h y  t h e  

Cys - r i c h  d o m a i n  of  t h e  V p ro t e i n s  is s o  wel l  c o n s e r v e d  a c r o s s
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m o s t  p a r a m y x o v i r u s e s  (with t h e  e x c e p t i o n  of  p n e u m o v i r u s e s  a n d  

HPIV-1) .  Also,  t h e  role of o t h e r  p r o t e i n s  s u c h  a s  X, is no t  ye t  

u n d e r s t o o d .

Clear ly ,  t h e  c u r r e n t  T 7 - b a s e d  r ep l i ca t i on  s y s t e m  for  S e n d a i  

v i rus  is l imi ted in t ha t  ve ry  f ew a s p e c t s  of  t h e  viral  t r a n s c r i p t i o n  

c a n  b e  a d d r e s s e d .  In thi s  r e g a r d ,  a  m o r e  a d v a n c e d  s y s t e m  c a n  

b e  d e v i s e d  in wh i ch  t h e  T 7 - e x p r e s s i o n  s y s t e m  is c o m b i n e d  with an  

art i f icial  g e n o m e  ( d i s c u s s e d  in C h a p t e r  II) t ha t  mi mi c s  t h e  viral  

g e n o m e  in both  t r a n s c r i p t i o n  a n d  r ep l i ca t i on .  T h i s  w a y ,  it m a y  be  

p o s s i b l e  to f o c u s  on  w h e t h e r  t h e  X p r o t e i n  or  t h e  Cys - r i c h  d o m a i n  

of  t h e  V p r o t e i n  is i mpor t a n t  for r e g u l a t i o n  of viral  t r a n s c r i p t i o n .

3. ABNORMAL M  G E N E  T R A N SC RI PT I ON  AND S S P E

T h e  poss ib i l i ty  t h a t  s o m e  of  t h e  viral  p r o t e i n s  i nvo l ved  in 

d o w n - r e g u l a t i n g  g e n o m e  r ep l i ca t i on  m a y  fac i l i t a t e  t h e  

e s t a b l i s h m e n t  a n d / o r  m a i n t e n a n c e  of  p e r s i s t e n t  i n fec t ion  by 

p a r a m y x o v i r u s e s  in t h e  s pe c i f i c  t i s s u e ,  s u c h  a s  t h e  b r a i n ,  w a s  

r a i s e d  by C u r r a n  ef  a/. ( 1991) .  As  d i s c u s s e d  p r e v i ous l y ,  v a r i o u s  

h o s t  cel l  c y t o s k e l e t a l  p r o t e i n s  h a v e  b e e n  i mp l i c a t ed  in p l a y i ng  a 

ro l e  du r i ng  viral  t r a n s c r i p t i o n  r ep l i ca t i on ,  a n d  s o m e  d i f f e r e n c e s  in 

viral  g e n e  e x p r e s s i o n  in a  d i f f e r en t  hos t  b a c k g r o u n d  h a v e  b e e n  

n o t e d  ( C a t t a n e o  ef  a/ . ,  1987 ;  S c h n e i d e r - S c h a u l i e s  e f  a/ . ,  1989) .
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C o m b i n e d ,  t h e s e  o b s e r v a t i o n s  a n d  t h e  r e c e n t  s t u d i e s  u s i n g  t h e  in 

vivo r ep l i ca t i on  s y s t e m  m a y  s h e d  s o m e  l ight on t h e  p a t h o g e n e s i s  

of  p a r a m y x o v i r u s  p e r s i s t e n t  infec t ion.

S u b a c u t e  s c l e r o s i n g  p a n e n c e p h a l i t i s  ( S S P E )  r e p r e s e n t s  a n  

e x a m p l e  of  a  c l a s s  of  t r ue  s l o w vi rus  infec t ion  t h a t  a l s o  i n c l u d e s  

p r o g r e s s i v e  mul t i foca l  l e u k o e n c e p h a l o p a t h y  (PML) a n d  

p r o g r e s s i v e  r ube l l a  p a n e n c e p h a l i t i s .  S S P E  a l m o s t  a l w a y s  a f f e c t s  

c h i l d r e n ,  a l t h o u g h  s o m e t i m e s  it i nvo l ves  a d o l e s c e n t s  a n d  y o u n g  

a d u l t s  fol lowing an  a t t a c k  of  m e a s l e s  or  p r e v i o u s  m e a s l e s  

i m m u n iz a t i o n .  S y m p t o m s  a n d  s i g n s  g e n e r a l l y  d e v e l o p  5 to 10 

y e a r s  a f t e r  t h e  initial e x p o s u r e  to m e a s l e s  v i rus ,  a n d  t h e s e  

i nc l ude  p e r s o n a l i t y  c h a n g e s  a n d  invo l un t a r y  m o v e m e n t s  a s  wel l  a s  

c h a r a c t e r i s t i c  h i g h - v o l t a g e  act ivi ty in EEG.  D e a t h  e v e n t u a l l y  

e n s u e s ,  f rom m o n t h s  to y e a r s  a f t e r  t h e  initial o n s e t  of  t h e  

s y m p t o m s .

M e a s l e s  v i rus - l i ke  i nc lus ion  b o d i e s  w e r e  first  s e e n  u n d e r  t h e  

e l e c t r o n  m i c r o s c o p e  in S S P E  bra in  s e c t i o n s  in n e u r o n s  a n d  

o l i g o d e n d r o g l i a  ( W e c h s l e r  a n d  F i e l ds ,  1978;  Hall ,  et a i ,  1978) .  

O t h e r  s t u d i e s ,  i nc luding  e p i d e m i o l o g i c a l  s t u d i e s  a n d  p h y s i c a l  a n d  

s e r o l o g i c a l  f i nd i ngs  of  S S P E  vi r ions  f rom c o cu l t i v a t i o n  

e x p e r i m e n t s  i n d i ca t e d  m e a s l e s  v i rus  (MV) a s  t h e  p r o b a b l e  

e t i o l og i c  a g e n t  of  S S P E .  S i n c e  t h e r e  w e r e  no  r e g i o n a l  o u t b r e a k s
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of  S S P E ,  it w a s  a s s u m e d  t h a t  an  a b n o r m a l  h o s t  i m m u n e  r e s p o n s e  

or  a r a r e  m u t a t i on  a f f ec t i ng  t h e  p a r e n t a l  MV g e n o m e ,  r a t h e r  t h a n  

a d i s t i nc t  s e c o n d  viral  a g e n t ,  w a s  r e s p o n s i b l e  for  t h e  

e s t a b l i s h m e n t  of  S S P E .

A n a l y s i s  of  p o l y p e p t i d e s  f rom i n f e c t e d  c e l l s  i n d i c a t e d  t ha t ,  

of  t h e  six m a j o r  v i r a l - spec i f i c  p o l y p e p t i d e s ,  on ly  t h e  M p r o t e i n  

s h o w e d  a d i s c e r n i b l e  b i o c h e m i c a l  a l t e r a t i on  in S S P E  i s o l a t e s ,  

i n d i c a t e d  by a b e r r a n t  e l e c t r o p h o r e t i c  mi g r a t i on  p a t t e r n s  ( W e c h s l e r  

a n d  F i e l d s ,  1978) .  Thi s  w a s  t r ue  for  all f ive S S P E  s t r a i n s  

e x a m i n e d ,  a n d  c o n s e q u e n t l y ,  it w a s  h y p o t h e s i z e d  t h a t  an  

a b n o r m a l  M pro te in  m a y  b e  r e s p o n s i b l e  for  S S P E .  In th i s  

h y p o t h e s i s ,  a  d e f e c t i v e  M pro t e i n  wou l d  no  l o n ge r  a l l ow n o r m a l  

r ec o gn i t i o n  of  t h e  m e m b r a n e  p r o t e i n s  by t h e  vi ral  n u c l e o c a p s i d s  

a n d  r e s u l t  in an  a b o r t i ve  lytic cyc l e .  C o n s i s t e n t l y ,  t h e  M p r o t e i n  

f rom S S P E  s t r a i n s  w a s  a n t i g en ic a l l y  d i s t i n g u i s h a b l e  f rom t h e  

n o r m a l  m e a s l e  v i rus  M pro t e i n  (Hall  et at., 1978) .  F u r t h e r m o r e ,  

w h e n  a s imi l a r  t ype  of  a n a l y s i s  w a s  e x t e n d e d  to viral  m R N A s ,  

a g a i n ,  t h e  m R N A s  for t h e  M p r o t e i n  in 2 S S P E  s t r a i n s  e x h i b i t e d  

d i f f e r e n t  mobi l i t i es  c o m p a r e d  to t h a t  of  two  n or ma l  MV s t r a i n s .

In a  l a t e r  s t udy ,  Hall ef  al. ( 19 7 9 )  s h o w e d  t h a t  t h e  M p r o t e i n  

a b n o r m a l i t y  w a s  not  a l w a y s  d e t e c t e d  in S S P E  i s o l a t e s  (for 

e x a m p l e ,  LEC S S P E )  a n d  t ha t  e v e n  wi thin d i f f e r e n t  MV s t r a i n s ,
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t h e  M pro t e i n  mobi l i ty c ou l d  vary.  In f ac t ,  a b e t t e r  b i o c h e m i c a l  

m a r k e r  for S S P E  w a s  t he  lack of  a n t i b o d i e s  to t h e  M p r o t e i n  in 

S S P E  p a t i e n t s  in t h e  c o n t e x t  of h y p e r i m mu n i t y  a g a i n s t  t h e  o t h e r  

MV p o l y p e p t i d e s .  W h e n  Hall a n d  C h o p p i n  ( 1 9 81 )  a n a l y z e d  

p r o t e i n s  p r e p a r e d  f rom b ra in  t i s s u e s  of  S S P E  p a t i e n t s ,  t h e y  f o un d  

a  lack of  M prot e in  s y n t h e s i s  in t h e s e  s a m p l e s  w h e r e a s  t h e  o t h e r  

MV p o l y p e p t i d e s  w e r e  a p p a r e n t l y  m a d e  normal ly .  T h i s  w a s  in 

a g r e e m e n t  wi th t he i r  p r e v i o u s  f inding t h a t  S S P E  p a t i e n t s  did not  

p r o d u c e  ant i -M a n t i b o d i e s ,  t e r  Me u le n  a n d  c o l l e a g u e s  ( 1 9 8 5 )  

e x a m i n e d  a n o t h e r  S S P E  cel l  l ine a n d  f o un d  t h a t  t h e  M  m R N A  f rom 

thi s  cel l  l ine cou l d  no t  be  t r a n s l a t e d  in vitro. Th i s  s u g g e s t e d  t h a t  

t h e  d e f e c t  w a s  in t h e  viral  mRNA,  a n d  t h e  inabi l i ty to t r a n s l a t e  t h i s  

m e s s a g e  c ou l d  l e ad  to p e r s i s t e n c e .

O t h e r  a b n o r m a l i t i e s  in M pr o t e i n  e x p r e s s i o n  w e r e  

s u b s e q u e n t l y  d e s c r i b e d .  S h e p p a r d  et at. ( 1 9 8 6 )  f o u nd  a n  S S P E  

cel l  l ine,  I P - 3 - C a ,  which  cou l d  s y n t h e s i z e  t h e  M pr o t e i n  bu t  r ap i d l y  

d e g r a d e d  it. Th i s  t y p e  of  r es t r i c t i on  mi gh t  b e  e x p e c t e d  if t h e  vi ral  

g e n o m e  h a d  u n d e r g o n e  a  m u t a t i o n a l  e v e n t ,  a f f ec t i ng  t h e  c o d i n g  

r e g i o n  of  M pro t e i n  a s  well  a s  t h e  n o n - c o d i n g  r e g u l a t o r y  r e g i o n s .  

I m m u n o h i s t o l o g i c a l  a n d  b i o c h e m i c a l  s t u d i e s  of  t h e  b r a i n s  of  f ou r  

S S P E  p a t i e n t s  s h o w e d  t h a t  a l t h o u g h  t h e  n u c l e o c a p s i d  p r o t e i n s  

a n d  p h o s p h o p r o t e i n s  w e r e  f ou n d  in all b ra in  a r e a s  e x a m i n e d ,  t h e
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H a n d  F p r o t e i n s ,  a s  wel l  a s  t h e  M pro t e i n ,  w e r e  no t  a l w a y s  

d e t e c t a b l e .  H e r e ,  the i r  m R N A s  o f t en  fa i l ed to t r a n s l a t e  in vitro 

( C a t t a n e o  ef  a/ . ,  1986) .  But  t h e  e x a c t  m o l e c u l a r  m e c h a n i s m  

r es t r i c t i ng  t h e  e x p r e s s i o n  of  t h e  M  g e n e  ( a s  well  a s  of  t h e  H  a n d  F  

g e n e s )  r e m a i n e d  o b s c u r e .

T h e  s e q u e n c e  s t u d i e s  of  cDNA i s o l a t e d  f rom a n  S S P E  

p a t i e n t  (K) s h o w e d  two r e m a r k a b l e  f e a t u r e s  ( C a t t a n e o  ef  a/ . ,  

1 9 8 8 a ) .  Fi r s t ,  t h e r e  w e r e  mul t ip l e  poin t  m u t a t i o n s ,  o n e  of  wh i ch  

i n t r o d u c e d  a  s t o p  c o d o n  in t h e  M p r o t e i n  r e a d i n g  f r a me .  Th i s  

w ou l d  exp l a i n  t h e  lack of  M pro t e i n  e x p r e s s i o n  in t h i s  p a t i en t .  

S e c o n d ,  t h e r e  w a s  g r e a t  s e q u e n c e  va r i a t i on  b e t w e e n  two  s ib l ing 

c l o n e s  of  t h e  s a m e  pa t i e n t ,  which  cou l d  no t  b e  e x p l a i n e d  by 

c l on i ng  e r r o r s  a l o n e .  More  spec i f i ca l l y ,  it w a s  f o u nd  t h a t  up  to 1% 

of  t h e  n u c l e o t i d e s  d i f f e red  b e t w e e n  t h e  two c D N As  of  t h e  M  g e n e .  

It a p p e a r e d  t h a t  t h e  high mutabi l i ty  of  t h e  g e n o m e  w a s  a s s o c i a t e d  

wi th t h i s  RNA v i rus  p e r s i s t e n c e .

O t h e r  s e q u e n c i n g  s t u d i e s  of  t h e  S S P E  s t r a i n  c DN A s  or  

c DN A s  di r ec t ly  o b t a i n e d  f rom t h e  b r a i n s  of  S S P E  p a t i e n t s  

r e v e a l e d  t h e  n a t u r e  of  t h e  n u c l e o t i d e  c h a n g e s  ( C a t t a n e o  ef  a/ . ,  

1 9 8 8b ;  W o n g  ef  a/ . ,  1989) .  For  i n s t a n c e ,  t h e  M  g e n e  s e q u e n c e  of  

t h e  I P - 3 - C a  S S P E  cel l  l ine d i f fered  f rom t h e  wi ld t ype  E d m o n s t o n  

s t r a i n ,  a n d  t h e  d i f f e r e n c e s  w e r e  d i s t r i b u t e d  o v e r  t h e  e n t i r e  g e n e ,
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e s p e c i a l l y  in t h e  u n t r a n s l a t e d  r e g i on  ( C a t t a n e o  et a!.,  1988) .  T h e  

c h a n g e s  a f f ec t i ng  t h e  c od i ng  r e g i o n s  w e r e  m o r e  l ikely to i n t r o d u c e  

a n  a m i n o  ac id  a l t e r a t i o n s  ( - 5 0 % )  t h a n  p r e d i c t e d .  S imi l a r  

o b s e r v a t i o n s  w e r e  m a d e  for P, H, N,  a n d  F  g e n e s ,  wi th a 

d e c r e a s i n g  o r d e r  of  var iabi l i ty (M> H> N> P).

In e n s u i n g  s t u d i e s ,  it w a s  f ou n d  t h a t  a l o c a l i z e d  b i a s e d  

h y p e r m u t a t i o n  of  U to C c h a n g e s  w e r e  a f f ec t ing  t h e  S S P E  s t r a i n  

g e n o m e ,  a n d  th i s  w a s  m o s t  p r o n o u n c e d  in t h e  M  g e n e .  ( W o ng  et  

a!., 1989) .  I n t e r e s t i ng l y ,  t h e  U to C c h a n g e s  o c c u r r e d  a t  a  h i g h e r  

f r e q u e n c y  w h e n  t h e  S S P E  s t r a i n  w a s  p a s s a g e d  in h u m a n  

n e u r o b l a s t o m a  ce l l s ,  t h a n  w h e n  p a s s a g e d  in Af r i can  g r e e n  

m o n k e y  k i d n e y  cel l s .  Thi s  a p p a r e n t  h o s t  d e p e n d e n c y  s u g g e s t e d  

t h a t  a  h o s t  m u t a t i o n a l  act ivi ty c o n t r i b u t e d  to t h e  o b s e r v e d  

m u t a t i o n s  in add i t i on  to t h e  viral  p o l y m e r a s e  e r r o r s .  In s u p p o r t  of  

th i s  f inding,  B a s s  a n d  W e i n t r a u b  ( 19 8 8 )  h a v e  f o u nd  t h a t  v a r i o u s  

cel l  t y p e s  ( f rom C. e le g a n c e  to X. laevis,  a n d  to m a m m a l i a n  t i s s u e  

c u l t u r e  cel l s )  p o s s e s s e d  a d o u b l e - s t r a n d e d  RNA u n w i n d i n g  

ac t iv i t y  t h a t  c a n  i n t r o d uc e  U to C c h a n g e s  by d e a m i n a t i o n  of  t h e  

a d e n i n e  r e s i d u e s .  It would  a p p e a r  t ha t ,  unti l  t h e r e  is a  s y s t e m  in 

w h i ch  o n e  is a b l e  to r e c o v e r  i n f ec t i ous  MV f rom c l o n e d  cDNA a n d  

a l l ow i n t r oduc t i on  of  spec i f i c  m u t a t i o n s  into t h e  lytic viral  g e n o m e ,  

it will b e  difficult  to ident i fy def ini t ively t h e  t y p e  of  m u t a t i o n s  t h a t
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c a n  l e a d  to S S P E .  Ul t imately,  o n e  wou ld  like to d e v e l o p  an  

a n i ma l  m o d e l  via t r a n s g e n i c s  by m a n i p u l a t i on  of  t h e  S S P E  cDNA.

In l ight  of  t h e s e  g oa l s ,  work  d o n e  in th i s  t h e s i s  m a y  

r e p r e s e n t  an  initial p r o g r e s s .  T h e  e n c o u r a g i n g  a s p e c t  is t h a t  

u n d e r s t a n d i n g  of  t h e  i n f l uenza  vi rus  g e n o m e  s t r u c t u r e  a n d  

m e t h o d o l o g y  und e r ly i ng  t h e  m a n i p u l a t i o n  a n d  r e s c u e  of  an  

ar t i f icial  g e n o m e  led to i n t r oduc t i on  of  s i t e - s p e c i f i c  m u t a t i o n s  a n d  

r e s c u e  of  t h e  m u t a t e d  g e n o m e  ( E n a m i  e t  a/ . ,  1990) .  C h a p t e r  1 of  

th i s  t h e s i s  e n t a i l s  t h e  d e v e l o p m e n t  of  a s imi l a r  ar t i f icial  r e p l i ca t i on  

a n d  r e s c u e  s y s t e m  for S e n d a i  v i rus ,  a n d  a l t h o u g h  t h e r e  is a 

f u n d a m e n t a l  d i f f e r e n c e  in g e n o m e  s i z e  b e t w e e n  t h e  i n f l u en za  

v i r u s e s  a n d  t h e  p a r a m y x o v i r u s e s ,  it is h o p e d  t h a t  s u c h  

d e v e l o p m e n t  wou ld  lay d own  t h e  initial s t e p p i n g  s t o n e  a n d  

e v e n t u a l l y  l e ad  to a n  ef f ic ient  r e s c u e  s y s t e m  for  r e c o m b i n a n t  

p a r a m y x o v i r u s e s .

E. REPLICATION

Unl ike  t r a n s c r i p t i o n ,  S e n d a i  v i rus  g e n o m e  r e p l i c a t i o n  is 

c o m p l e t e l y  d e p e n d e n t  on de novo  p ro t e i n  s y n t h e s i s  ( R o b i n s o n ,  

1971;  C a r l s e n  et  al. ,  1985) .  In i n f e c t e d  ce l l s ,  t h e  g e n o m e  a n d  

a n t i g e n o m e  a r e  a l w a y s  found  e n c a p s i d a t e d  by t h e  NP  p r o t e i n .
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T h e  swi t ch  f rom t r a n s c r i p t i o n  to r ep l i ca t i on  r e q u i r e s  a  s u f f i c i e n t  

i n t r a ce l l u l a r  pool  of  f r ee ,  u n a s s e m b l e d  NP p r o t e i n s  a v a i l a b l e  for  

e n c a p s i d a t i o n  of  n a s c e n t  c h a i n s .  In VSV,  it is t h o u g h t  t h a t  t h e  

e n c a p s i d a t i o n  of  n a s c e n t  l e a d e r  c h a i n s  a l l ows  a n t i t e r m i n a t i o n  a t  

t h e  first  j unc t i on  a n d  c o n t i n u e d  r e a d t h r o u g h  to t h e  5'  e n d  of  t h e  

g e n o m e  wi t hou t  r e c o g n i z i n g  a n y  of  t h e  j u n c t i o n a l  s i g n a l s  

( B l u m b e r g  ef  a/ . ,  1983) .  In t h e  a b s e n c e  of  e n c a p s i d a t i o n ,  t h e  

l e a d e r  RNA t e r m i n a t e s  a t  t h e  first  j unc t i on ,  a n d  t h e  s h o r t ,  

t e r m i n a t e d  p r o d u c t  h a s  b e e n  d e t e c t e d  in vivo ( L e p p e r t  e f  a/ . ,  

1979) .  In S e n d a i  v i rus ,  t h e  role  of  e n c a p s i d a t i o n  is l e s s  c l ea r ,  bu t  

a t  l e a s t  in o n e  s t r a i n  (Z s t r a i n ) ,  it a p p e a r s  to b e  i m p o r t a n t  for  

p o l y m e r a s e  e l o n g a t i o n  p a s t  t h e  first  j unc t i on .  By e s t i m a t i n g  t h e  

r e l a t i ve  l e ve l s  of  n a k e d  p l u s - s t r a n d  RNAs  t h a t  h a v e  c r o s s e d  t h e  

l e a d e r - N P  j unc t i on  to t h e  level  of  N P  mRNA leve l s ,  it w a s  f o u n d  

t h a t  in Z s t r a i n  of  S e n d a i  vi rus ,  t h e  p o l y m e r a s e  w ou l d  r e a d  

t h r o u g h  t h e  first  j unc t i on  in t h e  a b s e n c e  of  e n c a p s i d a t i o n ,  bu t  

t e r m i n a t e  s h a r p l y  s o m e w h e r e  wi thin t h e  N P  g e n e  (Vidal  a n d  

Kol akof sky ,  1989) .  It w a s  c o n c l u d e d  t h e r e f o r e ,  t h e  ro le  of  

e n c a p s i d a t i o n  du r i ng  r ep l i ca t i on  is m o r e  i m p o r t a n t  for  p r o m o t i n g  

c o n t i n u e d  e l o n g a t i o n  p a s t  t h e  l eade r -A/ P  j u n c t i o n  t h a n  for  

c o n f e r r i ng  a n t i t e r m i n a t i on  a t  t h e  junc t ion .  It s h o u l d  b e  n o t e d  t h a t  

a l t h o u g h  a c o m p l e t e l y  r e c o n s t i t u t e d  in vitro r ep l i ca t i o n  s y s t e m  h a s
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b e e n  d e v e l o p e d  for VSV,  s u c h  faci l i ty is not  a v a i l a b l e  for  S e n d a i  

v i rus  or  o t h e r  p a r a m y x o v i r u s e s .  Only  r e c e n t l y ,  a n  in vivo 

r ep l i ca t i on  s y s t e m  for Dl RNAs  with e x p r e s s i o n  of  viral  p r o t e i n s  

f rom c D NAs  h a s  b e e n  s u c c e s s f u l ,  a n d  it will p r o v i d e  m u c h  n e e d e d  

u n d e r s t a n d i n g  of  t h e  p r e c i s e  f u n c t i on s  of  v a r i o u s  viral  p r o t e i n s  

( C u r r a n  et al. ,  1991) .

F. D E F EC T I V E - I N T E R F ER I N G  (Dl) RNAs

Dl RNAs  of  S e n d a i  v i rus  a r e  g e n e r a l l y  d i v i ded  into two 

c l a s s e s ,  t h e  c o p y - b a c k  a n d  t h e  f us i on  t y p e s .  Both  RNAs  h a v e  t h e  

s a m e  pola r i ty  ( n e g a t i v e )  a s  t h e  wi ld t ype  v i rus  g e n o m e  bu t  di f fer  in 

t h e  m a n n e r  by which  t h e y  a r e  g e n e r a t e d .  T h e  c o p y - b a c k  Dl RNA,  

w h i ch  is t h e  m o s t  c o m m o n  t y p e  d e s c r i b e d  for  p a r a m y x o v i r u s e s  

a n d  VSV ( A m e s s e  et  al. ,  1982;  P e r r a u l t  et al. , 1978 ) ,  c o n t a i n s  

on l y  t h e  5 ' - t e r mi n a l  a n d  pa r t  of  t h e  L g e n e  s e q u e n c e s .  T h e  3'  e n d  

of  t h i s  RNA is c o m p l e m e n t a r y  to t h e  5'  e n d  ( 1 1 0 - 1 5 0  n u c l e o t i d e s )  

a n d  f o r m s  a p a n h a n d l e d  c i rcu l a r  s t r u c t u r e  (Ko l akof s ky ,  1976) .  

T h i s  nove l  3'  e n d  s e q u e n c e  is s o m e w h a t  s imi l a r  to t h a t  o f  t h e  

n o n d e f e c t i v e  (ND) g e n o m e ,  s i n c e  15 of  t h e  first  25  n u c l e o t i d e s  a r e  

i de n t i ca l  b e t w e e n  t h e  two g e n o m e s  ( Re  et  al. ,  1983 ) .  On  t h e  

o t h e r  h a n d ,  t h e  m u c h  l e s s  f r e q u en t l y  o b s e r v e d  f us i on  Dl RNA is a
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d e l e t i o n  m u t a n t  t h a t  h a s  c o n s e r v e d  3'  a n d  5'  t e rmin i  a n d  e x t e n s i v e  

i n t e rna l  d e l e t i o n s .  T h e  d e l e t e d  g e n e s  a r e  u s ua l l y  P, M, F, a n d  

HN.  In t h e  ma jor i t y  of  t h e  or iginal  i s o l a t e s  of  f u s i on  Dl RN As ,  t h e  

3'  p a r t  of  t h e  N P  g e n e  w a s  f u s e d  to 5'  s e q u e n c e s  of  t h e  L g e n e  

( A m e s s e  et  al. ,  1982) .  T h e  f us ion  Dl RNAs  u s u a l l y  r e t a i n  t h e  N P  

t r a n s c r i p t i o n  s t a r t  s i gna l  a t  t h e  3'  e n d  a s  wel l  a s  t h e  L 

t r a n s c r i p t i o n  t e r m i n a t i on  s igna l .  In c o n t r a s t ,  t h e  c o p y - b a c k  t y p e  

l a c k s  t h e  N P  t r a n s c r i p t i o n  s t a r t  s e q u e n c e  but  u s u a l l y  r e t a i n  t h e  L 

g e n e  t e r m i n a t i on  s e q u e n c e .  T h e  l a r g e s t  a n d  s m a l l e s t  S e n d a i  

v i rus  c o p y - b a c k  Dl RNA s t u d i e d  t h u s  far  c o n t a i n  - 2 6 0 0  a n d  - 4 5 0  

n u c l e o t i d e s ,  r e s p e c t i v e l y  (Re ,  1991) .  For  fus i on  Dl ' s ,  g e n o m e s  a s  

l a r g e  a s  4 6 0 0  a n d  a s  little a s  1600  n u c l e o t i d e s  h a v e  b e e n  

i so l a t e d .

By def in i t i on ,  bo th  t y p e s  of  Dl p a r t i c l e s  r e q u i r e  n o n d e f e c t i v e  

p a r t i c l e s  for  g r owt h  a n d  m o r e  i mpor t an t l y ,  i n t e r f e r e  with 

n o n d e f e c t i v e  RNA r ep l i ca t i on  a n d  p r o d u c t i v e  infec t ion .  F o r  th i s  

r e a s o n ,  H u a n g  a n d  Ba l t i more  ( 1970 )  p o s t u l a t e d  t h a t  Dl p a r t i c l e s  

m a y  m e d i a t e  t h e  e s t a b l i s h m e n t  a n d  m a i n t e n a n c e  of  p e r s i s t e n t  

viral  i n f e c t i o n s  s u c h  a s  S S P E .  Dl p a r t i c l e s  h a v e  b e e n  o b s e r v e d  

a n d  d e s c r i b e d  for  a  n u m b e r  of  p a r a m y x o v i r u s e s  i nc lud ing  HPIV-3,  

m u m p s  v i rus ,  NDV,  m e a s l e s  vi rus ,  c a n i n e  d i s t e m p e r  v i rus ,  SV5,  

a n d  r e s p i r a t o r y  s yncy t i a l  v i rus  ( Re ,  1991) .  In g e n e r a l ,  t h e s e  Dl
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p a r t i c l e s  c h a r a c t e r i s t i c a l l y  exhibi t  t h e  von  M a g n u s  e f f e c t  (von 

M a g n u s ,  1952) ,  which  is t h e  cycl ic  g r owt h  p a t t e r n  ( i n f ec t i o u s  t i ter)  

of  n o n d e f e c t i v e  p a r t i c l e s  w h e n  c o - p a s s a g e d  u n d i l u t e d  wi th Dl 

pa r t i c l e s .  As  is t h e  c a s e  for t h e  n o n d e f e c t i v e  g e n o m e ,  t h e  S e n d a i  

v i rus  Dl g e n o m e s  p o s s e s s  t h e  p r o p e r  e n c a p s i d a t i o n  s i g n a l  a n d  

t h u s  a r e  p r o t e c t e d  f rom r i b o n u c l e a s e  d i g e s t i o n  ( Lynch  a n d  

Kol akof sky ,  1978) .

C e r t a i n  s t r u c t u r a l  f e a t u r e s  m u s t  b e  p r e s e n t  in Dl RNAs ,  a n d  

t h e  p r e s e n c e  of  o t h e r  f e a t u r e s  c a n  f u r t he r  i n c r e a s e  t he i r  c h a n c e s  

of  surv iva l .  For  e x a m p l e ,  in S e n d a i  v i rus  Dl g e n o m e s ,  t h e  5'  e n d  

of  t h e  n o n d e f e c t i v e  g e n o m e  is i nva r i ab ly  r e t a i n e d  in all Dl RNAs  

e x a m i n e d  ( Re ,  1991) ,  s u g g e s t i n g  t h a t  th i s  s e q u e n c e  m u s t  be  

p r e s e n t  for  r ep l i ca t i on  a n d  p a c k a g i n g .  By t h e  s a m e  t o k e n ,  

s e q u e n c e s  a t  t h e  3 ’ e n d  a r e  a l s o  i mp o r t a n t ,  a l t h o u g h  s o m e  

v a r i a t i o n s  a r e  a l lowed  a s  s e e n  in c o p y - b a c k  g e n o m e s .  A l ack  of  a 

t r an s c r i p t i o n  ini t iat ion s i g n a l  a l s o  i n c r e a s e s  t h e  c h a n c e s  of  

surv iva l .  Thi s  m a y  b e  d u e  to t h e  f ac t  t h a t  all p o l y m e r a s e  

c o m p l e x e s  t h a t  e n t e r  a t  t h e  3'  e n d  wou ld  be  e x c l u s i v e l y  d e v o t e d  

to r ep l i ca t i on  a n d  not  d iv e r t e d  to t r a n sc r i p t i o n  ( Re ,  1991 ) .  Th i s  

m a y  e xp l a i n  wh y  t h e  t r an s c r i p t i o n a l l y  iner t  c o p y - b a c k  Dl g e n o m e s  

a r e  m o r e  a b u n d a n t  t h a n  t h e  t r an s c r i p t i o n a l l y  a c t i ve  f u s io n  Dl 

g e n o m e s .  Also,  w h e n  a mi x tur e  of  t h e  two t y p e s  of  Dl RNAs  a r e
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c o - p a s s a g e d  mul t iple  t i me s ,  t h e  c o p y - b a c k  Dl RNAs  e v e n t u a l l y  

e l i mi n a t e  t h e  fus ion  Dl RNAs  in t h e  p o p u la t i o n  ( Re  a n d  Ki n g s b u r y ,  

1986 ) .  T h e  op t i mal  s i z e  of  Dl RNAs  a p p e a r  to h a v e  a  r a n g e ,  

b e t w e e n  4 kb a n d  4 5 0  n u c l e o t i d e s  (nt).  G e n e r a l l y ,  t h e  s m a l l e r  t h e  

RNA,  t h e  b e t t e r  it r e p l i c a t e s ,  a n d  t h e  l a rge r  t h e  RNA,  t h e  b e t t e r  it 

p a c k a g e s .  If a  Dl RNA is too  l a rge  (> 4kb) ,  t h e  r ep l i ca t i v e  

a d v a n t a g e  o v e r  t h e  n o n d e f e c t i v e  g e n o m e  is lost ,  w h e r e a s  if it is 

t o o  sma l l  (< 4 5 0  nt),  it is los t  d u e  to t h e  f ac t  t h a t  s ma l l  

n u c l e o c a p s i d s  a r e  r e l a t ive ly  ineff icient ly p a c k a g e d  into v i r i ons  

( Re ,  1991) .  T h e s e  p a r a m e t e r s  m u s t  be  t a k e n  into c o n s i d e r a t i o n  

w h e n  d e s i g n i n g  an  art i f icial  Dl g e n o m e .

In C h a p t e r  II, w e  h a v e  c o n s t r u c t e d  a n  art i f icial  g e n o m e  t ha t  

is v e r y  m u c h  like a  fus ion  Dl RNA.  Like t h e  fus i on  Dl RNA,  o u r  

ar t i f icial  g e n o m e ,  S e n d - C A T ,  c o n t a i n s  in t ac t  3'  a n d  5'  t e r mi n a l  

s e q u e n c e s  of  t h e  n o n d e f e c t i v e  S e n d a i  g e n o m e .  To  o p t i m i z e  for 

its su rv iva l ,  we  h a v e  c h o s e n  a  s i z e  of  9 2 4  n u c l e o t i d e s .  T h e  

t r an s c r i p t i o n  s t a r t  a n d  t e r m i n a t i on  s i g n a l s  of  N P  a n d  L, 

r e s p e c t i v e l y ,  a r e  p r e s e r v e d  a s  well  a s  t h e  l e a d e r  g e n e .  W e  h a v e  

s h o w n  t h a t  th i s  fus ion  Dl- l ike g e n o m e  is t r a n s c r i p t i o n a l l y  ac t i ve ,  

s i n c e  a r e p o r t e r  g e n e  ( c h l o r a m p h e n i c o l  a c e t y l t r a n s f e r a s e ) ,  is 

e f f i c i ent ly  e x p r e s s e d .  F u r t h e r m o r e ,  t h e  S e n d - C A T  RNA is 

e n c a p s i d a t e d  a n d  r e p l i ca t e d ,  a s  a s s a y e d  by t h e  p r e s e n c e  of  its
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n u c l e a s e - r e s i s t a n t  a n t i - g e n o m e s  (cRNA),  a n d  p a c k a g e d  into 

p r o g e n y  vi r ions .  In C h a p t e r  III, w e  f u r t he r  s h o w  t h a t  t h e  

S e n d - C A T  RNA b e h a v e s  like a  Dl g e n o m e  in t h a t  it c a n  b e  g r o w n  

to a v e r y  high t i ter  a f t e r  und i l u t ed  s e r i a l  p a s s a g e  t h r o u g h  

e m b r y o n a t e d  e g g s .  T h u s ,  o u r  S e n d - C A T  RNA r e p r e s e n t s  a 

s impl i f i ed  a n d  r ep l i ca t i ng  m o de l  of  t h e  v i rus  g e n o m e ,  wh i ch  c a n  

b e  op t i ma l ly  u s e d  to s t u d y  t h e  e f f e c t s  of  s pe c i f i c  m u t a t i o n  on  

t r a n s c r i p t i o n ,  r ep l i ca t i on ,  a n d  p a c k a g i n g .
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A. I NTRODUCTI ON

S e n d a i  vi rus  is a p r o t o t y p e  p a r a m y x o v i r u s  c o n t a i n i n g  a 

n o n - s e g m e n t e d ,  n e g a t i v e - s e n s e  RNA g e n o m e  of  15 . 3  k i l o b a s e s  

(kb) .  Dur ing t r a n s c r i p t i o n ,  t h e  g e n o m e  d i r e c t s  t h e  s y n t h e s i s  of  a 

l e a d e r  RNA a n d  six t r a n s c r i p t i o n  uni t s  (N P ,  P /C ,  M, F, H N ,  a n d  L) 

( Ko l ako f s ky  a n d  Roux ,  1987) .  Af ter  a c t i v e  viral  p r o t e i n  s y n t h e s i s ,  

r e p l i ca t i on  e n s u e s ,  r e s u l t i n g  in t h e  s y n t h e s i s  of  fu l l - l ength  

p o s i t i v e - s t r a n d  c o m p l e m e n t a r y  RNA (cRNA)  whi ch  is u s e d  to 

c r e a t e  n e w  g e n o m e s .  T h e  m R N A s  a r e  c a p p e d  a n d  

p o l y a d e n y l y l a t e d  by t h e  viral  p o l y m e r a s e ,  w h e r e a s  t h e  l e a d e r  RNA 

a n d  t h e  cRNA a r e  u nmod i f i ed .  In t h e  viral  g e n o m e ,  v a r i o u s  

c / ' s -act ing s i g n a l s  h a v e  b e e n  ident i f i ed or  p r o p o s e d  to f unc t i on  

d u r i ng  mRNA s y n t h e s i s .  T h e s e  i nc l ude  t h e  t r a n s c r i p t a s e  e n t r y  

s i g n a l  at  or  n e a r  t h e  3'  e n d ,  t r a n s c r i p t i o n  t e r m i n a t i o n  a n d  r e - s t a r t  

s e q u e n c e s  a t  t h e  i n t e r ge n i c  j u n c t i o n s  ( G u p t a  a n d  Ki ns bu r y ,  1984 ) ,  

a n d  t h e  s i t e  in t h e  P / C  g e n e  a t  which  RNA edi t i ng  by G - n u c l e o t i d e  

i ns e r t i on  o c c u r s  (Vidal  et al. ,  1990) .  In c o n t r a s t ,  s e q u e n c e s  

r e q u i r e d  for  r ep l i ca t i on ,  e n c a p s i d a t i o n ,  a n d  p a c k a g i n g  of  t h e  

g e n o m e  h a v e  not  b e e n  c l ea r l y  d e f i n e d ,  a l t h o u g h  t h e y  p r o b a b l y  

r e s i d e  wi thin t h e  t e r m i n a l  s e q u e n c e s .  In th i s  r e g a r d ,  e f f o r t s  to 

s t u d y  s u c h  s i g na l ( s )  h a v e  b e e n  h a m p e r e d  by t h e  l a r g e  s i z e  of  t h e
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viral  g e n o m e  a n d  t h e  diff icul ty in p e r fo r mi ng  r e v e r s e  g e n e t i c s ,  d u e  

to t h e  n e g a t i v e - s e n s e  pola r i ty  of  t h e  g e n o m e .

Only  r e c e n t l y  h a v e  m e t h o d s  b e e n  d e v e l o p e d  t h a t  e n a b l e  

m o l e c u l a r  s t u d i e s  of  n e g a t i v e  s t r a n d  RNA v i r u s e s  in vivo. Fo r  

i n f l u e n z a  v i r u s e s ,  Luyt j es  et al. ( 1 9 89 )  h a v e  d e s c r i b e d  a  s y s t e m  

w h e r e b y  pur i f i ed n u c l e o c a p s i d  p r o t e i n s  a n d  s y n t h e t i c  RNA ( P a r v i n  

et al. ,  1989)  a r e  u s e d  to a s s e m b l e  a s y n t h e t i c  viral  g e n e - l i k e  RNA 

into biologica l ly  a c t i v e  r i b o n u c l e o p r o t e i n  ( RNP) .  S u b s e q u e n t l y ,  

th i s  s y s t e m  a l l o we d  in t roduc t i on  of  m u t a t i o n s  into t h e  g e n o m e  of 

i n f l u e n z a  v i rus  ( E n a m i  e f  al.,  1990)  a n d  led to  t h e  d e t e r m i n a t i o n  of  

t h e  mi n imal  s u b s e t  of  viral  p r o t e i n s  r e q u i r e d  for  g e n o m e  

r ep l i ca t i on  ( H u a n g  et al. ,  1990) .  In t h e  r h a b d o v i r u s  s y s t e m ,  Dl 

p a r t i c l e s  of  v e s i c u l a r  s t o ma t i t i s  v i rus  (VSV) h a v e  b e e n  

s u c c e s s f u l l y  r e p l i c a t e d  ( P a t t n a i k  a n d  Wer t z ,  1990 )  a n d  a s s e m b l e d  

( P a t t n a i k  a n d  We r t z ,  1991)  t h r o u g h  t h e  u s e  of  viral  p r o t e i n s  

e x p r e s s e d  f rom r e c o m b i n a n t  s o u r c e s .  R e c o m b i n a n t  i n f ec t i o u s  

v i rus  s y s t e m s  h a v e  a l s o  b e e n  d e v e l o p e d  for d o u b l e - s t r a n d e d  RNA 

v i r u s e s  s u c h  a s  b a c t e r i o p h a g e  <|>6 ( Ol k k o e n  et al. ,  199 0 )  a n d  

r e o v i r u s  ( R o n e r  et  al. ,  1990) .  T o g e t h e r ,  t h e s e  s t u d i e s  p r ov i d e  

e x a m p l e s  of  a l t e r n a t i v e  a n d  r e w a r d i n g  a p p r o a c h e s  to m a n i p u l a t e  

a n d  u n d e r s t a n d  n e g a t i v e - s e n s e  RNA vi rus  g e n o m e s  a n d  the i r  

g e n e  p r o d u c t s .  Un f o r t una t e l y ,  no s u c h  a d v a n c e s  h a v e  b e e n  m a d e
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for  p a r a m y x o v i r u s e s .  Regre t fu l ly ,  e a r l i e r  r e p o r t s  of  i n f e c t i o u s  

m e a s l e s  vi rus  (MV) be i ng  g e n e r a t e d  f rom c l o n e d  MV cDNA by 

mi c r o i n j ec t i ng  " c o mmi t t ed  t r a n s c r i p t i o n  c o m p l e x e s "  into h e l p e r  

c e l l s  ( Ba l l a r t  e t  al. ,  1990)  h a v e  b e e n  r e t r a c t e d .

In t h e  p r e s e n t  s t udy ,  we  d e s c r i b e  a  s i m p l e  s y s t e m  s imi l a r  to 

t h a t  d e v e l o p e d  for i n f l uenza  vi rus  which  a l l ows  for  e f f i c i en t  

e x p r e s s i o n ,  r ep l i ca t i on ,  a n d  p a c k a g i n g  of  a f o r e i gn  g e n e  by 

S e n d a i  v i rus .  In c o n t r a s t  to t h e  s t u d i e s  d e s c r i b e d  a b o v e ,  w e  find 

t h a t  e x p r e s s i o n  a n d  r e s c u e  of  s y n t h e t i c  RNA c a n  be  a c h i e v e d  by 

t r a n s f e c t i o n  of  n a k e d  vi rus - l i ke  RNA fo l l owed  by  h e l p e r  v i rus  

i nfec t ion.  T h e r e f o r e ,  no  e n c a p s i d a t i o n  o r  mod i f i ca t i on  of  t h e  

s y n t h e t i c  RNA is n e e d e d  pr ior  to t r a n s f e c t i o n .  H o w e v e r ,  t h e  

a d d i t i o n  of  h o s t  cel l  f ac t o r ( s )  c a n  m a r k e d l y  e n h a n c e  t h e  l e ve l s  of  

e x p r e s s i o n  a n d  r e s c u e  of  t h e  g e n e .  Thi s  s y s t e m  will n ow  a l low us  

to e x a m i n e  t h e  v a r i o u s  c / s - ac t i ng  RNA s i g n a l s  a n d  to ident i fy  

p o s s i b l e  h o s t  cel l  auxi l i a ry  p r o t e i n s  a n d  the i r  role  du r in g  viral  

g e n e  e x p r e s s i o n  a n d  rep l i ca t i on .
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B. MATERIALS AND ME T H O DS

1. VIRUS AND CELLS

S e n d a i  v i rus  ( S e n d a i / 5 2 )  w a s  g r own  in e m b r y o n a t e d  c h i c k e n  

e g g s  a s  d e s c r i b e d  ( Pa rv i n  et  al. ,  1989) .  M a d i n - D a r b y  b ov i n e  

k i d n e y  (MDBK) ce l l s  w e r e  u s e d  for  t r a n s f e c t i o n  e x p e r i m e n t s  a n d  

p l a q u e  a s s a y s .  C y t o p l a s m i c  e x t r a c t s  w e r e  p r e p a r e d  f rom b a b y  

h a m s t e r  k i dne y  (BHK) cel l s .

2. C O N S T R U C T I O N  OF p S E N D - CA T

P l a s m i d  p S e n d - C A T  w a s  c o n s t r u c t e d  t h r o u g h  a s e r i e s  of  3 

p o l y m e r a s e  c h a i n  r e a c t i o n s  ( P CR)  us i ng  a to t a l  of  5 p r i m e r s .  

E a c h  p r i me r  w a s  6 0 - 7 0  b a s e s  long.  P r i m e r s  1 a n d  2 c o n t a i n e d  

CAT g e n e  s e q u e n c e  f u s e d  with par t i a l  s e q u e n c e  of  S e n d a i  v i rus  5 ’ 

or  3'  t e rmini .  T h e  or igina l  P C R  r e a c t i o n  w a s  a c c o m p l i s h e d  u s i n g  

p r i m e r s  1 a n d  2 on  p l a sm i d  pCM7 ( P h a r m a c i a ) .  T h i s  P C R  p r o d u c t  

w a s  t h e n  u s e d  a s  t e m p l a t e  for a n o t h e r  P C R  r e a c t i o n  u s i n g  p r i m e r s  

3 a n d  4.  P r i m e r  3 o v e r l a p s  with t h e  5'  e n d  of  p r im e r  1 a n d  a l s o  

c o n t a i n e d  t h e  s e q u e n c e  of  t h e  r e m a i n i n g  3'  t e r m i n u s  of  t h e  S e n d a i  

g e n o m e  b o u n d e d  by t h e  e n g i n e e r e d  Ear l  s i t e  a n d  a  S a c l  

r e s t r i c t i on  s i t e  u s e f u l  for  c l on ing  (Fig.  4) .  P r i m e r  4 o v e r l a p s  wi th 

t h e  5'  e n d  of  p r i me r  1 a n d  c o n t a i n s  a dd i t i ona l  s e q u e n c e  f rom t h e
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5'  e n d  of  S e n d a i  vi rus ,  but  d o e s  not  c o m p l e t e  t h e  5'  t e r mi n a l  

S e n d a i  v i rus  s e q u e n c e .  Thi s  P C R  p r o d u c t  w a s  t h e n  u s e d  a s  

t e m p l a t e  for  a r e a c t i o n  with p r i m e r s  3 a n d  5.  P r i me r  5 o v e r l a p s  

wi th t h e  5'  e n d  of  p r i me r  4,  c o m p l e t i n g  t h e  5 '  t e r m i n u s  of  t h e  

S e n d a i  v i rus  s e q u e n c e  which  a b u t s  t h e  T7 p r o m o t e r  s e q u e n c e  a n d  

a H/ndl l l  s i t e  for c l on ing  (Fig.  4).  T h e  f inal  P C R  p r o d u c t  w a s  

c l o n e d  into t h e  H ind \ \ \ /S ac \  w i n d o w  of  pUC19 .

3. P RE P A R A T I O N  OF C Y TOPL ASMI C EXTRACTS

C y t o p l a s m i c  e x t r a c t s  w e r e  p r e p a r e d  e s s e n t i a l l y  a s  d e s c r i b e d  

( Mi r akhu r  a n d  P e l u s o ,  1988) ,  e x c e p t  t ha t  l e u p ep t i n  (0 .3  pg/ml ) ,  

P M S F  (1 mM),  a n d  a n t i p a i n  (1 pg/ml )  w e r e  i n c l u de d  in t h e  

e x t r a c t i o n  buf fer .  For  i n f ec t ed  cel l  e x t r a c t s ,  s u b c o n f l u e n t  

m o n o l a y e r s  of  BHK ce l l s  in 1 5 0 - m m  d i s h e s  w e r e  i n f ec t e d  with 

S e n d a i  v i rus  a t  mo i =10  a n d  i n c u b a t e d  for 16 h o u r s  a t  33°C.  

E x t r a c t s  w e r e  p r e p a r e d  a t  a f inal  c o n c e n t r a t i o n  of  a p p r o x i m a t e l y  

10® ce l l s /ml  with p ro t e i n  c o n c e n t r a t i o n s  in t h e  r a n g e  of  1-2 mg/ ml .  

R N a s i n  (10  uni t s /ml )  w a s  a d d e d  to t h e  final s u p e r n a t a n t .

4.  P R E P A R AT I ON  O F  RNA AND T R A N S F E C T I O N S

Run- o f f  t r a n s c r i p t i o n  of  E a r l - d i g e s t e d  p S e n d - C A T  (Fig.  4)  

w a s  p e r f o r m e d  us i ng  s t a n d a r d  T7 p o l y m e r a s e  r e a c t i o n
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p r o c e d u r e s .  T h e  RNA w a s  pur i f i ed a n d  q u a n t i t a t e d  a s  d e s c r i b e d  

(Pa r v i n  et al. ,  1989) .  For  s y n t h e s i s  of  r i b o p r o b e s ,  100 pCi  of 

[ a - 32P ] C T P  w a s  a d d e d  in t h e  p r e s e n c e  of  4 mM e a c h  of  ATP,  UTP,  

a n d  G TP .  T h e  ful l - l ength  p r o d u c t  w a s  ge l  pur i f i ed ( A u s u b e l  et  al. ,  

1988) .  A p p r o x i m a t e l y  0 .5-  1 pg  of  t h e  pur i f i ed t r a n s c r i p t  w a s  u s e d  

for  t r a n s f e c t i o n  with or  wi thou t  c y t o p l a s m i c  e x t r a c t  a s  d e s c r i b e d  

( Luy t j e s  et al. ,  1989) .

5. M I C ROC OC C A L  N UC L E A SE  (MN) DI GE ST I ON

RNA s a m p l e s  w e r e  d i g e s t e d  wi th 10 un i t s  of  MN p e r  1 pg  of  

RNA in 10 mM Tris ,  pH 8 . 1 /  1mM C a C I 2 a t  37° for  1 hour .  For  

e n c a p s i d a t i o n  a n a l y s i s ,  d u p l i c a t e  r e a c t i o n s  w e r e  c a r r i e d  o u t  with 

l a b e l l e d  RNA a s  d e s c r i b e d  (Mi rakhur  a n d  P e l u s o ,  1988 )  pr ior  to 

d i g e s t i o n  wi th MN. R e s u l t i n g  RNA s a m p l e s  w e r e  e i t h e r  u s e d  

d i r ec t ly  for  t r a n s f e c t i o n  or  e x t r a c t e d  with p h e n o k c h l o r o f o r m  a n d  

a n a l y z e d  on a  1% a g a r o s e  gel ,  wh i ch  w a s  d r i ed  a n d  

a u t o r a d i o g r a p h e d .

6.  R I BO NU C L E A S E  ( R N a s e )  P R O T E C T I O N  AND CAT A S S A Y S

For  R N a s e  p r o t e c t i o n ,  c y t o p l a s m i c  e x t r a c t  w a s  p r e p a r e d  

f rom a  1 0 0 - mm  d i s h c o n t a i n i n g  a p p r o x i m a t e l y  2 x 1 0 7 MDBK c e l l s  

t h a t  h a d  b e e n  t r a n s f e c t e d  with a n  a p p r o p r i a t e  mix c o n t a i n i n g  2 0 p g
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of  S e n d - C A T  t r a n s c r i p t  a s  d e s c r i b e d  a b o v e .  T h e  e x t r a c t  w a s  

t r e a t e d  with a p p r o x i m a t e l y  1 0 0 0  uni t s  of  MN to d i g e s t  mRNA  a n d  

t h e  r e s u l t i n g  n u c l e a s e - r e s i s t a n t  RNA s p e c i e s  w e r e  i s o l a t e d  by 

mul t i p l e  p h e n o l i c h l o r o f o r m  e x t r a c t i o n s ,  fo l l owed by e t h a n o l  

p r ec i p i t a t i on .  Hybr id i za t ion  a n d  n u c l e a s e  t r e a t m e n t  wi th 

r i b o n u c l e a s e  T1 w e r e  c a r r i e d  ou t  a s  d e s c r i b e d  ( A u s u b e l  et al. ,  

1988) .  CAT a s s a y s  w e r e  p e r f o r m e d  16- 18  h o u r s  p o s t - i n f e c t i o n  a s  

d e t a i l e d  ( G o r m a n  et al. , 1982) .

7. P A S S A G I N G  O F  VIRUS A F T E R  T R A N S F E C T I O N

After  MDBK ce l l s  w e r e  t r a n s f e c t e d  a n d  i n f e c t e d  a s  

d e s c r i b e d ,  s e r u m - f r e e  m e d i u m  c o n t a i n i n g  b o v i n e  a l b u m i n  ( 0 . 2 % ) /  

t r yps i n  (5 pg/ml )  w a s  a d d e d .  Af ter  24  h o u r s ,  m e d i u m  w a s  

c o l l e c t e d ,  c l e a r e d  of  ce l l s ,  a n d  100  pi of  th i s  s u p e r n a t a n t  w a s  

u s e d  to infec t  f r e s h  MDBK ce l l s .  For  a n t i b o d y  inhibi t ion s t u d i e s ,  

a n t i - S e n d a i  v i rus  a n t i s e r u m  or  a n t i - i n f l u e n z a  v i rus  ( A/ Hong  

K o n g / 6 8 )  a n t i s e r u m  w a s  a d d e d  to t h e  i noc u l um pr ior  to  i n fec t ion  

a n d  i n c u b a t e d  for 30 m i n u t e s  a t  37°C.  At 18 h o u r s  p o s t - i n f e c t i o n ,  

c e l l s  w e r e  h a r v e s t e d  a n d  a s s a y e d  for  CAT act ivi ty.
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C . R E S U L T S

1. E X P R E S S I O N  OF S EN D- CA T  RNA BY SENDAI  VI RUS

A p l a s m i d ,  p S e n d - C A T ,  w a s  c o n s t r u c t e d  t h r o u g h  mul t i p l e  

r o u n d s  of  P C R  r ea c t i o n .  Th i s  p l a s mi d  c ou l d  d i r ec t  t h e  s y n t h e s i s  

of  a S e n d a i  vi rus - l i ke  RNA in which  t h e  c o d i n g  r eg i o n  of  t h e  

g e n o m e  w a s  r e p l a c e d  by t h e  a n t i s e n s e  c o d i n g  r e g i o n  of  t h e  

c h l o r a m p h e n i c o l  a c e t y l t r a n s f e r a s e  (CAT) g e n e .  T h u s ,  t h e  CAT 

g e n e  is f l anke d  by 145 a n d  119 n o n - c o d i n g  n u c l e o t i d e s  

c o r r e s p o n d i n g  to t h e  S e n d a i  vi rus  g e n o m e  5'  a n d  3'  t e rmini ,  

r e s p e c t i v e l y  ( s e e  Fig.  4).  S o m e  known  s i g n a l s  p r e s e n t  in t h e s e  

s e q u e n c e s  i nc l ude  t h e  e n t i r e  l e a d e r  RNA,  t h e  5'  n o n c o d i n g  r e g i o n  

of  t h e  N P  g e n e  a n d  t h e  t r a n s c r i p t i o n  t e r m i n a t i o n /  poly-A a d d i t i o n  

s i g n a l  of  t h e  L g e n e .  T h e  c o n s t r u c t i o n  w a s  s u c h  t ha t ,  a f t e r  Ear l  

d i g e s t i o n  of  t h e  p l a sm i d ,  run-of f  t r a n s c r i p t i o n  by T7 RNA 

p o l y m e r a s e  g e n e r a t e s  a 9 2 4 - n u c l e o t i d e  RNA m o l e c u l e  s h a r i n g  t h e  

e x a c t  5'  a n d  3'  e n d s  of t h e  viral  g e n o m e .  W h e n  th i s  r e c o m b i n a n t  

CAT RNA w a s  t r a n s f e c t e d  into MDBK ce l l s ,  no  d e t e c t a b l e  CAT 

act ivi ty  w a s  o b s e r v e d  (Fig.  5,  l a ne  1). S i n c e  t h i s  RNA is of  

n e g a t i v e  polar i ty,  CAT act ivi ty  wou ld  b e  p r e s e n t  on ly  if t h e  

S e n d - C A T  RNA is t r a n s c r i b e d  in vivo. W h e n  t h e  c e l l s  w e r e  

s u b s e q u e n t l y  i n f ec t ed  wi th S e n d a i  vi rus ,  s i gn i f i can t  CAT act ivi ty
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w a s  o b s e r v e d  (Fig.  5, l a n e  2).  Th i s  e x p r e s s i o n  w a s  s pe c i f i c  to 

S e n d - C A T  RNA s i n c e  a r e l a t e d  RNA,  IVACAT-1,  wh i ch  c o n t a i n s  

t h e  a n t i - s e n s e  of  CAT g e n e  f l anke d  by t h e  5'  a n d  3'  t e r m i n a l  

s e q u e n c e s  d e r i v e d  f rom t h e  NS  g e n e  of  i n f l ue nz a  A v i rus  ( Luy t j e s  

et  al. , 1989)  w a s  not  t r a n s c r i b e d  (Fig.  5B,  l a n e  2).  Addi t i onal ly ,  

RNA d e r i v e d  f rom t r a n s c r i p t i o n  of  B s u l - d i g e s t e d  p S e n d - C A T  did 

not  r e s u l t  in s i gn i f i can t  CAT e x p r e s s i o n  (Fig.  5B,  l a n e  1). Bsul  

c u t s  wi thin t h e  3'  S e n d a i  s e q u e n c e  but  l e a v e s  t h e  CAT s e q u e n c e  

intact .  F u r t h e r m o r e ,  if t h e  S e n d - C A T  RNA w a s  p r e i n c u b a t e d  with 

c y t o p l a s m i c  e x t r a c t  p r e p a r e d  from S e n d a i  v i r u s - i n f e c t e d  ce l l s ,  

CAT e x p r e s s i o n  w a s  m a r k e d l y  e n h a n c e d  (Fig.  5A,  c o m p a r e  l a n e s  

2 a n d  3).  Addi t i on of  i n c r e a s i n g  a m o u n t s  of  t h e  e x t r a c t  r e s u l t e d  in 

only  a mi n imal  i n c r e a s e  of  CAT act ivi ty (Fig.  5A, l a n e s  4 to 7).  

H o w e v e r ,  c o n t i n u e d  add i t i on  of  e x t r a c t  a t  h igh c o n c e n t r a t i o n s  

e v e n t u a l l y  r e s u l t e d  in c o m p l e t e  inhibi t ion of  CAT act ivi ty  in a n  

e x t r a c t - d e p e n d e n t  m a n n e r  ( s e e  be low) .
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Fi g u r e  4.  S C HE MAT I C R E P R E S E N T A T I O N  OF  THE REL EVANT 

R E G I ON O F  PLASMID p S E ND- CA T .  T h e  p l a s m i d  c o n t a i n s  t h e  

CAT g e n e  in a n t i - s e n s e  o r i e n t a t i on  f l a n k e d  by  t h e  5'  a n d  3'  

t e r m i n a l  s e q u e n c e s  of  t h e  S e n d a i  v i rus  g e n o m e .  T h e  S e n d - C A T  

RNA,  i nc lud ing  t h e  par t i a l  s e q u e n c e  of  t h e  S e n d a i  v i r u s  t e rmi n i  

a n d  t h e  viral  s e q u e n c e s  i m m e d i a t e l y  a d j a c e n t  to t h e  CAT g e n e ,  is 

s h o w n  b e l o w  t h e  c l on e .  No t e  t ha t  Bsul  c u t s  wi thin t h e  3'  e n d  of  

S e n d a i  s e q u e n c e  s o  t h a t  t h e  r e s u l t i ng  t r a n s c r i p t  h a s  i m p e r f e c t  3'  

t e r mi n a l  s e q u e n c e  bu t  l e a v e s  i n t ac t  t h e  a n t i - s e n s e  c o d i n g  r e g i o n  

of  CAT g e n e  a s  wel l  a s  t h e  c o m p l e t e  5'  t e r m i n a l  s e q u e n c e .
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F ig u re  5. S P E C I F I C  CAT E X P R E S S I O N  A F T E R  S E N D -C A T  RNA 

T R A N S F E C T IO N .  (A) C o n d i t i o n s  u s e d  for  t r a n s f e c t i o n s  a r e  

i n d i c a t e d  b e lo w  e a c h  la n e .  ( B) CAT ac t iv i t i e s  w e r e  m e a s u r e d  for 

d i f f e r e n t  RNAs u s e d  in t r a n s f e c t i o n s .  1 pg  of t h e  i n d i c a t e d  RNA 

w a s  p r e - i n c u b a t e d  with 32 pg  of ICE a n d  t r a n s f e c t e d ,  fo l lo w ed  by 

h e l p e r  v i ru s  in fec t ion .  L a n e  1, RNA d e r i v e d  a f t e r  t r a n s c r i p t i o n  of  

S s u l - d i g e s t e d  p S e n d - C A T ;  l a n e  2, IVACAT-1; l a n e  3,  S e n d - C A T  

RNA.
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2. TH E  S E N D -C A T  RNA IS NOT E N C A P S ID A T E D  IN  V IT R O

P re v io u s ly ,  it w a s  s h o w n  th a t  d e f e c t iv e - i n t e r f e r i n g  (Dl) RNA 

of VSV c a n  b e  e n c a p s i d a t e d  in vitro t h r o u g h  in c u b a t io n  with  a n  

in f e c te d  ce l l  e x t r a c t  (M irakhur  a n d  P e l u s o ,  1988) .  A s  i n c u b a t io n  

of  S e n d - C A T  RNA with in f e c te d  cel l  e x t r a c t  (ICE) e n h a n c e s  CAT 

e x p r e s s i o n ,  it w a s  p o s t u l a t e d  t h a t  t h e  S e n d - C A T  RNA w a s  

a s s e m b l e d  into r i b o n u c l e o p r o t e i n  (RN P)  by t h e  viral  p r o t e i n s  

p r e s e n t  in t h e  e x t r a c t .  S i n c e  a  c h a r a c t e r i s t i c  of  p a r a m y x o v i r u s  

n u c l e o c a p s i d s  is the i r  r e s i s t a n c e  to n u c l e a s e  t r e a t m e n t ,  

r a d i o l a b e l l e d  S e n d - C A T  RNA w a s  i n c u b a t e d  w i th /w i thou t  e x t r a c t  

a n d  w i th /w i thou t  m i c r o c o c c a l  n u c l e a s e  a n d  a n a l y z e d  by PA G E.  As 

s h o w n  in Fig. 6A, t h e  l a b e l l e d  RNA w a s  c o m p l e t e l y  d i g e s t e d  in t h e  

a b s e n c e  of  a d d e d  e x t r a c t  ( l a n e  3) a n d  on ly  t r a c e  a m o u n t s  a r e  

p r e s e n t  w h e n  e x t r a c t  is a d d e d  ( l a n e  4) . In o r d e r  to  d e t e r m i n e  

w h e t h e r  t h e  t r a c e  a m o u n t s  of  RNA a r e  s u f f i c i e n t  to  i n d u c e  CAT 

e x p r e s s i o n ,  d u p l i c a t e  s a m p l e s  of  n u c l e a s e  t r e a t e d  RNA w a s  u s e d  

to  t r a n s f e c t  S e n d a i  v i ru s - in f e c t e d  ce l l s .  Fig.  6B, l a n e  4 s h o w s  

th a t  RNA p r e - i n c u b a t e d  with ICE a n d  th e n  t r e a t e d  with n u c l e a s e  

d o e s  not  i n d u c e  CAT act iv i ty  in v irus  in f e c te d  ce l l s .  T h e r e f o r e ,  

t h e  e n h a n c e m e n t  of e x p r e s s i o n  t h r o u g h  in c u b a t io n  with ICE is no t  

d u e  to t h e  a s s e m b l y  of  n u c l e o c a p s i d s  in vitro.
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F ig u re  6. ANALYSIS O F  EN CA PSID ATION  R E A C T IO N S .  In

d u p l i c a t e  s a m p l e s ,  l a b e l l e d  S e n d -C A T  RNA w a s  i n c u b a t e d  with 

e i t h e r  ICE or e x t r a c t i o n  buffer .  (A)  A u t o r a d i o g r a p h y  of  M N - t r e a t e d  

RNAs a f t e r  e l e c t o r p h o r e s i s .  In c u b a t io n  with ICE a n d  MN is 

i n d i c a t e d  by (+). (6 )  CAT ac t iv i t i e s  o b s e r v e d  a f t e r  t r a n s f e c t i o n  of  

t h e  s a m p l e s  fo l lowing e n c a p s i d a t i o n  a n d  MN r e a c t i o n s .  All

t r a n s f e c t i o n s  w e r e  fo l lowed  by h e l p e r  v i rus  in fec t ion .
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3. A CELLULAR F A C T O R (S )  IN TER A C TS WITH S E N D -C A T  RNA 

S i n c e  t h e  b io log ica l ly  ac t iv e  RNA c o n s t r u c t  w a s  fo u n d  no t  to
v

b e  e n c a p s i d a t e d ,  a  ce l lu la r  f ac to r  r a t h e r  t h a n  a viral  c o m p o n e n t  

m a y  a c c o u n t  for  t h e  e n h a n c e m e n t  of  CAT e x p r e s s i o n .  To  a d d r e s s  

th i s ,  w e  p r e p a r e d  c y t o p l a s m i c  e x t r a c t s  in p a r a l l e l  from u n i n f e c t e d  

c e l l s  a n d  in f e c te d  ce l l s .  In th e  p r e s e n c e  of  h e l p e r  v i rus  in fec t ion ,  

5 a n d  10 pg of u n in f e c t e d  cel l e x t r a c t  (UCE) c l e a r ly  i n c r e a s e d  

S e n d - C A T  e x p r e s s i o n  (Fig.  7A, l a n e s  6 a n d  7, r e s p e c t i v e l y ) .  

In t e r e s t i n g ly ,  20 a n d  40  pg of  th is  UCE r e p r o d u c i b ly  s u p p r e s s e d  

S e n d - C A T  RNA e x p r e s s i o n  be low  t h e  leve l  d e t e c t a b l e  with RNA 

a l o n e  ( c o m p a r e  l a n e s  8 & 9 to  l a n e  1). Inhib i t ion w a s  a l s o  

o b s e r v e d  with ICE, but  a t  m u c h  h i g h e r  p ro te in  l e v e l s  (Fig.  7A, 

l a n e  5) ,  with c o m p l e t e  inhibi tion o c c u r r i n g  with o v e r  100  pg  of  ICE 

( d a t a  no t  s h o w n ) .  Th i s  inhibi t ion a p p e a r e d  to b e  d u e  to  a 

n o n - s p e c i f i c  RNA b ind ing  p r o te in ( s )  s i n c e  t h e  inhib i t ion c o u ld  b e  

par t i a l ly  o v e r c o m e  by t h e  add i t ion  of tRNA d u r ing  p r e - i n c u b a t i o n  

( D a ta  no t  s h o w n ) .
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F ig u r e  7. CAT ACTIVITIES O B S E R V E D  A F T E R  INCUBATION O F 

THE S E N D -C A T  RNA WITH IN CREA SIN G  A M O U N T S OF ICE O R  

UCE.  Typ ica l  t r a n s f e c t i o n s  w e r e  p e r f o r m e d  u n d e r  c o n d i t i o n s  

i n d i c a t e d .  H e lp e r  v i rus  in fec t ion  fo l lowed all t r a n s f e c t i o n s .  L a n e  

1, RNA only;  l a n e s  2 -5 ,  i n c r e a s i n g  a m o u n t s  of  ICE a s  s h o w n ;  

l a n e s  6 -9 ,  i n c r e a s i n g  a m o u n t s  of  UCE a s  s h o w n .
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4.  S E N D -C A T  RNA IS REPLICA TE D  BY H E L P E R  VIRUS

In o r d e r  to d e t e r m i n e  if t h e  S e n d - C A T  RNA is r e p l i c a t e d ,  t h e  

p r e s e n c e  of  c o m p l e t e  p o s i t i v e - s e n s e  c o p i e s  of  S e n d - C A T  RNA 

(cRNA) in t h e  t r a n s f e c t e d  ce l l s  w a s  a s s a y e d  by a r i b o n u c l e a s e  

( R N a s e )  p ro te c t io n  e x p e r i m e n t .  C y t o p l a s m i c  e x t r a c t s  p r e p a r e d  

a f t e r  a  typ ica l  t r a n s f e c t i o n  e x p e r i m e n t  w e r e  f irs t  t r e a t e d  with 

m i c r o c o c c a l  n u c l e a s e .  This  t r e a t m e n t  r e m o v e s  t h e  n u c l e a s e -  

s e n s i t i v e  m R N A s,  bu t  t h e  n u c l e o c a p s i d s  r e m a i n  in tac t .  T h e  

r e s u l t i n g  n u c l e a s e - r e s i s t a n t  RNA s p e c i e s  w e r e  i s o l a t e d  by 

e x t e n s i v e  p h e n o h c h l o r o f o r m  e x t r a c t i o n s  a n d  u s e d  for a s t a n d a r d  

R N a s e  p r o t e c t i o n  e x p e r i m e n t .  A r a d i o l a b e l l e d  S e n d - C A T  RNA 

p r o b e  w a s  u s e d  to a s s a y  for  t h e  p r e s e n c e  of  fu l l - l eng th  

p o s i t i v e - s e n s e  r e p l i c a t iv e  i n t e r m e d i a t e  cRNA. Fig.  8A, l a n e  1 is 

t h e  R N a s e - r e s i s t a n t  p r o d u c t  a f t e r  hy b r id i z a t i o n  with a s y n t h e t i c  

RNA c o r r e s p o n d i n g  to  t h e  cRN A  of  S e n d - C A T ,  w h ic h  w a s  

t r a n s c r i b e d  off a s e c o n d  p la sm id  c o n s t r u c t  (Krys ta l ,  u n p u b l i s h e d  

d a t a ) .  Fig.  8A, l a n e  4 is t h e  n e g a t i v e  c o n t ro l  w h e r e b y  p r o b e  w a s  

h y b r id i z e d  to  e x c e s s  n o n - s p e c i f i c  RNA. In th i s  c a s e ,  all p r o b e  

s e q u e n c e s  a r e  d i g e s t e d .  H o w e v e r ,  if n u c l e a s e - r e s i s t a n t  RNA from 

£ $ l p e r  v i r u s - in f e c t e d  c e l l s  t r a n s f e c t e d  with S e n d - C A T  RNA p lu s  

UCE is h y b r id i z e d  to l a b e l l e d  S e n d - C A T  RNA, fu l l - leng th  p r o d u c t  

is p r o t e c t e d  (Fig.  8A, l a n e  2). In ad d i t io n ,  t h e  s h o r t  p r o t e c t e d
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f r a g m e n t s  s e e n  in Fig.  8A p ro b a b ly  r e p r e s e n t  S e n d a i  v i ru s  

s e q u e n c e s  p r e s e n t  in S e n d - C A T  RNA ( the  5' a n d  3' e n d s )  w h ich  

a r e  p r o t e c t e d  by a u t h e n t i c  M N - r e s i s t a n t  viral RNAs. T h e r e f o r e ,  

e n c a p s i d a t e d  rep l i c a t iv e  i n t e r m e d i a t e  is p r e s e n t ,  i n d ica t in g  t h a t  

t h e  s y n t h e t i c  RNA is i n d e e d  r e p l i c a t e d .

5. S E N D -C A T  RNA IS PACKAGED INTO IN F E C T IO U S  VIRUS

S i n c e  t h e  r e c o m b i n a n t  S e n d - C A T  RNA c a n  b e  r e p l i c a t e d  by 

t h e  h e l p e r  S e n d a i  v i rus ,  it w a s  t e s t e d  w h e t h e r  p r o g e n y  v i r u s e s  

r e l e a s e d  a f t e r  a t r a n s f e c t i o n  e x p e r i m e n t  c o n t a i n e d  t h e  S e n d - C A T  

RNA. This  wou ld  in d i c a t e  th a t  t h e  S e n d - C A T  RNA c o n t a i n s  all 

s i g n a l s  n e c e s s a r y  for v i rus  p a c k a g i n g .  To d e t e r m i n e  th i s ,  t h e  

m e d i u m  from t h e  t r a n s f e c t e d  ( S e n d - C A T  RNA + U C E ) /  i n f e c t e d  

c e l l s  w a s  r e m o v e d  a n d  u s e d  for  s e c o n d a r y  in fec t ion  of  f r e s h  

MDBK ce l l s .  Ce l l s  w e r e  h a r v e s t e d  a t  d i f f e re n t  t i m e s  a f t e r  t h e  

s e c o n d a r y  in fec t ion  a n d  a s s a y e d  for  CAT activi ty .  Fig .  8B s h o w s  

t h a t  t h e  CAT ac tivi ty  w a s  f irs t d e t e c t e d  a f t e r  12 h o u r s  a n d  

i n c r e a s e d  with t im e ,  ind ica t ing  c o n t i n u e d  CAT g e n e  e x p r e s s i o n  

d u r in g  th i s  s e c o n d a r y  p a s s a g e .  In ad d i t io n ,  in th i s  s e c o n d a r y  

p a s s a g e ,  r e p l i ca t io n  of  t h e  S e n d -C A T  R N P  is still o c c u r r i n g ,  a s  

n u c l e a s e - r e s i s t a n t  po s i t i v e  s e n s e  RNA is d e t e c t e d  in a n  R N a s e  

p r o t e c t io n  e x p e r i m e n t  (Fig.  8A, l a n e  3). Also ,  to ru le  o u t  t h e



68

p o ss ib i l i ty  t h a t  e i t h e r  S e n d - C A T  R N P or  CAT p ro te in  w a s  c a r r i e d  

a l o n g  with t h e  in fec t ing  m e d ia  but  no t  p a c k a g e d  into p r o g e n y  

v i r ions ,  m e d i a  w a s  t r e a t e d  with po lyc lona l  a n t i s e r a  pr io r  to 

in fec t ion .  Fig.  8C  ( l a n e s  2 to 4) s h o w s  t h a t  a n t i b o d y  to  S e n d a i  

v i rus  c o m p l e t e l y  a b r o g a t e s  CAT ac tiv i ty  w h e r e a s  a n t i b o d y  to 

in f l u e n z a  v i rus  h a s  no  e f f ec t  ( l a n e  5). Also ,  t h e  S e n d - C A T  R N P  

c o n t i n u e s  to be  r e t a i n e d  in t h e  v irus  p o p u la t io n  e v e n  a f t e r  m ul t ip le  

p a s s a g e s .  Th i s  is e x e m p l i f i e d  by th e  p r e s e n c e  of  CAT ac t iv i ty  in 

c e l l s  i n f e c t e d  with p r im ary  (Fig.  8B, l a n e  1), s e c o n d a r y  ( l a n e  6) ,  

a n d  t e r t i a ry  ( l a n e  7) p a s s a g e s  of  v irus  from a r e s c u e  e x p e r i m e n t .  

It s h o u l d  be  n o t e d  th a t  r e s c u e  of  S e n d - C A T  RNA into i n f e c t i o u s  

v i ru s  w a s  a l s o  a c h i e v e d  with t r a n s f e c t i o n  of  n a k e d  RNA. 

H o w e v e r ,  t h e  level  of r e s c u e d  RNA w a s  e n h a n c e d  u p o n  a d d i t io n  

of  ICE or  UCE. In fac t ,  r e s c u e  e f f ic iency  of  S e n d - C A T  RNA w a s  

a l w a y s  p r o p o r t i o n a l  to t h e  le v e ls  of  CAT act iv i ty  s e e n  in t h e  

p r im a ry  t r a n s f e c t e d /  in fec ted  ce l l s  ( d a t a  not  s h o w n ) .
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F ig u re  8. ANALYSIS OF REPLICATION AND PACKAGING OF 

S E N D -C A T  RNA. (A)  R i b o n u c l e a s e  p ro te c t io n  a s s a y  w a s  

p e r f o r m e d  u s in g  la b e l l e d  S e n d - C A T  RNA a s  a p ro b e .  T h e  p r o b e  

w a s  h y b r id i z e d  to: l a n e  1, 10 ng of  s y n t h e t i c  fu l l - leng th  cRN A  

t r a n s c r i p t ;  l a n e  2, M N - r e s i s t a n t  c y t o p l a s m i c  RNA (MRCR) i s o l a t e d  

a f t e r  a t r a n s f e c t io n / in f e c t io n  e x p e r i m e n t ;  l a n e  3, M R C R  i s o l a t e d  

a f t e r  a s e c o n d a r y  infec t ion  (18 hpi);  l a n e  4 ,  10 pg  tRNA. ( B) TIME 

C O U R S E  OF 2°  CAT E X P R E S S IO N .  Ce l l s  w e r e  h a r v e s t e d  for  CAT 

a s s a y s  a t  d i f f e re n t  t i m e s  a f t e r  in fec t ion .  L a n e s  1-4: 1, 4 ,  12,  24 

h o u r s  p o s t - in f e c t io n ,  r e s p e c t iv e l y .  (C) CAT ac t iv i ty  i n d u c e d  by 

in fec t ion  of  f r e s h  MDBK ce l l s  by m e d i a  f rom a 

t r a n s f e c t i o n / i n f e c t i o n  e x p e r i m e n t  in t h e  p r e s e n c e  of 0 pi ( l a n e  1), 

10 pi ( l a n e  2) a n d  4 0  pi ( l a n e  3) of  a n t i - S e n d a i  a n t i b o d y  or  10 pi 

of  a n t i - i n f lu e n z a  a n t i b o d y  ( l a n e  5). L a n e s  6 a n d  7 r e p r e s e n t  CAT 

ac t iv i t i e s  o b s e r v e d  a f t e r  s e c o n d  a n d  third p a s s a g e s ,  r e s p e c t i v e l y ,  

of  p r o g e n y  v i rus  o b t a i n e d  from first p a s s a g e .
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D. D IS C U S S IO N

T h e  abil i ty to m a n i p u l a t e  t h e  g e n o m e s  of n e g a t i v e - s e n s e  

RNA v i r u s e s  will h a v e  a p ro fo u n d  e f f e c t  on  t h e  s t u d y  of  t h e s e  

v i ru s  g r o u p s .  In r e c e n t  y e a r s ,  ar t i f ic ia l  g e n o m e s  h a v e  b e e n  

e n g i n e e r e d  a n d  u s e d  to a n a l y z e  RNA s i g n a l s  (L u y t je s  et  at.,  1989 ;  

P a rv in  et  al . ,  1 989 )  a n d  c r e a t e  n e w  v i r u s e s  ( E n a m i  et a!., 1990 ;  

P a r k  & K rysta l ,  u n p u b l i s h e d  d a t a ) .  In th i s  r e p o r t  w e  m o d i f ied  t h e  

t e c h n o l o g y  u s e d  to  c r e a t e  th e  i n f l u e n z a  v i ru s  r e p l i c a t i o n /  r e s c u e  

s y s t e m  for u s e  with p a r a m y x o v i r u s e s .  T h u s ,  a  cDNA c l o n e  w a s  

c o n s t r u c t e d  w hich  c o d e s  for  a  m a r k e r  g e n e  (CAT) b o u n d e d  by th e  

e n t i r e  5'  a n d  3'  n o n c o d i n g  te rm in i  of  S e n d a i  v irus .  A dd i t iona l  

e n g i n e e r i n g  of  t h e  cDNA a l lo w e d  for  s y n t h e s i s  of  a  S e n d a i  

g e n o m e - l i k e  vRNA with e x a c t  te rm in i  (Fig.  4) .  W h e n  i n t r o d u c e d  

into ce l l s  CAT g e n e  is e x p r e s s e d  on ly  in t h e  p r e s e n c e  of 

s u p e r - i n f e c t i n g  S e n d a i  v i rus  (Fig.  5). T h u s ,  t h e  h e l p e r  v i ru s  

p r o v i d e s  t h e  n e c e s s a r y  viral p r o t e i n s  for  r e c o g n i t i o n  a n d  

t r a n s c r i p t i o n  of  t h e  S e n d - C A T  RNA. T h a t  t h e  S e n d - C A T  RNA is 

a l s o  r e p l i c a t e d  in t h e s e  ce l l s  is e v i d e n c e d  by t h e  p r e s e n c e  of 

fu l l - leng th  po s i t i v e  s e n s e  t r a n s c r i p t s  within c e l l s  (F ig.  8A). T h i s  

s y n t h e t i c  RNA is a l s o  p a c k a g e d  into p r o g e n y  v i r io n s  a s  CAT 

ac t iv i ty  is e x p r e s s e d  e v e n  a f t e r  mul t ip le  p a s s a g e s  in t i s s u e  c u l tu r e
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a n d  t h e  t im e  c o u r s e  of CAT e x p r e s s i o n  a p p r o x i m a t e l y  fo l lows  th e  

k in e t i c s  of  S e n d a i  v i rus  in t i s s u e  c u l tu r e  ce l l s .  T h e r e f o r e ,  th i s  

S en d * C A T  RNA is a n a l o g o u s  to  t h e  d e s c r i b e d  fu s io n  Dl RN A s of 

S e n d a i  v i rus  ( A m e s s e  e t a / . ,  1982;  R e  e t a / . ,  1984) .  T h i s  p r o v i d e s  

e v i d e n c e  t h a t  fus ion  Dl v i r u s e s  c a n  b e  t r a n s c r i p t i o n a l ly  a c t iv e .

A u n i q u e  f ind ing  is t h a t  t h e  S e n d - C A T  RNA m o l e c u l e  

r e q u i r e s  n e i t h e r  in vitro e n c a p s i d a t i o n  no r  s p e c i a l  m e t h o d s  of 

t r a n s f e c t i o n .  T h i s  is in c o n t r a s t  to t h e  in f lu e n z a  s y s t e m ,  which  

a b s o l u t e l y  r e q u i r e s  t h e  ad d i t io n  of  pur if ied  viral c o r e  p r o t e i n s  to 

r e c o n s t i t u t e  b io log ica l ly  ac t iv e  RNP.  T h e  d i f f e r e n c e  m a y  b e  d u e  

to t h e  f ac t  th a t  in f lu e n z a  v i rus  r e p l i c a t e s  in t h e  n u c l e u s ,  w h e r e a s  

p a r a m y x o v i r u s e s  a r e  e x c lu s iv e ly  l imited to  t h e  c y t o p l a s m .  It is 

p r o b a b l e  t h a t  t h e  n u c l e a r  loc a l iz a t ion  s i g n a l s  p r e s e n t  in t h e  

i n f l u e n z a  viral c o r e  p r o t e i n s  a r e  r e q u i r e d  to p r o p e r ly  t a r g e t  t h e  

t r a n s f e c t i n g  RNA. N e v e r t h e l e s s ,  in o u r  c a s e ,  s im p l e  

D E A E / d e x t r a n - m e d i a t e d  t r a n s f e c t i o n  of  n a k e d  S e n d - C A T  RNA 

t r a n s c r i p t s  w e r e  su f f ic ien t  for  e x p r e s s i o n  a n d  r e s c u e  a s  long a s  

viral  p r o t e i n s  w e r e  p ro v id e d  via h e l p e r  v i rus  in fec t ion .  P e r h a p s  

t h e  s m a l l  s i z e  of  ou r  fu s ion  Dl-l ike RNA (9 2 4  n u c l e o t i d e s )  a l lo w s  

for t h e  t r a n s f e c t i o n ,  s u b s e q u e n t  e n c a p s i d a t i o n  a n d  r e c o g n i t i o n  by 

t h e  S e n d a i  p o l y m e r a s e .  How c a n  th i s  r e c o g n i t i o n  o c c u r ?  T h e  

b a s i c  m o d e l  for  t r a n s c r i p t i o n  a n d  r e p l i ca t io n  of p a r a m y x o v i r u s  is
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t h a t  d u r ing  r e p l i c a t io n ,  a s s e m b l y  of  n u c l e o c a p s i d  by n u c l e o p r o t e i n  

(NP)  is c o n c o m i t a n t  with RNA s y n t h e s i s  off t h e  in tac t  

n u c l e o c a p s i d  (Vidal  a n d  K olakofsky ,  1988) .  T h e r e f o r e ,  r e p l i c a t iv e  

t e m p l a t e s  a r e  a l w a y s  e n c a p s i d a t e d .  S in c e  S e n d - C A T  RNA is not  

e n c a p s i d a t e d  in vitro (Fig.  6) ,  in o r d e r  for  it to b e  e x p r e s s e d  a n d  

r e p l i c a t e d  it is p o s s i b l e  th a t  t h e  h e l p e r  v i rus  p o l y m e r a s e  c a n  

r e c o g n i z e  a n d  r e p l i c a t e  t h e  n a k e d  RNA. T h e  s u b s e q u e n t  

r e p l i c a t io n  p r o d u c t s  would  b e  b io log ica l ly  a c t i v e  a n d  

e n c a p s i d a t e d .  A l te rna t ive ly ,  t h e  fu l l - leng th  n a k e d  RNA is fi rs t  

a s s e m b l e d  into n u c l e o c a p s i d  in vivo b e f o r e  p o l y m e r a s e  

r e c o g n i t i o n .  In th i s  r e g a r d ,  n a k e d  VSV Dl RNA w a s  p r e v io u s l y  

s h o w n  to b e  e n c a p s i d a t e d  in vitro t h r o u g h  i n c u b a t io n  with a n  

in f e c te d  cel l  c y t o p l a s m i c  e x t r a c t  (M irakhur  a n d  P e l u s o ,  1988) .  

H o w e v e r ,  o u r  s imi la r ly d e r iv e d  S e n d a i  v i rus  i n f e c t e d - c e l l  e x t r a c t  

d o e s  not  e n c a p s i d a t e  t h e  S e n d - C A T  RNA to a n y  g r e a t  d e g r e e .  

T h i s  m a y  s im ply  re f le c t  d i f f e re n t  p r o p e r t i e s  of  r h a b d o -  a n d  

p a r a m y x o v i r u s e s  or  it m a y  r e l a t e  to in t r ins ic  d i f f e r e n c e s  in t h e  

VSV Dl RNA a n d  t h e  S e n d - C A T  RNAs,  t h e  f o r m e r  of  w h ich  h a s  

b e e n  s e l e c t e d  in vivo by its abi l ity to r e p l i c a t e .

T h e  l e v e l s  of  CAT e x p r e s s i o n  c a n  b e  m a r k e d l y  e n h a n c e d  by 

t h e  ad d i t io n  of  c y t o p l a s m i c  e x t r a c t  from e i t h e r  m o c k - i n f e c t e d  or 

S e n d a i - v i r u s  in f e c te d  ce l l s .  Th is  e n h a n c e m e n t  is r e f l e c t e d  b o th  in
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t h e  e x p r e s s i o n  of  CAT act ivi ty  a n d  in th e  r e p l i c a t io n  of  t h e  

S e n d - C A T  RNA, a s  t h e  e f f ic iency  of  r e s c u e  into p r o g e n y  v i r ions  

m i r ro rs  t h e  l e v e l s  of  CAT ac tiv i ty  o b s e r v e d  d u r in g  t h e  initial 

t r a n s f e c t i o n /  in fec t ion  ( d a t a  not  s h o w n ) .  Th i s  e n h a n c e m e n t  is no t  

d u e  to i n c r e a s e d  t r a n s f e c t i o n  e f f i c i e n c i e s  ( d a t a  not  s h o w n )  

implying t h a t  a s p e c i f i c  in t e r a c t io n  with a ce l lu la r  p r o t e i n ( s )  is 

invo lved .  T h e  abil i ty of  h o s t  p r o t e i n s  to  s t i m u l a t e  t r a n s c r i p t i o n  of 

n e g a t i v e - s t r a n d  v i r u s e s  is well d o c u m e n t e d .  It h a s  b e e n  r e p o r t e d  

t h a t  p - tubu l in  no t  only  s t i m u l a t e s  th e  t r a n s c r i p t i o n  of  bo th  VSV 

a n d  S e n d a i ,  bu t  is a n  a b s o l u t e  r e q u i r e m e n t  for S e n d a i  v i rus  

(M oye r  et  al. ,  1986) .  H o s t  f a c t o r s  h a v e  a l s o  b e e n  iden t i f i ed  a s  a 

r e q u i r e m e n t  for  t r a n s c r i p t i o n  of  a n o t h e r  p a r a m y x o v i r u s ,  

p a r a i n f l u e n z a  ty p e  IV (D e  et  al. ,  1990) .  In a d d i t io n ,  a  m in o r  

m i c r o t u b u l e - a s s o c i a t e d  p ro te in  (MAP) h a s  b e e n  s h o w n  to  i n c r e a s e  

VSV t r a n s c r i p t i o n  in vitro (Hill a n d  S u m m e r s ,  1990) .  F inal ly ,  t h e  

r e p l i ca t io n  of  o t h e r  c y t o p l a s m i c  RNA v i r u s e s  s u c h  a s  po l iov i ru s  

a n d  a n o t h e r  p a r a m y x o v i r u s ,  N e w c a s t l e  d i s e a s e  v i rus ,  h a s  a l s o  

b e e n  s h o w n  to r e q u i r e  h o s t  cel l  c y t o p l a s m i c  s k e l e t o n  f a c t o r s  

(L e n k  a n d  P e n m a n ,  1979 ;  H a m a g u c h i  et al. , 1 9 8 5 ) .  T h e  

s t im u la t o r y  ac t iv i ty  t h a t  is d e t e c t e d  in o u r  r e c o m b i n a n t  s y s t e m  

m a y  in f a c t  b e  d u e  to  o n e  of  t h e  p r o t e i n s  d e s c r i b e d  a b o v e ,  or  it 

m a y  r e s u l t  from t h e  a c t io n  of  a n  a l t e r n a t i v e  f a c t o r  w h ich  m a y  a c t
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to e n h a n c e  p o l y m e r a s e  r e c o g n i t io n  or  p a c k a g i n g  of  t h e  S e n d - C A T  

RNA in vivo. In ad d i t io n ,  with i n c r e a s i n g  c o n c e n t r a t i o n s ,  b o th  ICE 

a n d  UCE c o m p le t e ly  inhibi t r ep l i ca t ion  of  S e n d - C A T  RNA. T h e  

f a c t  t h a t  UCE inhibi ts  a t  m u c h  lower  c o n c e n t r a t i o n s  t h a n  ICE m a y  

in d i c a t e  th a t  S e n d a i  v irus  p o s s e s s e s  t h e  abil ity to m o d u l a t e  t h e  

ac t ivi ty  of  f a c t o r s  inhibi tory to its ow n  re p l i c a t io n .  By a d d i n g  

n o n - s p e c i f i c  RNA s u c h  a s  tRNA d u r in g  t h e  p r e - i n c u b a t i o n ,  t h e  

inhib i t ion by UCE or ICE cou ld  b e  par t i a l ly  o v e r c o m e  ( d a t a  no t  

s h o w n ) .  Th is  s u g g e s t s  th a t  t h e  inhib i tory  f a c t o r ( s )  m a y  b e  s o m e  

n o n - s p e c i f i c  RNA b ind ing  p ro te in .

Of p r e m i e r  in t e r e s t ,  t h e s e  d a t a  s h o w  th a t  t h e  s y n t h e t i c  RNA 

c o n t a i n s  all t h e  s i g n a l s  r e q u i r e d  for e x p r e s s i o n ,  r e p l i c a t io n  a n d  

p a c k a g i n g  of viral RNA. T h u s ,  t h e  r e c o m b i n a n t  RNA e x p r e s s i o n /  

r e s c u e  s y s t e m  d e s c r i b e d  h e r e  will now a l low for  s im p l e  a n d  

q u a n t i t a t i v e  s t u d i e s  of  t h e  RNA s i g n a l s  p r e s e n t  wi thin t h e  

p a r a m y x o v i r u s  g e n o m e .  T h e s e  in c lu d e  t h e  s e q u e n c e s  r e s p o n s i b l e  

for  RNA e d i t in g ,  t h e  i n t e r g e n ic  s e q u e n c e s ,  a n d  t h e  r e g u l a t o r y  

s e q u e n c e s  p r e s e n t  at  t h e  te rm in i  of  t h e  p a r a m y x o v i r u s  g e n o m e .
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A. IN TRO DU CTIO N

S e n d a i  v irus ,  a  p a r a m y x o v i r u s ,  is a n  e n v e l o p e d  v i rus  t h a t  

h a s  a n o n s e g m e n t e d  n e g a t i v e - s e n s e  RNA g e n o m e  of 1 5 .3  

k i l o b a s e s  (kb).  T h e  g e n o m e  (vRNA) is t r a n s c r i b e d  from t h e  3 '  e n d  

by t h e  viral  p o l y m e r a s e ,  g e n e r a t i n g  a n  e x t r a c i s t r o n i c  l e a d e r  RNA 

fo l low ed  by six t r a n s c r i p t i o n  un i t s  ( N P , P /C ,  M, F, HN,  a n d  L, in 3 ’ 

to 5' o rd e r )  (for  r e v ie w s ,  s e e  C a t t a n e o ,  1991 ;  G a l in sk i ,  1991 ;  

G a l in sk i  a n d  W e c h s l e r ,  1991) .  T h e  viral p o l y m e r a s e  c o m p l e x ,  

w h ich  c o n s i s t s  of  t h e  L (L a rg e )  a n d  P ( P h o s p h o )  p r o t e i n s ,  is 

t h o u g h t  to t e r m i n a t e  a n d  re in i t i a te  a t  e a c h  g e n e  j u n c t io n ,  c a p p i n g  

a n d  p o l y a d e n y ly l a t in g  all m R N A s  e x c e p t  t h e  l e a d e r  RNA. T h e  

vRNA a l s o  s e r v e s  a s  a t e m p l a t e  for t h e  s y n t h e s i s  of a fu l l - leng th  

p o s i t i v e - s e n s e  c o m p l e m e n t a r y  RNA (cRNA),  w h ich  is t h e  

r e p l i c a t io n  i n t e r m e d i a t e .  In c o n t r a s t  to  mRNA, b o th  t h e  vRNA a n d  

cR N A  a r e  u n m o d i f i e d  a n d  a l w a y s  fo u n d  e n c a p s i d a t e d  by t h e  

n u c l e o p r o t e i n  (NP) into n u c l e a s e - r e s i s t a n t  he l ica l  n u c l e o c a p s i d s  

(N C s) .

M ost  p a r a m y x o v i r u s e s  h a v e  t h e  u n i q u e  p r o p e r t y  of 

p r o m o t in g  t h e  t r a n s c r i p t i o n  of  m R N A s  c o n t a in in g  n o n t e m p l a t e d  

i n s e r t i o n s  a t  o n e  lo c u s  in t h e  P / C  g e n e .  T h u s ,  t h e  p a r a m y x o v i r u s  

P / C  g e n e  is t r a n s c r i b e d  into m R N A s  t h a t  u s u a l l y  d if fe r  by o n e
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( i . e . ,  m e a s l e s  a n d  S e n d a i )  or  two ( i . e . ,  s im ia n  v i rus  5 a n d  m u m p s  

v i rus )  n o n t e m p l a t e d  G n u c l e o t i d e  i n s e r t i o n s  ( C a t t a n e o  et  al. ,  

1989 ;  P a t e r s o n  a n d  L am b ,  1990 ;  T h o m a s  et al. ,  1988 ;  Vidal  et  al. ,  

1 9 9 0 a ) .  T h e r e  is a  s h o r t  c o n s e n s u s  s e q u e n c e  a m o n g  t h e s e  

v i r u s e s  ( 3 ’ UUY U CCC 5' , w h e r e  Y is e i t h e r  a U or  C) w h e r e  t h e  

viral  p o l y m e r a s e  is s u g g e s t e d  to  s t u t t e r  a n d  c o - t r a n s c r i p t i o n a l l y  

i n s e r t  o n e  or  m o r e  G r e s i d u e s  (Vidal et al. ,  1 9 9 0 a ) .  A m o d e l  for 

how  t h e  c o n s e n s u s  a n d  its n e i g h b o r i n g  s e q u e n c e s  m a y  p r o m o t e  

o n e  or  two G in s e r t i o n s  for  v a r io u s  p a r a m y x o v i r u s e s  h a s  b e e n  

p r o p o s e d  (Vidal  et  al. ,  1990b ) .  F irs t ,  t h e  p o l y m e r a s e  p a u s e s  a t  or  

n e a r  t h e  i n s e r t io n  s i t e  d u e  to a n  in t r ins ic  p r o p e r t y  of  t h e  t e m p l a t e .  

W h e n  t h e  p a u s e  t im e  is su f f ic ien t ly  long ,  s l i p p a g e  of  t h e  n a s c e n t  

m R N A  o c c u r s  by o n e  ( S e n d a i  a n d  m e a s l e s  v irus )  or  tw o  b a s e s  

( m u m p s  v i rus  a n d  SV5).  Th is  w ay ,  t h e  p o l y m e r a s e  r e i t e r a t i v e ly  

a d d s  o n e  o r  two G ’s  a t  t h e  s l i p p a g e  s i t e .  T h e  in s e r t i o n ( s )  c r e a t e s  

a f r a m e s h i f t  in t h e  r i b o s o m a l  r e a d i n g  f r a m e ,  r e s u l t i n g  in t h e  

s y n t h e s i s  of  p o l y p e p t i d e s  with c o m m o n  N - te rm in a l  b u t  a l t e r n a t e  

C - t e rm in a l  s e q u e n c e s .  For  s im ia n  v i rus  5 (SV5) a n d  m u m p s  v i rus ,  

t h e  e d i t e d  mRNA is t r a n s l a t e d  into P p ro te in  ( P a t e r s o n  a n d  L a m b ,  

1990 ;  T h o m a s  et al. ,  1988)  w h e r e a s  for  S e n d a i  a n d  m e a s l e s  v i rus ,  

it u s u a l l y  g i v e s  r i s e  to a c y s te in - r i c h  V p ro te in  ( C a t t a n e o  et  al. , 

1989 ;  Vidal  et al. ,  1 9 9 0 a ) .  Fo r  S e n d a i  v i rus ,  a n d  l ikely for  o t h e r
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v i r u s e s ,  o n e  o u t c o m e  of th is  ty p e  of  g e n e  e x p r e s s i o n  a p p e a r s  to 

b e  a d o w n - r e g u l a t i o n  of RNA s y n t h e s i s  by p r o t e i n s  s h a r i n g  

d o m a i n s  for a p r o t e i n - p r o t e i n  in t e r a c t i o n ( s )  but  with a l t e r n a t e  

fu n c t io n a l  m o d u l e s  ( C u r r a n  et al. ,  1991) .

A n u m b e r  of  q u e s t i o n s  r e m a in  u n a n s w e r e d  o v e r  t h e  n a t u r e  

of  RNA ed i t ing  in p a r a m y x o v i r u s e s .  Fo r  e x a m p l e ,  w h a t  is t h e  

c / s - a c t i n g  s e q u e n c e  e l e m e n t ( s )  r e q u i r e d  for p a u s i n g  a n d  

s t u t t e r in g  of  t h e  p o l y m e r a s e  a n d  s l i p p a g e  of  t h e  t e m p l a t e ?  W hy 

i s n ’t it d e t e c t e d  a t  o t h e r  r e g i o n s  of  t h e  g e n o m e ?  W h a t  a r e  t h e  

p r o t e i n s  invo lved  in ini t iat ing a n d  r e g u la t in g  t h e  p r o c e s s  of  

n o n t e m p l a t e d  t r a n s c r i p t i o n  t h a t  is e x c l u d e d  d u r in g  r e p l i c a t i o n ?  To 

b e g i n  to a n s w e r  t h e s e  q u e s t i o n s  via r e v e r s e  g e n e t i c s ,  a m o d e l  

s y s t e m  w hich  a c c u r a t e l y  m im ics  t h e  viral RNA ed i t ing  p r o c e s s  a n d  

a l lo w s  m u t a t i o n a l  a n a l y s i s  bo th  a t  t h e  level  of  RNA a s  well  a s  

p r o t e i n s  would  b e  f u n d a m e n t a l .

R e c e n t ly ,  w e  h a v e  d e v e l o p e d  an  ar t i f icial  m i n i - g e n o m e  t h a t  

c o u ld  b e  e x p r e s s e d ,  r e p l i c a t e d ,  a n d  p a c k a g e d  e f f ic ien t ly  by 

S e n d a i  v i rus  ( P a r k  et al. ,  1991) .  T h e  RNA m i n i - g e n o m e  c o n s i s t s  

of  t h e  a n t i - s e n s e  c h l o r a m p h e n i c o l  a c e t y l t r a n s f e r a s e  (CAT) c o d i n g  

r e g io n  f l a n k e d  by 145  a n d  119 5' a n d  3'  t e rm in a l  s e q u e n c e s  

d e r i v e d  from t h e  S e n d a i  v i ru s  g e n o m e .  S i n c e  t h e  m i n i - g e n o m e  is 

d e r i v e d  from in vitro t r a n s c r i p t i o n  of  a p p r o p r i a t e l y  c o n s t r u c t e d
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r e c o m b i n a n t  DNA ( p S e n d - C A T ) ,  m u t a t i o n s  or s e q u e n c e  

m a n i p u l a t i o n s  i n t r o d u c e d  a t  t h e  DNA level  wou ld  in t u rn  a l t e r  t h e  

RNA m i n i - g e n o m e .  A s im i la r  s y s t e m  d e v e l o p e d  for  t h e  in f l u e n z a  

v i ru s  (L uy t je s  et  al . ,  1989;  Y a m a n a k a  e t  al . ,  1991)  h a s  a l l o w e d  

for n e w  a p p r o a c h e s  to  m o l e c u la r  a n a l y s e s  of  n e g a t i v e  s t r a n d  v i ru s  

r e p l i c a t io n  ( H u a n g  et al. ,  1990;  H u a n g  et al. ,  1992 ;  Luo et  al . ,  

1991) .  An a n a l o g o u s  m e t h o d  w a s  a l s o  a p p l i e d  to r e s p i r a t o r y  

s y n c y t i a l  v i rus  (Coll ins  et al. ,  1 991 ) ,  l e a d in g  to  t h e  m u t a t i o n a l  

a n a l y s i s  of  t h e  t r a n s c r i p t i o n / r e p l i c a t i o n  s ig n a l ( s ) .  In th i s  s t u d y ,  

w e  h a v e  d e v e l o p e d  a n  in vivo m o d e l  for RNA ed i t ing  in S e n d a i  

v irus .  By in s e r t in g  a s h o r t  n u c l e o t i d e  s t r e t c h  s p a n n i n g  t h e  e d i t in g  

s i t e  of  t h e  P / C  g e n e  into t h e  m i n i - g e n o m e ,  w e  h a v e  r e c o n s t i t u t e d  

t h e  p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n  p r o c e s s  u s in g  t h e  

m i n i - g e n o m e  a s  a  t e m p l a t e .
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B. MATERIALS AND M ETHODS

1. Virus  a n d  Cel ls

S e n d a i  v i rus  ( S e n d a i / 5 2 )  w a s  g ro w n  in 1 0 - d a y  old 

e m b r y o n a t e d  c h i c k e n  e g g s  a s  d e s c r i b e d  ( P a r k  et al. ,  1 9 9 1 ) .  

M a d in - D a r b y  b o v in e  k idney  (MDBK) ce l l s  w e r e  u s e d  for  all 

t r a n s f e c t i o n  e x p e r i m e n t s .  C y to p l a s m ic  viral  RNAs w e r e  p r e p a r e d  

from v i rus  in f e c te d  b a b y  h a m s t e r  k idney  (BHK) ce l l s .

2. C o n s t r u c t i o n  of  P l a s m i d s

T h e  or ig ina l  p la s m id  c o n s t r u c t  w a s  m a d e  via P C R  

m u t a g e n e s i s  u s in g  th e  or ig ina l  p S e n d - C A T  t r a n s c r i p t i o n  v e c t o r  

( P a r k  et al. , 1991) .  Briefly,  two s e p a r a t e  P C R  f r a g m e n t s  w e r e  

s y n t h e s i z e d ,  a n d  th e n  jo in e d  via a c o m m o n  BamHI s i te .  O n e  P C R  

p r o d u c t  w a s  c o n s t r u c t e d  off p S e n d - C A T  via an  o l igo  w h ich  

c o n t a i n s  in 5' -> 3' o rd e r :  a BamHI s i t e ,  t h e  P / C  s e q u e n c e  a n d  

CAT s e q u e n c e  ( 5 ’-G C G C C G G A T C C C G A C T C A A C A A A A A A G G -  

G C A T A G G A G A G A A A CA TCA TCT A TG A G A A A A A A A TCA CTG G G -3’,p 

p r im er-A)  a n d  a n  ol igo s p a n n i n g  th e  HindlH  s i t e  in p S e n d - C A T  

(p r im er -B ,  Fig.  9A). T h e  s e c o n d  P C R  p r o d u c t  w a s  c o n s t r u c t e d  off 

p S e n d - C A T  u s in g  a n  ol igo c o n t a in in g  a BamHI s i t e  fo l low ed  by 3' 

u n t r a n s l a t e d  s e q u e n c e s  from p S e n d - C A T  ( 5 ' - C C C C C G G -
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A T C C A T C G T G A A C T T T G G C A G C -3 ' ,  p r im e r -C )  a n d  a n  o l igo  

e n c o m p a s s i n g  th e  EcoRI,  Ear l ,  a n d  3' e n d  of  t h e  S e n d a i  g e n o m e  

(p r im er -D ) .  T h e  P C R  p r o d u c t s  w e r e  j o in e d  a t  t h e  e n g i n e e r e d  

S am H I  s i t e  a n d  c l o n e d  in to  t h e  EcoR I /H /nd l l l  s i t e s  of p U C 1 9  

(p P C -C A T ) .  All s u b s e q u e n t  c o n s t r u c t s  w e r e  m a d e  via P C R  

m u t a g e n e s i s  by c lon ing  into t h e  u n i q u e  B a m H \ IA cc \  s i t e s  

s u r r o u n d i n g  th e  P /C  s e q u e n c e  (Fig.  9A).

3. In Vitro T r a n s c r i p t i o n  a n d  T r a n s f e c t i o n s

T7 RNA p o l y m e r a s e  run -o f f  t r a n s c r i p t i o n  o f  E a r l - d i g e s t e d  

p l a s m i d s  w a s  p e r f o r m e d  a c c o r d i n g  to  t h e  m a n u f a c t u r e r ' s  

i n s t r u c t i o n s  (G ibco-BRL) .  T h e  t r a n s c r i p t  w a s  pu r i f i ed  by m u l t ip le  

p h e n o l / c h lo r o f o r m  e x t r a c t i o n s ,  a n d  th e  yie ld w a s  q u a n t i t a t e d  on  a 

1 .2% a g a r o s e  gel .  A p p ro x im a te ly  1 pg of  RNA w a s  u s e d  to  

t r a n s f e c t  a  3 5 -m m  d ish  of  MDBK ce l l s  ( a b o u t  10® ce l l s )  via 

D E A E -D e x t r a n  a s  d e s c r i b e d  (L u y t je s  et al. ,  1989) .

4. CAT A s s a y s  a n d  P a s s a g i n g  of  T r a n s f e c t a n t  V i r u s e s

CAT a s s a y s  w e r e  p e r f o r m e d  18 h o u r s  a f t e r  t r a n s f e c t i o n  a s  

d e t a i l e d  ( G o r m a n  et  al. ,  1982) .  V i r u s e s  w e r e  g ro w n  in s e r u m - f r e e  

m in im a l  e s s e n t i a l  m e d iu m  c o n t a in in g  0 .2 %  b o v in e  a l b u m in  a n d  

t ry p s in  (5 pg /m l)  for  48  h o u r s  a f t e r  t r a n s f e c t i o n .  100  pi of
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u n d i l u t e d  s u p e r n a t a n t  w a s  in jec te d  into 1 0 -d a y  old e m b r y o n a t e d  

e g g s  for h igh - t i t e r  t r a n s f e c t a n t  v i rus  p r e p a r a t i o n s .  A l lan to ic  fluid 

w a s  h a r v e s t e d  a f te r  48  h o u r s  a n d  t e s t e d  for  r e s c u e d  P C -C A T  v i rus  

t h r o u g h  in fec t ion  of  m o n o l a y e r  a n d  CAT a s s a y s .

5. C y t o p l a s m i c  RNA P r e p a r a t i o n

A p p ro x im a t e ly  1 0 7 BHK m o n o l a y e r  ce l l s  w e r e  i n f e c t e d  with 

e g g - g r o w n  t r a n s f e c t a n t  v i r u s e s  a t  an  moi =10 for 20  h o u r s  a t  

33°C. T h e  in f e c te d  ce l l s  w e r e  d i s r u p t e d  in a h y p e r t o n i c  bu f fe r  

c o n t a i n i n g  0 .6 %  N P -40 ,  a n d  th e  viral n u c l e o c a p s i d s  a n d  th e  

i n f e c t e d  cel l  c y t o p l a s m i c  RNA w e r e  s e p a r a t e d  on  a CsCI  g r a d i e n t  

( 2 0 - 4 0 % )  a s  d e s c r i b e d  ( L e p p e r t  et  al. ,  1979) .  T h e  n u c l e o c a p s i d  

b a n d  w a s  p o o le d  a n d  d ia ly z e d  a g a i n s t  TE buf fe r  (10m M  Tris ,  1mM 

EDTA pH 8 .0 )  for  1 hou r ,  th e n  t r e a t e d  with 5 0 0  u n i t s  of  

m i c r o c o c c a l  n u c l e a s e  (MN) for  30  m i n u t e s  a t  37°C. T h e  RNA 

pe l le t  a n d  n u c l e o c a p s i d  b a n d  w e r e  e x t r a c t e d  with 

p h e n o l / c h l o r o f o r m ,  p r e c i p i t a t e d  in e t h a n o l ,  a n d  u s e d  for  

p o l y m e r a s e  c h a i n  r e a c t i o n  (P C R )  a n d  l imi ted p r im e r  e x t e n s i o n  

a n a l y s i s .

6. P o l y m e r a s e  C h a in  R e a c t io n

A p p ro x im a te ly  2 pg  of purif ied c y t o p l a s m i c  RNA w a s  a d d e d
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in a  f i r s t - s t r a n d  cDNA s y n t h e s i s  r e a c t i o n  c o n t a i n i n g  10 mM 

Tri s-HCI (pH 8 . 3 ) /  50mM  KCI/ 1.5 mM MgCI?/ 0 .1 %  (w/v) g e l a t i n /  1 

mM MgClj/  2 .5  mM e a c h  of  d N T P s /  1 unit  of  RN Asin  ( P r o m e g a ,  

M a d i s o n  W l)/ 2 .5  un i t s  of M-MLV r e v e r s e  t r a n s c r i p t a s e  ( G ib c o  

BRL, G a i t h e r s b u r g ,  MD) a n d  o n e  pg  of  d o w n s t r e a m  p r im e r  s p e c i f i c  

for  t h e  CAT g e n e .  E i the r  5 ' -T G A A A A C G T T T C A G T T T G C -  

T C A TG G AA A AC-3 '  for  a n a l y z in g  mRNA ( p r im e r -1 )  or  

5 ' -G A C C C T T T G C T T T G C T G C C A A A G T T C A C G A T G G A T C -3 '  for  

a n a l y z i n g  vRNA (p r im er -2 )  w e r e  u s e d .  T h e  m ix tu re  w a s  i n c u b a t e d  

a t  42°C  for  30  m i n u t e s ,  a n d  th e  e n z y m e  w a s  i n a c t i v a t e d  a t  99°C 

for  15 m i n u te s .  P C R  w a s  p e r f o r m e d  by di lut ing t h e  mix to  100p l  

in t h e  s a m e  s a l t  bu f fe r  with 0.4 mM MgCI2 a n d  a d d i n g  o n e  pg  of  

u p s t r e a m  p r im e r  s p e c i f i c  for  t h e  P /C  g e n e  ( p r im e r -2  for  a n a l y z i n g  

m R N A  or  pr im er-1  for vRNA) a n d  2 .5  u n i t s  of  Taq  DNA 

p o l y m e r a s e  ( P e r k in - E l m e r  C e t u s  Ampl iTaq™,  CA).  T h e  r e a c t i o n  

w a s  c a r r i e d  o u t  a t  94°C for  1 m in u te ,  50°C for 1 m i n u t e ,  a n d  72°C 

for  2 m i n u t e s ,  for  30  c y c le s .

7. Limited  P r im e r  E x t e n s io n  A n a ly s i s

O l i g o n u c l e o t i d e s  w e r e  s y n t h e s i z e d  on  a n  A pp l ie d  

B i o s y s t e m s  DNA s y n t h e s i z e r  a n d  pur if ied by e l e c t r o p h o r e s i s  on  a 

7M u r e a / 1 2 %  p o ly a c r y l a m id e .  P r im e r s  w e r e  e n d - l a b e l l e d  with T4
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p o l y n u c l e o t i d e  k i n a s e  a n d  [y-32P]ATP. A p p r o x im a t e ly  25  to  50  ng 

of  P C R  p r o d u c t s  w e r e  m ixed  with 5 x 10® cpm  of l a b e l e d  p r im e r  in 

40  mM Tris-HCI  (pH 7 .5 ) /  20 mM MgCI2/ 50m M  NaCI,  bo i l ed  for  3 

m i n u t e s  a n d  a l lo w e d  to a n n e a l  a t  37°C for  20 m i n u t e s .  E i th e r  ddA 

or d d T  a n d  a p p r o p r i a t e  m i x e s  of  3 d N T P s  w e r e  a d d e d  to a final  

c o n c e n t r a t i o n  of  150 pM a n d  th e  m ix tu re  w a s  i n c u b a t e d  a t  37°C 

for 30  m i n u t e s  a f t e r  a d d i n g  2 pi of  1:8 d i lu ted  S e q u e n a s e  (in 

10mM Tris-HCI ,  p H 7 .5 /  5mM DTT/ 0 .5  mg/m l  BSA, US 

B io c h e m ic a l ) .  For  t h e  P C -C A T  P C R  p r o d u c t ,  p r im e r -3  

(5 ' -C T C A T A G A T G A T G T G T T C T C T C C T A -3 ' )  w a s  u s e d  with d i d e o x y  

ATP (Fig.  12B),  a n d  for  P a r a  45 ,  44 ,  a n d  46  P C R  p r o d u c t s ,  

p r im e r -4  (5 ' -C A C G A T G G A T C C C G A C T -3 ' )  w a s  u s e d  with d i d e o x y  

T T P  (Fig.  10A).

8. D if ferent ia l  O l ig o n u c le o t i d e  Hybr id iza t ion

P C R  p r o d u c t s  w e r e  d i g e s t e d  with BamHI a n d  EcoRI  (Fig.

12A) a n d  c l o n e d  into a n  a p p r o p r i a t e l y  d i g e s t e d  p U C 1 9  v e c t o r .

C o l o n i e s  w e r e  re p l i c a  p l a t e d  to  n i t r o c e l l u lo s e  f i l ters  a n d  s c r e e n e d

by o l i g o n u c l e o t i d e s  a s  d e t a i l e d  (Vidal  et al. , 1 9 9 0 a ) .  P r i m e r s

5 ' - C T C C T A T G C C C T T T T T T G T -3 ' ,  5 ' - C T C C T A T G C C C C T T T T T T G - 3 '

a n d  5 ' -T C C T A T G C C C C C T T T T T T G - 3 '  w e r e  e n d - l a b e l l e d  a n d  u s e d

in s c r e e n i n g  for  3G ,  4G  a n d  5G c o l o n ie s ,  r e s p e c t i v e l y .  P r o b e s
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w e r e  p r e / h y b r i d i z e d  in 5X S S C / 0 . 5% n o n f a t  dry milk/  0 . 0 5 %  

p y r o p h o s p h a t e  for o v e r n i g h t  a t  37°C a n d  w a s h e d  in 1X S S C /  0 . 1 %  

S D S / 0 . 0 5 %  p y r o p h o s p h a t e  t h r e e  t i m e s  a t  r oom t e m p e r a t u r e  for  5 

m i n u t e s  e a c h ,  t h e n  a t  50°C for 20 m i n u t e s .  Af ter  t h e  f i l ters  w e r e  

ai r  d r i ed ,  a u t o r a d i o g r a p h y  w a s  p e r f o r m e d  a s  d e s c r i b e d ,  a n d  

a p p r o p r i a t e  c o l o n i e s  w e r e  p i cked  a n d  g r own  o v e r n i g h t  in 3-ml  TB 

c o n t a i n i n g  ampici l l in.  P l a s m i d  DNAs w e r e  p r e p a r e d  a c c o r d i n g l y  

( S a m b r o o k  et al. ,  1989)  a n d  s e q u e n c e d  by d i d e o x y n u c l e o t i d e  

c h a i n - t e r m i n a t i o n  m e t h o d  ( S a n g e r  et al. ,  1977)  u s i n g  S e q u e n a s e  

( US  Bi oc hemi ca l ) .
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C. R E S U L T S

1. RNA Edi t ing D e t e c t e d  by CAT E x p r e s s i o n

Pr ev io us ly  w e  h a v e  s h o w n  t h a t  s y n t h e t i c  RNAs  c o n t a i n i n g  

t h e  5 ’ a n d  3'  t e r mi n a l  s e q u e n c e s  of  t h e  S e n d a i  v i rus  g e n o m e  

c ou l d  b e  e x p r e s s e d ,  r e p l i c a t e d  a n d  p a c k a g e d  ve ry  ef f i c i ent ly  a f t e r  

t r a n s f e c t i o n  in S e n d a i  v i rus  i n f e c t e d  ce l l s  ( P a r k  et al. ,  1991) .  In 

t h i s  s y s t e m ,  t h e  spec i f i c  e x p r e s s i o n  of  t h e  ar t i f icial  g e n o m e ,  

S e n d - C A T ,  w a s  c o n v e n i e n t l y  a s s a y e d  by e x p r e s s i o n  of  t h e  CAT 

g e n e  i n s e r t e d  b e t w e e n  t h e  viral  5'  a n d  3'  s e q u e n c e s .  Us i ng  th i s  

s y s t e m ,  w e  a t t e m p t e d  to r e c o n s t i t u t e  t h e  RNA ed i t i ng  e v e n t  t h a t  

o c c u r s  du r i ng  t r a n s c r i p t i o n  of  t h e  P / C  g e n e  of  S e n d a i  vi rus .

Init ial ly,  a 4 2 - n u c l e o t i d e  s e q u e n c e  d e r i v e d  f rom t h e  S e n d a i  

v i rus  P / C  g e n e  s p a n n i n g  t h e  G i n s e r t i o n  s i t e  w a s  p l a c e d  two 

c o d o n s  d o w n s t r e a m  of  t h e  ini t iat ing m e t h i o n i n e  r e s i d u e  of  t h e  

CAT g e n e  (Fig.  9A).  T h e  r es u l t i ng  c o n s t r u c t ,  PC- CAT,  is i de n t i ca l  

to its p a r e n t ,  S e n d - C A T ,  e x c e p t  for  t h e  i n s e r t i on  a t  t h e  ini t ia t ion 

c o d o n .  T h e  c l o n e  w a s  c o n s t r u c t e d  s u c h  t h a t  t h e  d o w n s t r e a m  CAT 

c o d i n g  r eg i o n  w a s  s h i f t ed  o u t  of  r e a d i n g  f r a m e  by o n e  b a s e ,  s o  

t h a t  P C- CA T  s h o u l d  not  e x p r e s s  CAT.  If t h e  S e n d a i  v i rus  

p o l y m e r a s e  r e c o g n i z e s  t h e  P / C  s e q u e n c e ,  it m a y  i n s e r t  o n e  o r  

m o r e  G r e s i d u e s .  If a  s i ng l e  g u a n i n e  n u c l e o t i d e  w e r e  i n s e r t e d  by
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t h e  vi ral  p o l y m e r a s e ,  t h e  CAT g e n e  wou ld  b e  r e t u r n e d  to  t h e  

c o r r e c t  r e a d i n g  f r a m e ,  a n d  CAT act ivi ty  s h o u l d  be  r e s t o r e d ,  

a s s u m i n g  t ha t  t h e  16 a m i n o  ac id  i n se r t i on  a t  t h e  a m i n o  t e r m i n u s  

of t h e  CAT g e n e  is a t o l e r a t e d  ins e r t i on  (Fig.  9B).
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F i g u r e  9.  (A) DIAGRAMMATIC R E P R E S E N T A T I O N  OF

RELEVANT R E G I O N S  OF p PC- CAT.  T h e  CAT g e n e  is in a n  

a n t i s e n s e  o r i e n t a t i o n  ( a s  i n d i c a t e d  by u p s i d e  d o w n  l e t t e r s )  

r e l a t i ve  to t h e  T 7 - d e r i v e d  RNA t r a n s c r i p t .  Af ter  t h e  ini t ia t ing 

m e t h i o n i n e  c o d o n ,  t h e  g e n e  is i n t e r r u p t e d  by a BamHI  l inker  a n d  

t h e  i n s e r t i on  of  a 4 2 - n u c l e o t i d e  s e q u e n c e  d e r i v e d  f rom t h e  P /C  

g e n e .  T h e  CAT g e n e  is f l anke d  by 145  a n d  119 n o n c o d i n g  

n u c l e o t i d e s  of  t h e  S e n d a i  vi rus  g e n o m e  5'  a n d  3'  t e rmini ,  a d j a c e n t  

to t h e  T7 p h a g e  p r o m o t e r  s e q u e n c e  a n d  t h e  r e s t r i c t i on  e n z y m e  

Ear l  s i t e ,  r e s pe c t i ve l y .  T h e  p r i m e r s  s h o w n  b e l o w  t h e  g e n e  

r e p r e s e n t  t h e  or ig ina l  P C R  o l i g o n u c l e o t i d e s  wh i ch  w e r e  u s e d  to 

c o n s t r u c t  p P C - C A T  off t h e  p a r e n t a l  p S e n d - C A T  ( P a r k  et  al. ,  

1991) .  (B) AM I NO- TE RMI NU S  S E Q U E N C E  O F  THE P C - C A T

G E N E .  T h e  fai thful  t r a n s c r i p t  t r a n s l a t e s  into a  p r o t e i n  w h i c h  is 

o u t  of  f r a m e  with t h e  s u b s e q u e n t  CAT pr o t e i n .  H o w e v e r ,  if 

p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n  a c t s  to  i n s e r t  a s i n g l e  G 

n u c l e o t i d e ,  t h e  c o r r e c t  r e a d i n g  f r a m e  is r e s t o r e d  a n d  CAT p r o t e i n  

s h o u l d  b e  e x p r e s s e d .  T h e  P /C  g e n e  s e q u e n c e s  a r e  u n d e r l i n e d .
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Init ial ly,  t h e  PC- CAT RNA w a s  t r a n s c r i b e d  in vitro by  T7 

b a c t e r i o p h a g e  RNA p o l y m e r a s e  off Earl  d i g e s t e d  p P C- C A T.  In 

o r d e r  to m a k e  s u r e  t h a t  th i s  vRNA-l ike  t r a n s c r i p t  w a s  fai thful  a n d  

did no t  c o n t a i n  a n y  i n s e r t i o n s ,  thi s  t r a n s c r i p t  w a s  s u b j e c t e d  to a 

l imi ted p r i mer  e x t e n s i o n  a n a l y s i s .  RNA w a s  h y b r i d i z e d  wi th an  

e n d - l a b e l l e d  p r i mer  (Fig.  10A) a n d  s u b j e c t e d  to e x t e n s i o n  with 

r e v e r s e  t r a n s c r i p t a s e  in t h e  p r e s e n c e  of  dATP,  d G T P ,  d C T P ,  a n d  

d i d e o x y  T T P  (Fig.  10A).  T h e  p r o d u c t  will e x t e n d  t h r o u g h  t h e  

p r e s u m p t i v e  ed i t i ng  r e g i on  a n d  t e r m i n a t e  to p r o d u c e  a 

3 2 - n u c l e o t i d e  p r oduc t .  T h e  r e su l t i ng  3 2 - n u c l e o t i d e  s i n g l e  b a n d  

( a n d  a l ack of  3 3 - n u c l e o t i d e  p r o d u c t )  i n d i c a t e d  t h a t  t h e  t r a n s c r i p t  

did no t  i n c o r p o r a t e  a n y  e x t r a  n u c l e o t i d e s  du r in g  t h e  T7 

t r a n s c r i p t i o n  r ea c t i o n  (Fig.  10B).  Th i s  is c o n s i s t e n t  wi th t h e  

p r e v i o u s  f inding t h a t  p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n  is no t  

d e t e c t e d  w h e n  t h e  P /C  mRNA w a s  e x p r e s s e d  by a n  a l t e r n a t e  RNA 

p o l y m e r a s e  via a v a c c in i a  v i rus  r e c o m b i n a n t  (Vidal  et al. ,  1 9 9 0 a ) .

T h e  vRNA-l ike  t r a n s c r i p t s  a r e  t h e n  t r a n s f e c t e d  into ce l l s  

wh i ch  a r e  s u b s e q u e n t l y  i n f ec t ed  with S e n d a i  v i rus  (Fig.  11 A). T h e  

h e l p e r  v i rus  will e x p r e s s ,  r ep l i ca t e ,  a n d  p a c k a g e  t h e  s y n t h e t i c  

RNA t r a n s c r i p t .  A s s a y s  for  CAT act ivi ty c a n  b e  u s e d  to mo n i t o r  

t h e  t r a n s f e c t i o n .  As  s h o w n  p re v i o u s l y  a n d  u s e d  h e r e  a s  a p o s i t i ve  

con t ro l ,  t h e  S e n d - C A T  RNA g i v e s  r i s e  to a  r e l a t i ve ly  high l evel  of
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CAT e x p r e s s i o n  a f t e r  t r a n s f e c t i o n  a n d  S e n d a i  v i rus  i n fec t ion  ( P a r k  

et al . ,  1991 ;  Fig.  1 1 B. l a n e  1). W h e n  t h e  P C - C A T  RNA w a s  

t r a n s f e c t e d ,  a r e l a t ive ly  s ma l l  but  r e p r o d u c i b l e  a m o u n t  of  CAT 

e x p r e s s i o n  w a s  d e t e c t e d  (Fig.  1 1 B, l a ne  2).  Thi s  ac t iv i ty  c ou l d  b e  

t h e  r e s u l t  of  p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n  of t h e  P C - C A T  m R N A  

t h r o u g h  G i nse r t i on  by t h e  viral  p o l y m e r a s e .  S i n c e  " ed i t ed"  

v e r s i o n  of  P / C  mRNA dur i ng  a  n o r ma l  v i rus  i n fec t ion  h a s  b e e n  

e s t i m a t e d  to be  only a b o u t  2 0 - 3 1 %  of  t h e  t o t a l  P / C  mRN A  

p r o d u c e d  (Vidal  et  al. ,  1 9 9 0 a ;  P e l e t  et  al. , 19) ,  t h e  r e d u c e d  l evel  

of  CAT act ivi ty wou ld  be  e x p e c t e d .  On  t h e  o t h e r  h a n d ,  t h e  CAT 

act iv i ty  cou l d  a l s o  r e s u l t  f rom u n e d i t e d  mRNA by m e c h a n i s m s  

s u c h  a s  a n  a l t e r n a t e  t r a n s c r i p t i o n  s t a r t  or  a t r a n s l a t i o n  f r a m e s h i f t  

( i . e . ,  p s e u d o k n o t ) .  To  f u r th e r  a d d r e s s  t h i s  poss ib i l i ty ,  t h e  P C - C A T  

RNA w a s  r e s c u e d  into p r o g e n y  v i r u s e s  a n d  g r o w n  to a  h igh  t i t er  

by p a s s a g i n g  u n d i l u t e d  t h r o u g h  e m b r y o n a t e d  c h i c k e n  e g g s  ( s e e  

Fig.  11 A). W e  h a v e  p r ev i ous l y  s u g g e s t e d  t h a t  t h e  S e n d - C A T  RNA 

m a y  b e  a n a l o g o u s  to  a  fus ion  d e f e c t i v e - i n t e r f e r i n g  (Dl) RNA a n d  

w e  w e r e  a b l e  to par t i a l ly  t e s t  a n d  conf i rm o n e  c h a r a c t e r i s t i c  of  a  

Dl RNA by s e r i a l  p a s s a g i n g  of und i l u t e d  t r a n s f e c t a n t  v i r u s e s  (Fig.  

1 1B,  l a n e s  3 a n d  4).
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Fi g u re  10.  (A) SCHEMATI C OF THE LIMITED P R I M E R

E X TEN S I O N  ANALYSIS.  T h e  s e q u e n c e  of  t h e  r e g i o n  of  t h e  

P C- CA T  t r a n s c r i p t  (Tx) w h e r e  t h e  p r i me r  h y b r i d i z e s  is s h o w n .  

T h e  p r e d i c t e d  G i nse r t i on  s i t e  is i n d i ca t e d  a s  t h e  ed i t i ng  r eg i o n  

be l ow.  T h e  t e r m i n a t i o n  s i t e  of  t h e  e x t e n s i o n  r e a c t i o n  by r e v e r s e  

t r a n s c r i p t a s e  (RT)  a f t e r  i n c o r p o ra t i n g  d i d e o x y t h y m i d i n e  is 15 

b a s e s  f rom t h e  s t a r t  s i t e ,  t h u s  g e n e r a t i n g  e i t h e r  a 3 2 - n u c l e o t i d e  

(no  ed i t i ng)  or  a 3 3 - n u c l e o t i d e  p r o d u c t  (1 G n u c l e o t i d e  i n s e r t e d ) .  

(8)  Limi ted p r i me r  e x t e n s i o n  w a s  c a r r i e d  ou t  a n d  a n a l y z e d  on  a 

P A G E - u r e a  gel .  S e q u e n c i n g  r e a c t i o n  of  p P C - C A T  wi th t h e  s a m e  

p r i me r  w a s  u s e d  to s h o w  t h e  p r o p e r  t e r m i n a t i o n  a t  t h e  fi rst  

T h y m i d i n e  r e s i d u e .  A 3 3 - n u c l e o t i d e  e x t e n s i o n  p r o d u c t  w a s  u s e d  

a s  a  m o l e c u l a r  w e i g h t  m a r k e r .
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F i g u r e  11.  (A) P R O T O C O L  F O R  OBTAINING H I GH- TI TE R

T R A N S F E C T A N T  VI RUS E S .  "SEN" i n d i c a t e s  wi l d t ype  S e n d a i  

v i rus  infec t ion 1 h o u r  a f t e r  t r a n s f e c t i o n .  (B) C O MP A R A T I V E  

CAT A S S AY S  A F T E R  T R A N S F E C T I O N  OF RNA O R  I N FE CT I O N  

WITH THE T R A N S F E C T A N T  V I R U S E S  G R OW N  IN E G G S .  Ce l l s  

w e r e  h a r v e s t e d  e i t h e r  18 h o u r s  a f t e r  t r a n s f e c t i o n  (1°) or  12 h o u r s  

a f t e r  in fec t ion  ( t r a n s f e c t a n t  v i r u s e s ) .  E q u i v a l e n t  a m o u n t s  of  RNA 

or  a l l an t o i c  f luids  w e r e  u s e d  for  bo th  S e n d - C A T  a n d  P C- CAT.
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2. Iden t i f i ca t i on  of  P C- CAT mRNA with G i n s e r t i o n s  a t  t h e  c o r r e c t  

pos i t i on .

To d e t e r m i n e  w h e t h e r  t he  o b s e r v e d  CAT act iv i ty  w a s  d u e  to 

P C- C A T mRNA which  h a d  u n d e r g o n e  p s e u d o - t e m p l a t e d  

t r a n s c r i p t i o n ,  t h e  r e s c u e d  t r a n s f e c t a n t  v i r u s e s  w e r e  u s e d  to  infec t  

l a r g e  n u m b e r s  of  BHK ce l l s  (-10® ce l l s ) .  T h e s e  c e l l s  w e r e  

p e r m e a b i l i z e d  with lyso lec i th in  a n d  c y t o p l a s m i c  RNA a n d  

n u c l e o c a p s i d s  w e r e  i s o l a t e d  via CsCI  g r a d i e n t  c e n t r i f u g a t i o n  

( L e p p e r t  et al. ,  1979) .  T h e  P C- CA T  i n f ec t e d  c y t o p l a s m i c  RNA 

w a s  ampl i f i ed  by r e v e r s e  t r an s c r i p t i o n /  P C R  us i n g  p r i m e r s  s pe c i f i c  

for  t h e  CAT g e n e  (p r i mer - 1 )  a n d  t h e  i n s e r t e d  P /C  g e n e  s e q u e n c e  

( p r i me r - 2 )  (Fig.  12A).  T h e s e  p r i m e r s  on l y  e x t e n d  on  t h e  s y n t h e t i c  

CAT c o n s t r u c t  a n d  not  on  viral  P / C  g e n e  mRNA.  To c o n t ro l  for 

a n y  p o s s i b l e  a r t i f a c t s  wh i ch  m a y  a r i s e  du r i ng  t h e  r e v e r s e  

t r a n s c r i p t i o n  a n d  P C R  p r o c e s s ,  t h e  T 7 - t r a n s c r i b e d  P C - C A T  vRNA 

w a s  a l s o  ampl i f i ed  a t  t h e  s a m e  t i me .  T h e s e  P C R  p r o d u c t s  w e r e  

t h e n  a n a l y z e d  by l imited p r i mer  e x t e n s i o n  a n a l y s i s  wi th T7 DNA 

p o l y m e r a s e  ( S e q u e n a s e ,  US B i o c h e m i ca l )  a n d  P / C  g e n e - s p e c i f i c  

p r i m e r s  in t h e  p r e s e n c e  of  d G T P ,  d T T P ,  d C T P  a n d  d i d e o x y  A T P  

(Fig.  12B) .  T h e  e x t e n s i o n  p r od uc t  wou l d  t e r m i n a t e  at  t h e  fi rst  

A d e n o s i n e ,  which  is 16 n u c l e o t i d e s  f rom t h e  e n d  of  t h e  p r i me r  a n d  

wo u l d  r e a d  t h r o u g h  t h e  p r o p o s e d  ed i t i ng  s i t e  (Fig.  12B) .
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T h e r e f o r e ,  fai thful  t r a n s c r i p t s  s ho u l d  al ign wi th t h e  first  A d e n o s i n e  

in t h e  s e q u e n c e  (Fig.  12C,  l a ne  2) whi le  m R N A s  with a d d i t i o n a l  

G ' s  i n s e r t e d  wou l d  al ign wi th b a n d s  of  i n c r e a s e d  s i z e .  By th i s  

a n a l y s i s ,  a n  e d i t e d  M4G" p r o d u c t  w a s  c l ea r ly  d e t e c t e d  w h e n  t h e  

P C R  s a m p l e  f rom PC - CA T  mRNA w a s  u s e d ,  w h e r e a s  wi th P C - C A T 

t r a n s c r i p t  P C R ,  only  t he  u n e d i t e d  " 3 G H p r o d u c t  w a s  e v i d e n t  (Fig.  

12C,  l a n e s  5 a n d  7).  P C R  f r a g m e n t s  c o r r e s p o n d i n g  to  m R N A ' s  

wi th m o r e  t h a n  o n e  i nse r t i on  cou l d  not  b e  def in i t e l y  ident i f i ed .  

H o w e v e r ,  w h e n  t h e  P C- CA T  mRNA P C R  s a m p l e  w a s  c l o n e d  a n d  

s c r e e n e d  by a d i f f e rent i a l  o l i g o n u c l e o t i d e  hyb r i d i za t i on  m e t h o d  

t h a t  c ou l d  d i s t i ng u i s h  3 G ' s  f rom 4 G ' s  or  5 G ' s  a t  t h e  p u t a t i v e  

ed i t i ng  s i t e  (Vidal  et  al. ,  1 9 9 0a ) ,  a b o u t  10% of t h e  c l o n e s  

c o n t a i n e d  4 G ' s  whi le  l e s s  t h a n  1% h a d  5 G ' s  ( Ta b l e  I). Aga i n ,  no  4 

o r  5 G ' s  w e r e  ident i f i ed w h e n  t h e  c on t ro l  P C - C A T t r a n s c r i p t  P C R  

s a m p l e  w a s  s c r e e n e d  ( d a t a  not  s ho w n ) .  Final ly,  s e q u e n c i n g  

a n a l y s i s  of  t h e  pos i t i ve  4 G  a n d  5G c l o n e s  c o n f i r m e d  t h a t  t h e  

c l o n e s  c o n t a i n e d  o n e  a n d  two n o n t e m p l a t e d  G i n s e r t i o n s  a t  t h e  

p r e c i s e  pos i t i on ,  r e s p e c t i v e l y  (Fig.  13).  In add i t i on  to mRNA,  w e  

a l s o  e x a m i n e d  t h e  P C- CAT  vRNA pur i f i ed  f rom n u c l e o c a p s i d s  

i s o l a t e d  f rom a  CsCI  g r ad i e n t .  In o r d e r  to  f u r t h e r  puri fy t h e  R N P ,  

t h e  b a n d e d  n u c l e o c a p s i d  w a s  add i t i ona l l y  t r e a t e d  with m i c r o c o c c a l  

n u c l e a s e .  S i n c e  R N P ' s  of  S e n d a i  v i rus  a r e  n u c l e a s e  r e s i s t a n t ,
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t h i s  wou l d  r e m o v e  a n y  t r a c e s  of  c y t o p l a s m i c  RNA whi ch  m a y  h a v e  

c o - pu r i f i ed  wi th t h e  n u c l e o c a p s i d .  T h e  l imited p r im e r  e x t e n s i o n  

a n a l y s i s  s h o w e d  no  e v i d e n c e  of  a n  e d i t e d  p r o d u c t  (Fig.  12B,  l a ne  

6) ,  a n d  s c r e e n i n g  by o l i go n uc l eo t i d e  hybr i d i za t i on  e x c l u s i v e l y  

d e t e c t e d  t h e  g e n o mi c - l i k e  3 G s e q u e n c e  ( d a t a  not  s h o w n ) .  Th i s  

s t r o n g l y  s u g g e s t s  t h a t  t h e  vRNA in o u r  m o d e l  s y s t e m  u n d e r g o e s  

RNA ed i t i ng  with s imi lar  c o n s t r a i n t s  to t h e  in t ac t  viral  g e n o m e ,  a s  

it o c c u r s  du r i ng  t r a n s c r i p t i o n  but  not  r ep l i ca t i on  (Vidal  et  al. ,  

1 9 9 0 a ) .
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F i g u r e  12.  (A) P R O C E D U R E  F O R  D E T E C T I NG  EDITED RNA BY 

P C R  AMPLIFICATION AND LIMITED P RI M E R  E X T E N S I O N  

ANALYSIS.  For  a n a l y s i s  of  mRNA,  pr imer -1  w a s  u s e d  in t h e  

f i r s t - s t r a n d  s y n t h e s i s  r e a c t i o n  a n d  p r i me r - 2  w a s  a d d e d  for  P C R  

a mpl i f i ca t i on .  For  a n a l y s i s  of  t r an s c r i p t  or  r e s c u e d  vRNA,  

p r i m e r -2  w a s  u s e d  in t h e  f i r s t - s t r and  s y n t h e s i s  a n d  p r imer -1  w a s  

u s e d  for amp l i c a t i o n .  (B) LIMITED P RI M E R  E X T E N S I O N  

ANALYSIS ON P C R  P R O D U C T S .  T h e  s e q u e n c e  of  t h e  

e n d - l a b e l l e d  p r i mer  a n d  t e m p l a t e  a r e  s h o w n  a b o v e  t h e  f i gure .  

T h e  t h r e e  P C R  p r o d u c t s  i n d i c a t e d  CYTO,  NC,  a n d  Tx a r e  t h o s e  

c o r r e s p o n d i n g  to t h e  c y t o p l a s m i c  RNA,  n u c l e o c a p s i d ,  a n d  

t r a n s c r i p t ,  r e s pe c t i v e l y .  A s e q u e n c e  r e a c t i o n  of  p P C - C A T  u s i n g  

t h e  s a m e  l a be l l e d  p r i me r  w a s  u s e d  a s  a  s i z e  m a r k e r  a n d  p r o p e r  

t e r m i n a t i o n  s i t e  ind i ca to r .  T h e  u n e d i t e d  a n d  e d i t e d  (+ 1G) 

p r o d u c t s  a r e  i n d i c a t e d  by 3G a n d  4G,  r e s p e c t i v e l y .

F i g u r e  13.  DNA S E Q U E N C I N G  OF THE cDNA C L O N E S  O F  

P C- CA T  mRNA.  C l o n e s  pos i t i ve  for t h e  3G ( u n e d i t e d ) ,  4 G  (+ 1G) ,  

a n d  5G (+2G)  o l i g o e s  w e r e  s e q u e n c e d  by t h e  d i d e o x y - N T P  

m e t h o d .  •  a n d  >- i n d i c a t e s  u n e d i t e d  3 G ' s  a n d  i n s e r t e d  G ' s ,  

r e s p e c t i v e l y .



104

BHK Cells
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B

PC-CAT 
PCR Product

Labelled 
Primer-3

p PC-CAT

Editing Region

5 '- ATGGATCCTGACTCAACAAAAAAGGGCATAGGAGAGAACACATCATCTATGAG- 3'

d(JA K---------------3' -ATCCTCTCTTGTGTAGTAGATACTC-5 '*
Sequenase
♦3dNTPs

91
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TABLE 1. F r e q u e n c y  of G - n u c l e o t i d e  i n s e r t i o n s  in P C - C A T mRNA

Experim ent #
No. (%) of PC-CAT cDNA clones 

with the indicated number of G's inserted

0 1 2

I 168 (94%) 10 (5.6%)’ 1 (0.6%)1

I I 178 (94%) 11 (6%) 0 (0%)

h i 125 (91%) 12(8.7%) 1 (0.7%)

Total (%) 471 (93.1%) 33 (6.5%) 2 (0.4%)

'T h e se  clones w ere picked and seq u en ced . All th o se  se q u e n ced  show ed the  
co rrec t num ber of in serted  G nucleo tides.



+2G +1G Unedited
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3. 3'  D e l e t i o n s  of  t h e  P / C  G e n e  Edi t ing S e q u e n c e

To d e t e r m i n e  w h e t h e r  s e q u e n c e s  3'  to t h e  G i n s e r t i o n  s i t e  

w e r e  e s s e n t i a l  for  p s e u d o - t e m p l a t e d  t r an s c r i p t i o n ,  t h r e e  n e w  

c o n s t r u c t s  w e r e  m a d e  which  c o n t a i n e d  p r o g r e s s i v e  d e l e t i o n s  o f  6 

n u c l e o t i d e s  (Fig.  14A).  T h u s ,  P a r a  45 ,  44 ,  a n d  4 6  c o n t a i n e d  36,  

30 a n d  24  b a s e s  of  t h e  P / C  g e n e ,  r e s pe c t i ve l y .  All of  t h e s e  

c o n s t r u c t s  still r e t a i n e d  t h e  c o n s e r v e d  S ' - UUU UC C C - S '  c o n s e n s u s  

s e q u e n c e .  T h e  t h r e e  n e w  d e r i v a t i v e s  w e r e  t h e n  t r a n s f e c t e d ,  

r e s c u e d ,  a n d  u s e d  to p r e p a r e  c y t o p l a s m i c  RNA. Af ter  r e v e r s e  

t r an s c r i p t i o n  a n d  P C R ,  t h e  l imi ted p r i me r  e x t e n s i o n  a n a l y s i s  of  t h e  

DNA s h o w e d  t h a t  all t h r e e  c o n s t r u c t s  u n d e r w e n t  ed i t i ng  d u r i n g  

t r a n s c r i p t i o n  by t h e  viral  p o l y m e r a s e  a n d  now c o n t a i n e d  a n  e x t r a  

n u c l e o t i d e  (Fig.  14B) .  Clon i ng ,  s c r e e n i n g ,  a n d  s e q u e n c i n g  of  t h e  

P C R  p r o d u c t  of  t h e  s h o r t e s t  c l o n e  ( P a r a  46)  c o n f i r m e d  t h e  

p r e s e n c e  of  p s e u d o - t e m p l a t e d  t r an s c r i p t i o n  p r o d u c t s .  A l t h o u g h  a 

s m a l l e r  s a m p l e  s i z e  w a s  s c r e e n e d ,  2 of  35 c l o n e s  of  P a r a  4 6  P C R  

p r o d u c t s  c o n t a i n e d  a  s i n g l e  G i nse r t i on .  T h u s ,  a s e q u e n c e  a s  

s h o r t  a s  24  n u c l e o t i d e s  cou l d  i n d u c e  ed i t i ng  by t h e  viral  

p o l y m e r a s e .  It s h o u l d  b e  n o t e d  t h a t  an  a d d i t i o n a l  b a n d  

c o r r e s p o n d i n g  to a  o n e  b a s e  s h o r t e r  e x t e n s i o n  f r a g m e n t  is a l s o  

e v i d e n t  in Fig.  14B ( l a n e s  5-8) .  T h e  in t ens i t y  of  th i s  b a n d  is 

highly  v a r i a b l e  b e t w e e n  e x p e r i m e n t s  a n d  is a l w a y s  p r e s e n t  in
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c on t ro l  l a n e s  (Fig.  12B,  l a n e  7).  As  P C R  p r o d u c t s  s h o r t e r  by o n e  

b a s e  h a v e  n e v e r  b e e n  i so l a t e d  w e  p r e s u m e  t h a t  t h i s  b a n d  is a n  

a r t i f ac t  d u e  to p r e m a t u r e  t e r m i n a t i o n  pr ior  to  t h e  d i d e o x y  b a s e  

add i t i on .

Final ly,  o n e  o t h e r  c o n s t r u c t  w a s  t e s t e d  for its abi l i ty to 

i n d u c e  p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n .  P a r a  54 is i de n t i c a l  to 

P C - C A T e x c e p t  t h e  3 C ' s  in t h e  c o n s e n s u s  s e q u e n c e  w e r e  

c h a n g e d  to 3 G ' s  (Fig.  14A).  W h e n  thi s  c o n s t r u c t  w a s  r e s c u e d  

a f t e r  t r a n s f e c t i o n  a n d  a n a l y z e d  by l imited p r i me r  e x t e n s i o n ,  no  

v i s ib l e  e d i t e d  p r o d u c t  w a s  e v i d e n t  (Fig.  14B).  Thi s  s t r o n g l y  

s u g g e s t s  t ha t  t h e  S e n d a i  vi rus  ed i t ing  m e c h a n i s m  spec i f i ca l l y  

r e q u i r e s  t h e  s t r e t c h  of  C ' s  in t h e  vRNA for t h e  i n s e r t i on  to o c c u r ,  

a n d  t h e  s u b s t i t u t i o n  by G r e s i d u e s  r e d u c e s  t h e  e f f i c i e nc y  of  

ed i t i ng  to be l ow t h e  d e t e c t a b l e  level .
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Fi g u r e  14.  (A) S E Q U E N C E  OF  3'  DELETION MUTANTS.  P a r a  45 ,  

44 ,  a n d  4 6  c o n t a i n  p r o g r e s s i v e  d e l e t i o n s  of  6 n u c l e o t i d e s  f rom t h e  

3'  e n d ,  w h e r e a s  P a r a  54  c o n t a i n s  3 C ' s  ( s h a d e d )  i n s t e a d  of  t h e  G ' s  

in t h e  c o n s e n s u s  s e q u e n c e .  T h e  p r e d i c t e d  i n s e r t i o n  s i t e  is 

i n d i c a t e d  by a n  a r row.  (B) LIMITED P RI M E R  E X T E N S I ON  

ANALYSIS ON P C R  P R O D U C T S  O F  C YT OPL AS M I C RNA 

DERIVED A F T E R  I NFECTI ON BY R E S C U E D  V I R U S E S  O F  THE 

MODIFIED C L O N E S .  T h e  p r i me r  for  e x t e n s i o n  is s h o w n  in Fig.  

10A.  S e q u e n c e  of  p P C - C A T  us i ng  t h e  s a m e  p r i m e r  is s h o w n  to 

i n d i c a t e  t h e  p r o p e r  t e r m i n a t i o n  s i t e  a t  t h e  fi rst  T h y m i d i n e  r e s i d u e .  

T h e  u n e d i t e d  a n d  e d i t e d  p r o d u c t s  a r e  i n d i c a t e d  by 3G a n d  4G,  

r e s pe c t i ve l y .



T
PC-CAT mRNA GA CTC AAC AAA AAA GGG CAT AGG AGA GAA CAC ATC ATC TAT G

P a r a  4 5  vRNA CU GAG UUG UUU UUU CCC GUA UCC UCU CUU GUG UAG U

P a r a  44  vRNA CU GAG UUG UUU UUU CCC GUA UCC UCU CUU G

P a r a  46  vRNA CU GAG UUG UUU UUU CCC GUA UCC UA

P a r a  54  vRNA CU GAG UUG UUU UUU GGG GUA UCC UCU CUU GUG UAG UAG AUA C
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B

G A T C 45 44 46 54

1 2 3 4 5 6 7 8
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D. D i s c u s s i o n

T h e  r e c e n t  s u c c e s s  in d e v e l o p in g  art i f ic ia l  g e n o m e s  for 

n e g a t i v e - s t r a n d  RNA v i r u s e s  h a s  g r e a t ly  i n c r e a s e d  o u r  ab il i ty  to 

a p p l y  r e v e r s e  g e n e t i c s  a n d  u n d e r s t a n d  t h e  s t r u c t u r e - f u n c t i o n  

r e q u i r e m e n t s  of viral e l e m e n t s  (Coll ins  et al. ,  1991 ;  H u a n g  et al. ,  

1 9 9 0 ,  1992 ;  Luo et a!.,  1991;  Luy t je s  et al. ,  1989 ;  P a r k  et  al. , 

1991 ;  P a t t n a i k  a n d  W er tz ,  1990 ,  1991;  Y a m a n a k a  et al. , 1 991 ) .  In 

p a r t i c u la r ,  t h e  a n a l y s e s  of v a r io u s  c / s - a c t in g  s i g n a l s  s u c h  a s  

t h o s e  d i r ec t in g  t r a n s c r i p t io n ,  r e p l i ca t io n ,  a n d  p a c k a g i n g  of  t h e  

viral  g e n o m e  h a v e  b e n e f i t e d  im m e n s e l y ,  s i n c e  m u t a t i o n s  a r e  

i n t r o d u c e d  into t h e  m o d e l  g e n o m e  with e a s e  a n d  q u a n t i t a t i o n s  of  

t h e  e f f e c t s  of  t h e  m o d i f i c a t io n s  a r e  a c c o m p l i s h e d  by s i m p l e  

a s s a y s  of  r e p o r t e r  g e n e  e x p r e s s i o n .  C o m b i n e d  with t h e  ab il i ty to 

e x p r e s s  viral  p r o t e i n s  in vivo by T7- or  v a c c i n i a - b a s e d  v e c t o r s  

( C u r r a n  et  al. ,  1991 ;  H u a n g  et al. , 1990 ,  1992 ;  P a t t n a i k  a n d  

W e r t z ,  1990 ,  1 991 ) ,  t h e  arti f icial  g e n o m e  s y s t e m  p r o v i d e s  a 

p ow er fu l  tool  to d i s s e c t  a n d  u n d e r s t a n d  t h e  f u n c t i o n s  of  ind iv idua l  

c/ s-  a n d  f r a n s - a c t i n g  e l e m e n t s  a s  well a s  the i r  i n t e r a c t i o n s .

in th i s  r e p o r t ,  w e  d e s c r i b e  t h e  s u c c e s s f u l  r e c o n s t i t u t i o n  of 

p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n  by th e  S e n d a i  v i rus  p o l y m e r a s e  by 

p la c in g  a  4 2 - b a s e  n u c l e o t id e  s e q u e n c e  d e r iv e d  from t h e  P / C  g e n e
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into t h e  m o d e l  g e n o m e .  T h e  initial e v i d e n c e  w a s  p ro v id e d  by CAT 

e x p r e s s i o n ,  w hich  by d e s i g n ,  wou ld  c o m e  from a n o n t e m p l a t e d  G 

n u c l e o t i d e  in se r t io n .  Th is  w a s  p ro v e n  by l imited p r im e r  e x t e n s i o n  

a n a l y s i s ,  fo l lowed by c lon ing  a n d  s e q u e n c i n g  s t u d i e s .  By o u r  

a s s a y  p r o c e d u r e ,  which  e n t a i l s  r e s c u i n g  th e  r e c o m b i n a n t  g e n o m e  

into t r a n s f e c t a n t  v i r u s e s  a n d  u s in g  t h e s e  to  in fec t  a n d  p r e p a r e  

c y t o p l a s m i c  RNA s a m p l e s ,  w e  h a v e  found  th a t  a b o u t  10%  of  t h e  

mRNA c o n t a i n e d  a  G in s e r t io n  a t  t h e  p r e c i s e  p o s i t io n  a n d  l e s s  

t h a n  1% c o n t a i n e d  a 2G in se r t ion .  Dur ing n o rm a l  p a r a m y x o v i r u s  

in fec t ion ,  in s e r t io n  of  n o n t e m p l a t e d  n u c l e o t i d e s  o c c u r s  on ly  d u r in g  

t r a n s c r i p t i o n  a n d  no t  d u r ing  r e p l i ca t io n  ( C a t t a n e o ,  1 991 ) .  O u r  

m o d e l  P C -C A T  t e m p l a t e  b e h a v e d  a c c o r d in g ly ,  a s  w e  did no t  

d e t e c t  a n y  e d i t e d  P C -C A T  rep l i ca t ion  p r o d u c t s  by l imi ted  p r im e r  

e x t e n s i o n  a n d  o l i g o n u c le o t id e  s c r e e n i n g .  W e  did,  h o w e v e r ,  find 

o n e  e d i t e d  ( o n e  G in se r t ion )  c l o n e  d e r iv e d  from vRNA u p o n  

s c r e e n i n g  of  t h e  s h o r t e r  P a r a  46  c o n s t r u c t  ( d a t a  no t  s h o w n ) ,  bu t  

w e  b e l i e v e  th i s  is p r o b a b l y  d u e  to e i t h e r  c o n t a m i n a t i o n  or  a n  e r r o r  

i n t r o d u c e d  d u r ing  o u r  c lon ing  p r o c e d u r e .  In th i s  r e g a r d ,  P a t e r s o n  

a n d  L a m b  (1 9 9 0 )  h a v e  a l s o  fo u n d  o n e  m u m p s  v irus  vRNA cDNA 

c l o n e  a f t e r  s e q u e n c i n g  70  c l o n e s ,  which  w a s  c o n s i d e r e d  a n  e r r o r  

i n t r o d u c e d  by r e v e r s e  t r a n s c r i p t a s e  or  T ag  DNA p o l y m e r a s e .  

S in c e  no  e d i t e d  P C R  p r o d u c t  w a s  fo u n d  w h e n  t h e  T 7 - e x p r e s s e d
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t r a n s c r i p t  w a s  u s e d  a s  a s t a r t in g  m a te r i a l  for  f i r s t - s t r a n d  s y n t h e s i s  

a n d  P C R  am pl i f ica t ion ,  w e  fee l  e r r o r s  d u e  to o u r  c lo n in g  

p r o c e d u r e  would  be  i n t r o d u c e d  a t  a n  e x t r e m e l y  low r a te .

P r e v i o u s  s t u d i e s  h a v e  found  t h a t  d u r in g  n o rm a l  S e n d a i  v i rus  

in fec t ion ,  2 0 - 3 1 %  of viral P /C  mRNA h a d  a s i n g l e  G in s e r t io n  

while  5 -7%  h a d  mul t ip le  G in s e r t i o n s  ( P e l e t  et  al. ,  1991 ;  Vidal  et  

al. , 1 9 9 0 a ) .  This  v a r ia t ion  in f r e q u e n c i e s  w a s  a t t r i b u t e d  to  b e  a 

r e s u l t  of  t h e  a c t u a l  m e t h o d  of  q u a n t i t a t i o n  ( P e l e t  et al. 1 991 ) .  In 

o u r  s t u d i e s ,  r e v e r s e  t r a n s c r i p t io n ,  P C R  am pl i f i c a t ion  a n d  c lo n in g  

w a s  u s e d  a n d  le v e ls  of  a p p r o x i m a t e l y  6%  a n d  0 .5 %  of s i n g l e  a n d  

d o u b l e  G in s e r t i o n s  w e r e  r e s p e c t i v e l y  found .  F u r t h e r  s t u d i e s  a r e  

n e e d e d  to e x a m i n e  w h e t h e r  th i s  low er  v a l u e  for p s e u d o - t e m p l a e d  

t r a n s c r i p t i o n  is a n  i n h e r e n t  p r o p e r ty  of  t h e  mul t ip le  s t e p s  in o u r  

q u a n t i t a t i o n  s y s t e m  or if t h e  PCA T RNA or  its d e r i v a t i v e s  a r e  

lack ing  a r e g u l a t o r y  e l e m e n t  which  m a y  p r o m o t e  m o r e  e f f ic ien t  

ed i t ing .  H o w e v e r ,  it is c l e a r  th a t  t r a n s c r i p t i o n  of  a s e q u e n c e  a s  

s h o r t  a s  24 n u c l e o t i d e s  is su f f ic ien t  to p r o m o t e  th i s  p o l y m e r a s e  

i n d u c e d  e v e n t .

F rom  th e  s t u d i e s  of  t h e  know n a n d  p r e d i c t e d  e d i t in g  s i t e s  

a m o n g  p a r a m y x o v i r u s e s ,  it h a s  b e e n  s u g g e s t e d  t h a t  t h e  l i n e a r  

s e q u e n c e  e l e m e n t  p la y s  on ly  a m ino r  ro le  in d i r ec t in g  t h e  p r e c i s e  

G - n u c l e o t i d e  i n s e r t i o n s  (Vidal et al. ,  1 9 9 0 a ) .  Th is  is d u e  to  t h e
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fac t  t h a t  t h e  c o n s e n s u s  s i t e  is on ly  w e a k ly  p r e s e r v e d  a m o n g  

d i f f e r e n t  p a r a m y x o v i r u s e s  with a s tr ic t  c o n s e n s u s  of  on ly  7 

n u c l e o t i d e s  p r e s e n t  a m o n g  all p a r a m y x o v i r u s e s .  In a d d i t io n ,  th i s  

c o n s e n s u s  s i t e  is p r e s e n t  mul t ip le  t i m e s  t h r o u g h o u t  t h e  S e n d a i  

g e n o m e  a n d  e v e n  in o t h e r  r e g i o n s  of  t h e  P /C  g e n e  i t se lf  w i th o u t  

p r o m o t in g  ed i t ing .  H o w e v e r ,  t h e  d a t a  p r e s e n t e d  h e r e  s u g g e s t  t h a t  

t h e  p r im a ry  s e q u e n c e  d o e s  p la y  a m a jo r  role in ed i t ing .  In th i s  

r e s p e c t ,  t h e  3' s e q u e n c e  d e l e t i o n  a n a l y s i s  s t r o n g ly  s u g g e s t s  t h a t  

a s e q u e n c e  e l e m e n t  a s  s h o r t  a s  24  n u c l e o t i d e s  ( P a r a  46  

c o n s t r u c t )  s e q u e n c e  c a n  by i t se lf  c o n f e r  t h e  abil i ty to  u n d e r g o  

RNA e d i t in g  a t  t h e  p r e c i s e  p o s i t io n .  Th i s  p r o p e r t y  is 

c o n t e x t - i n d e p e n d e n t ,  s i n c e  w e  h a v e  r e m o v e d  t h e s e  b a s e s  from all 

o t h e r  P / C  g e n e  s e q u e n c e s  a n d  p l a c e d  it within a  fo r e ig n  g e n e .  In 

a d d i t i o n ,  a  s u b s t i t u t i o n  of t h e  3 G r e s i d u e s  by C ' s  in t h e  

c o n s e n s u s  s e q u e n c e  a p p e a r s  to  a b r o g a t e  e d i t in g  in o u r  s y s t e m ,  

in d ica t ing  t h a t  t h e r e  is a  v e ry  s p e c i f i c  s e q u e n c e  r e q u i r e m e n t .  

C le a r ly ,  a m o r e  e x t e n s i v e  m u t a t i o n a l  a n a l y s i s  o f  t h e  s e q u e n c e  

e l e m e n t  s h o u l d  a l low a b e t t e r  u n d e r s t a n d i n g  of  t h e  s e q u e n c e  

r e q u i r e m e n t s .

A l th o u g h  t h e  e f f ic iency  of  ed i t ing  a p p e a r s  to  b e  low er  t h a n  

t h e  o b s e r v e d  v a l u e  for  t h e  viral g e n o m e ,  t h e  b a s i c  r u l e s  a n d  

m e c h a n i s m s  of  RNA ed i t ing  a p p e a r s  to b e  p r e s e r v e d  in th i s
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m o d e l .  F o r  e x a m p l e ,  th e  n u m b e r  of  G 's  i n s e r t e d  h e a v i ly  f a v o r s  a 

s i n g l e  G r e s i d u e ,  r a t h e r  t h a n  two or m o r e ,  a n d  t h e  in s e r t io n  

o c c u r s  a t  t h e  c o r r e c t  p r e d i c t e d  pos i t ion .  F u r t h e r m o r e ,  t h e  ed i t ing  

is on ly  d e t e c t e d  a s  a S e n d a i  v i r u s - e n c o d e d  act iv i ty  a n d  is not  

s e e n  w h e n  o t h e r  p o l y m e r a s e s ,  s u c h  a s  t h e  T7 RNA p o l y m e r a s e ,  

T7 DNA p o l y m e r a s e  ( S e q u e n a s e ) ,  M-MLV r e v e r s e  t r a n s c r i p t a s e ,  

a n d  Tag  p o l y m e r a s e  a r e  u s e d .  T h u s ,  t h e  r e s u l t s  o b t a i n e d  with t h e  

P C -C A T  g e n o m e  or its d e r iv a t i v e s  s h o u l d  p ro v id e  v a l u a b l e  

i n s ig h t s  into t h e  m e c h a n i s m  of p s e u d o - t e m p l a t e d  t r a n s c r i p t i o n  by 

th e  S e n d a i  v i rus  p o l y m e r a s e .
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IV. SUMMARY

O u r  u n d e r s t a n d i n g  of  t h e  m o l e c u l a r  p r o p e r t i e s  of  

p a r a m y x o v i r u s  g e n o m e  t h u s  far  h a s  b e e n  l imited d u e  to  a la ck  of  

a s u i t a b l e  a p p r o a c h  for  in t ro d u c in g  s p e c i f i c  m u t a t i o n s  or  

m o d i f i c a t i o n s  into t h e  g e n o m e .  Ideal ly ,  o n e  w ou ld  like to  h a v e  a 

cDNA of t h e  e n t i r e  viral g e n o m e ,  m a k e  c h a n g e s  a n d  s y n t h e s i z e  

vRNA in vitro, t h e n  ef f ic ient ly  r e s c u e  t h e  m u t a n t  g e n o m e  into 

in f e c t i o u s  v i r ions  in t h e  a b s e n c e  of a n y  c o n t a m i n a t i n g  h e l p e r  v i rus  

g e n o m e .  T h e  a s s e s s m e n t  of  m u t a t i o n s  i n t r o d u c e d  w ou ld  t h e n  be  

d i r e c t ,  by s im ply  s tu d y in g  th e  p h e n o t y p i c  b e h a v i o r  of  t h e  r e s c u e d  

m u t a n t .  U n fo r tu n a te ly ,  no s u c h  s y s t e m  e x i s t s  a s  yet .

T h e  b i g g e s t  p ro b le m  a s s o c i a t e d  with s t u d y i n g  t h e  

p a r a m y x o v i r u s  g e n o m e  is its l a rg e  s i z e  a n d  t h e  n e g a t i v e  po la r i ty  

of  t h e  RNA. H av ing  a s i z e  of  ~ 15  kb m a k e s  it e x t r e m e l y  diff icult 

to m a n i p u l a t e  a t  t h e  cDNA leve l ,  s y n t h e s i z e  vRNA in vitro,  a n d  

t r a n s f e c t  into ce l l s .  H aving  a n e g a t i v e  po la r i ty ,  by def in i t ion ,  

m e a n s  th a t  t h e  n a k e d  RNA a l o n e  is not  i n f e c t io u s  a n d  t h u s  

n e c e s s i t a t e s  o n e  to s u p p ly  viral p r o t e i n s  in trans.  In c o m b i n a t i o n ,  

t h e  p r o b l e m s  p o s e d  m a n d a t e  a m o d e l  g e n o m e  with l imited 

c a p a b i l i t i e s  but  n o n e t h e l e s s  e n a b l e s  all t h e  a p p r o p r i a t e  

m a n i p u l a t i o n s  a n d  a s s a y s .
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In t h e  f irst half  of th is  t h e s i s ,  a s u i t a b l e  m o d e l  g e n o m e  w a s  

d e v e l o p e d  for  S e n d a i  v irus .  T h e  m o d e l  g e n o m e ,  S e n d - C A T ,  

p e r m i t s  m a n ip u la t i o n  at  t h e  cDNA level ,  vRNA s y n t h e s i s  in vitro, 

a n d  e f f ic ien t  r e s c u e  into vi r ions.  T h e  h e l p e r  v irus  in fec t ion  m u s t  

b e  p ro v id e d  for  r e p l i ca t io n ,  e x p r e s s i o n ,  a n d  r e s c u e .  

C o n s e q u e n t l y ,  t h e  p r e s e n c e  of  c o n t a m i n a t i n g  w i ld type  g e n o m e  is 

i n e v i t a b l e  in th is  s y s t e m .  O n e  a l t e r n a t i v e  wou ld  b e  to p r o v id e  th e  

viral  p r o t e i n s  t h r o u g h  e x p r e s s i o n  v e c t o r s ,  r a t h e r  t h a n  h e l p e r  

v i r u s e s .  Th i s  h a s  b e e n  r e c e n t ly  a c h i e v e d  for  VSV, w h e r e  Dl RNAs 

w e r e  p a c k a g e d  into p r o g e n y  v i r ions  c o m p l e t e l y  f r e e  of 

n o n d e f e c t i v e  g e n o m e s  ( P a t t n a ik  et al. .  1992) .

In t h e  s e c o n d  half ,  w e  ut i l ized t h e  S e n d - C A T  g e n o m e  to 

d e v e l o p  a n  in vivo r e p l i c a  of  n o n t e m p l a t e d  t r a n s c r i p t i o n  by S e n d a i  

v irus .  H e r e ,  a  s e q u e n c e  e l e m e n t  s p a n n i n g  t h e  e d i t in g  s i t e  of  t h e  

P / C  g e n e  w a s  t a k e n  ou t  of its n o rm a l  c o n t e x t ,  pu t  into t h e  m o d e l  

g e n o m e ,  a n d  still r e t a i n e d  its f u n d a m e n t a l  p r o p e r t i e s .  

P r e s u m a b l y ,  t h e  p r im ary  a n d  local  s e c o n d a r y  s t r u c t u r e  of  th i s  

e l e m e n t  p r o v i d e s  t h e  minim ally  n e e d e d  r e g u l a t o r y  s i g n a l  for  

ed i t ing .  By m a k in g  d e l e t i o n s  from th e  3' e n d  of  t h e  ed i t ing  s i t e  (in 

vRNA s e n s e ) ,  w e  s h o w e d  th a t  t h e  s e q u e n c e  e l e m e n t  c o u ld  b e  

n a r r o w e d  d o w n  to 24  n u c l e o t i d e s .

U n d o u b te d l y ,  t h e  work  d o n e  in th i s  t h e s i s  r e p r e s e n t s  on ly  a
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s m a l l  p r o g r e s s  in t h e  field of p a r a m y x o v i r u s  s t u d i e s .  O u r  

c o m p l e t e  u n d e r s t a n d i n g  of  t h e  m o l e c u l a r  p r o p e r t i e s  a s s o c i a t e d  

with p a r a m y x o v i r u s  g e n o m e  t r a n s c r i p t i o n  a n d  r e p l i c a t io n  will 

r e q u i r e  e x t e n s i v e  m u t a t i o n a l  a n a l y s e s  of  bo th  t h e  g e n o m e  a n d  t h e  

viral  p r o t e i n s .  It is h o p e d  t h a t  t h e  s t u d i e s  p r e s e n t e d  in th i s  t h e s i s  

will p ro v id e  s o m e  g u i d a n c e  a n d  po in t  to  p o s s i b l e  pi t fal ls  in f u tu r e  

e f fo r ts .
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