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L'Adénovirus a présenté pour nQus un double interet, Celui d'etre une sonde 
métabolique, e t  celui d'etre un modèle structural . 

1) Les virus des cellules eucaryotes comme les bactériophages ne peuvent se 
multipl ier qu'après avoir infecté une cellule. I l s  deviennent alors une 
véritable - sonde d'étude de la cellule, puisqu'ils utilisent, t o u t  ou 
partie de la machtnerte ce1 lulaire. Ainsi 1 'adénovirus uti l ise les 
systèmes de transcription e t  de traduction, e t  les DNA polymérases de l a  

ce1 lule hôte pour sa reproductton ; 1 'étude du fonctionnement de ces 
systèmes enzynattques est rendu plus facile par l e  f a l t  qu'un petit 
nombre de gènes sont exprimés. Dans cette optique 1 ' adénovirus est  sans 
doute un meil leur outil que l e  SV40, car l e  premler inhibe les synthèses 

de la cellule hate e t  pas l e  second. 

2)  Les virus qui sont des structures relativement simples, provenant de 
l'assemblage de sous-unités répétitives sont des moyens d'approche des 
interactions protéine-protéine et  protéine-acide nucléique, Ces intérac- 
tions sont évolutives au cours de l a  morphogénèse du virion. Ilest donc 
possible de suivre, la formation des particules virales pour les virus de 
cellules de mammifères, ce qui n'est pas le  cas des virus des plantes. 

Notre travail avait pour b u t  1 'étude des étapes de l'assemblage de 1 'adéno- 
virus aboutissant à l a  formation de la capside contenant un génome infectieux et  du 

rôle du  DNA dans la morphogénèse virale. Nous avons ut i l i  sé plusieurs voies 
d'approche : l'analyse génétique, biochimique e t  immunologique, en essayant de com- 
biner les informations obtenues par les différentes méthodes, 11 serait peut être 
souhaitable de faire appel à d '  autres techniques complémentaires, tel les 1 es études 
de Biophysique des diverses particules. 

Avant d'exposer nos résultats, nous avons fa i t  u n  bref rappel des connais- 
sances actuel 1 es concernant 1 'adénovi rus et  en parti cul ier 1 e cycl e lytique. 

Nos résultats sont présentés sous forme d'un résumé, résultats e t  discussion. 
Les résultats détaillés sont rassemblés en annexe puisqu'ils on t  f a t t  l 'objet  
des publications suivantes : 
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+Les adénovirus furent découverts en 1953 par Rowe e t  a l .  (1953) dans des 

cultures de t i s sus  d'amygdale humaine, d'où leur  nom. I l s  sont responsables de 

certaines affections respiratoires ,  de conjonctivites e t  de certaines affections 
digestives. C'est  pour l'adénovirus que fu t  mis en évidence pour l a  première fo i s ,  

1 l e  pouvoir oncogène, chez l e  hamster nouveau né, d ' u n  virus animal (Trentin - e t  
al ., 1962 ; Huebner e t  a l . ,  1962). - 

Les adénovirus peuvent avoir t r o i s  types d ' interact ion avec une cel lule  

a )  entraCner une transformation maligne de la  cel lule  

I b) l a  tuer  sans produire de part icule  v i ra le  : c ' e s t  l e  cycle abortif  

c )  l a  tuer  en produisant une grande quantité de particules : c ' e s t  l e  
cycle productif ou lytique. Le cycle lytique se divise  en deux périodes : 

l a  phase précoce qui précéde la  réplication du DNA ; l a  phase tardive 

qui s u i t  l a  synthèse du DNA e t  se poursuit jusqu'a l a  lyse de l a  
ce l lu le  avec l ibération d'une quantité importante de particules 
infectieuses. 

L'adénovirus a  f a i t  l ' o b j e t  de nombreuses revues génerales, par exemple, 
en ce qui concerne : 

- l 'absorption sur l e s  ce l lu les .  Lonberg-Holm and Philipson, 1974 

- l e  cycle lytique. Philipson and Lindberg, 1974 

I - l a  réplication du DNA. Winnacker, 1978 

I - 1 ' intégration du  DNA viral  dans l e  DNA ce l lu la i re .  Doerfler, 1977 

- l a  transcription. P .  Lemay 1978 

- l a  génétique. Ginsberg and Young, 1977 

1 Nous ne ferons qu'évoquer l e s  grandes 1 ignes du  cycle lytique e t  rappeler 
l 'exis tence des cycles abortif  e t  transformant. 



II Structure de l a  par t i cu le  v i r a l e  
;wS-.:?i_ ,$, 
% q :  , .......................... II - 1 Archi tecture de l a  ear t i cu le  o.------ 

rwrim&b t ~ a  
Les adénovirus sont des v i rus  non-enveloppés de 65-80 

Au microscope électronique leur  capside se présente sous fonne icosaedrale, 

, % 

e t  composée de sous-unit&, les  capsonères (Horne e t  al.,  1959). Chaque 
T.." < , -4 7= 

'+>%* capsomere des faces t r iangula i res (20 faces - 240 capsm6res) e s t  entouré 
+ . ,  

++*,de s ix  vois ins : leu r  symetrie hexagonale leur  a f a i t  donner l e  nom d'hexon. 

A chacun des 12 sonnets se trouve un capsmere possédant cinq voisins ; 1 
appelé "penton" (Ginsberg e t  al., 1966). Le penton es t  compos6 d'une base, 

insérée dans l a  capside e t  d'une pro ject ion : l a  f i b r e  (Valentine and 

Pereira, 1965 ; Morrby, 1966). Un nucléoide ("core"), contenant l e  DNA 

ainsi  que d'autres proteines, occupe l e  centre de l a  capside (Epstein, 1959 

Epstein e t  a l  . , 1960 ; Bernhard e t  al., 1961). 

. . Les méthodes de dt is int€grat lon s6quguantiells du v i r i o n  e t  d'analyse 1 
des re la t ions  de voisinage par pontage rgvers ib le  des protéines de l a  1 

capside permettent de reconstruire udn modele deta i l1  é de 1 a topograp 
- I  'C-  

l"; 

A des pro t é i  nes dans 1 a 
i J  

u le  v i r a l  
@ 

Une d i a l y  w o n  1 r e  un 

tampon 5mM tris-Maléate pH 6,O-6,5 (Praoe e t  al ,  1970) provoque l a  

p e f é r e n t i e l l c  des pntons.  Les par t icu les v i ra les  d6pourvues de penton 

par t icu le permet d' i s o l e r  1 es hexon9 des faces t r iangula i res (Smith e t  - 
al ,  1965 ; Maizel e t  al ,  1968 ; Prage e t  a l ,  1970). D'autres conditions - -- -- 
expérimentales aboutissent a l a  formation de "gnoupes de neuf hexons" 

(Prage e t  a l ,  1970 ; Russel e t  a l ,  1971 ; Pereiravand Wrigldyy 1974 
I Y< 

crawthcr Bid Frank1 in ,  1912). 

Plusieurs methodes sont dacr i tes pour obtehir  "les cores" : l e  
i 'a .. 1 

chauffage de l a  pa r t i cu le  (Rus3eB e t  el, T S 7  ; 1971) ; 1 'fictYon c, I d  

- 
l'acétone (Laver e t  a l ,  1968) ; de 1 'ur6e 5 M (Maizel e t  al ,  1968) ; de l a  - - 
f o r n i d e  (5taany e t  - a1 , 19-68). 11 e s t  i9pa3wwnt p m s i b l e  d ' u t i l  i s e r  un 

mi l ieu 10% pyridine, ou l e  prmé& des e o w l  at4ont-déeongé1atl o&s 
répétées (Prage e t  a l ,  1968; 1970). 

La composition en polypeptides a e t4  Ctudl& par electrophorese 
en gel de pol yacryl  amide en m i  1 i eu dissociant , 

Comne l e  montre l a  f igura  l b ,  l a  pa r t i cu le  v i r a l e  cont ient 

14 polypeptides (Everi tt e t  - al,  1973 ; Anderson e t  - al, 1973). 





t a  polypeptide II es t  l e  constituant de l'hexon, l e  polypeptide I I I  
ce lu i  de l a  base du penton, l e  polypeptide IV ce lu i  de l a  f ib re .  Les 

protéines V e t  V I 1  sont associees au DNA dans l e  nuc lh ide .  La l oca l i sa t i on  ' 1 
polypeptides dans l a  par t i cu le  es t  m n t r e e  sur 1 i  ffgum 

nnq 
I 

Lors de 1 ' k f e c t i o t ~  d'uns c e l l u l e  l e s  polypeptides viraux de struc- 

(Wilcox e t  a l  , , 1963 ; N e m t ,  1975) e t  par Ir di f f t%ct i@n des Rayons X 

(Tejg-Jensen - e t  al . ,  1972 ; E h  st ail M18). L i  p ~ o t e i n e  pu r i f i ee  -f' 
a une masse molCculaire de 310..4#33 I Wvjw 1 tn  c t  al., 1971) 

i -L 

e t  l e  polypeptide II migre en #d de'pz1ya;ryl -SOS avec un poids 

mol &cula i re apparent de 120,000, s o i t  3 chahes p&lypeptidiques par 

hexxonn. La structure trinièirlque de 1 ' hcxon a et6 c o n k t n ~  par pentage 

i n t e r  sous-uni t @  (Boul angar and Puvion, 1974). La sous-uni t e  
cont ient 7 cys t t i i no  p Ê r  850 acides amines. L'acide m& en pos i t i sn  

W-terminale est  bloque par a&ty lat ion ( J o ~ n v a l l  ~t a l  . , 1974). L '  hexon 

poss&de des d6taminants antigtkniqurrs de groupe (a), de sous-groupe e t  da 
type (e )  '(Worrby, 1969a). l a  dg temin in t  de type est r h i a t a n t  l a  

trypsine, , Ir c m t r y p s i n e ,  l a  papalne w Ir s u b t i l  Seim ;P.&tersson 
i 1971). 

La f i b r e  a l a  forme d'une antenne de 2 m de d ia&trc  terminée 

par une spherule de 4 nm de diamètre. La longueur var ie  avec l e  sérotype, 
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30 nm pour l e  type 2 (Norrby, 1969b). La f ib re  e s t  glycosylée, Elle e s t  

composée de 3 polypeptides de masse moléculaire apparente 62 000 pour l e  

type 2 (Ishibashi and Maizel, 1974). Un déterminant antigénique de type 

e s t  porté par la  sphérule, e t  un déterminant de sous-groupe par la t i ge  

(Norrby, 1969b ; Pettersson e t  a l . ,  1968). 

La 'base du penton e t  l a  f ib re  sont associés de manière non covalente 

car  i l s  sont dissociables par l e  chlorhydrate de guanidine 2,5:1, la  

pyridine à 8% (Norrby and Shaaret, 1967) ou l e  desoxycholate de sodium - 
à 0,5% (Boudin e t  a l . ,  1979). Le penton complet a une masse moléculaire ' )  

d'environ 500.000. La base du penton e s t  composée de 5 polypeptides de 

85.000 ( I I I )  (Anderson e t  a l . ,  1973). Celle-ci possède 3 déterminants 

antigéniques (type, sous-groupe e t  groupe) (tladelll and Norrby, 1969 ; 

Pettersson and Hoglund, 1969). 

Les deux protéines du core V e t  VI1 ont une masse moléculaire 

respective de 48.500 e t  18.500. Le VI1 e s t  une protéine analoclue aux _ _ _ _ -- 
bistones, - - riche en arginine (21%) e t  en alanine (18%) (Laver, 1970 ; 

Prage and Pettersson, 1971 ; Russell e t  a l . ,  1971 ; Sung e t  a l . ,  1977) 

Le nombre de polypeptides VI1 e t  V par particule e s t  estimé à 1080 e t  180 

respectivement (Maizel e t  a l . ,  1968 ; Everit t  e t  a l . ,  1973). Le polypeptide 

VI1 dérive d ' u n  précurseur, P VI1 de masse moléculaire 22.500 (Anderson 

e t  a l . ,  1973), par clivage à son extrémité N-terminale (Rekosh and 

Russel 1 ,  1977). 

Les deux polypeptides VI e t  VIII, associés à l'hexon dans l a  

par t icule  v i ra le ,  de masse moléculaire 24.000 e t  13.000 derivent de deux 

précurseurs, P VI e t  P VIII ayant respectivement 27.000 e t  26.000 de 

masse moléculaire apparente en gel de polyacrylamide-SDS (Anderson e t  a l . ,  

1973, Edvardsson e t  a l . ,  1976). 

Le polypeptide IX qui e s t  associé aux hexons des faces de l ' icosaèdre 

e s t  une protéine basique de masse moléculaire 12.000 (Boulanger e t  a l  . , 
1979). Ce polypeptide e s t  indispensable au maintien de l a  s t a b i l i t é  de 

l a  capside (Jones e t  a l . ,  1978). 

La protéine I I I a  e s t  un monomère de 66.000, produit de clfvage, à 

l 'extrémité N-terminale d'un précurseur P I I I a  de 67.000 (Lemay e t  a l . ,  

1980 ; Boudin e t  a l . ,  1980). C'est  l a  protéine phosphorylée majeure de l a  

par t icule  virale  (Russell and Blair ,  1977). Le composant I I I a  n 'es t  pas 

responsable de l ' induction d'anticorps neutralisant l 'adénovirus 

(Lemay e t  a l . ,  1980). 

Les polypeptides X , 3 1,  XII apparaissent au cours de l a  maturation 

du virus (voir  ci-dessous assemblage) e t ,  du moins pour l e  XI e t  l e  XII, 
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présence de deoxycholate de sodium ou par la pyridine ; l e  DNA e s t  c l ivé  en 

fragments de 200 paires de bases par l a  nucléase de Staphylococcus Aureus 

Le DNA viral  e s t  donc organisé d'une maniere semblable 3 l a  chromatine des 

ce l lu les  eucaryotes. Chaque nucléosome contient s ix  polypeptides VI1 e t  u n  
polypeptide V (Corden e t  al ., 1976). Le DNA de SV40 e s t  aussi "assemblé" 

en nucléosome mais ce virus u t i l i s e  l e s  histones de l a  ce l lu le  hôte 

(Gr i f f i th ,  1975 ; Germand e t  a l . ,  1975). 

I I  - 4 Enzymes erésents dans l a  ear t icule  ------ --- ---- ---------------- -------- 
Aucune a c t i v i t é  DNA ou RNA polymérase n ' e s t  associée à l a  particule 

v i ra le ,  contrairement, au virus de 1 a Vaccine. 

Une eedonucléase e s t  mise en évidence après rupture de l a  particule 
7 

par dialyse contre un  tampon tris-maleate 5 mM pH 6,2 (Burlingham e t  a l . ,  

1971, Burlingham and Doerfler, 1972 ; Marusyk e t  a l . ,  1975). Elle a l e s  

mêmes propriétés a u ' u n e d o n u c l e a s e  de ce l lu les  KB non-infectées. Elle 

e s t  vraisemblablement d 'or igine ce l lu l a i r e  (Reif e t  a l  . , 1977 ; Tsuruo - e t  

a l . ,  1978). - 
Dans l e s  mêmes conditions de rupture de l a  particule,  une protéine 

'kinase cosédimente avec l a  particule ayant perdu l e  penton. Cet enzyme 

phosphoryle préférentiel lement l a  protéine I I I a ,  mais aussi l e s  protéines 
V ,  VI, VI1 e t  X, en u t i l l s an t  l e  phosphate en y de 1 'ATP (Blair  and Russell, 

1978 ; Akusjarvi e t  a l . ,  1978). 

I I  - 5 Classification ------ -------------- 
90 sérotypes différents  ont é t é  isolés  dans 11 espèces animales - 

(Tableau 1, re t ranscr i t  à p a r t i r  de Norrby e t  a l . ,  1976). Les adénovirus 

aviaires  n'ont pas d'antigène commun avec les  adénovirus isolés  de mamni- 

fè res .  Tous l e s  sérotypes portent u n  déterminant antigénique spécifique de 

groupe, porté par l'hexon, à l 'exception des adénovirus av ia i res . (Pere i ra  

e t  a l . ,  1963). 

Plusieurs c lassif icat ions des sérotypes isolés  chez 1 'homme ont et6 

proposées, en u t i l i s a n t  des propriétés différentes : 

a )  l a  capacité à agglutiner des érythrocytes de r a t  ou de singe 

(Rosen 1960) 

b) 1 e pouvoir oncogène chez 1 e hamster' nouveau-né (Huebner e t  a l  . , 
1965) 

c )  1 'homologie de séquences des DNA (Green e t  a l . ,  1979ia) 

d) 1 'homologie de masse mol écu1 a i r e  de cer tains  polypeptides de 

s t ructure : V ,  VI e t  VI1 (Wadell, 1979). 

Le tableau I I  présente l a  c lass i f ica t ion  des types-basée sur 



Tableau 1 

Nombre de sérotypes de 1 'Adénovirus i s o l é s  chez d i f f é r e n t e s  espèces animales 

Embranchement ------------- 

Mammifères 

O i seaux 

Hôte Nature l  ------------ 

Homme 

Singe 

Equ i dé 

Bovin 

Ovin 

Canin 

Po rc in  

Mur in 

1 
Nombre ----------------- de sérotypgs 1 
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1 'homologi'e des séquences de DNA. Les résu l ta t s  des autres  modes de 

classif icat ion y ont é té  incorporés. 

La séquence des 120 premiers nucléotides de l 'extrémité  gauche du 

génome e s t  relativement bien conservée à travers les  sous-groupes A ,  B ,  C 

e t  même pour un adénovirus simien ( l e  SA 7) e t  l e  SV 40 (Tolun e t  a l . ,  

1979). 

I I  1 Génétique 

I I  1-1 Organisation des gènes -------- -------------- ---- 
Le chromosome de l'adénovirus a une capacité de codage pour 40 à 50 

polypeptides. Pendant l e  cycl e lytique 6 à 12-protéines -.. précoces e t  18 à 20 
1 

protéines tardives sont mises en évidence en gel de polyacrylamide-SDS. La 

localisation des gènes codant pour ces protéines e s t  effectuée par diverses 

méthodes. 

1 II--1-1 Traduction in v i t ro  de mRNA spécifiques .......................................... 
La localisation de la  zone codante pour une protéine e s t  

réal isée par l a  traduction in v i t ro  de mRNA polyadéhylés sélectionnés 

par hybridation sur des fragments d u  génome v i r a l .  Les premiers 

résu l ta t s  furent acquis en u t i l i s an t  des fragments de DNA obtenus à 

1 'a ide de 1 'endonuclease de res t r ic t ion  Eco R 1 (Lewis e t  al . , 1975). 

Des résul t a t s  plus précis ont ensui t e  é t é  obtenus par 1 ' u t i l i s a t ion  

de fragme_nZsZDJlA prgduitstpar diverses - endonucl éases de res t r ic t ion  --- - 

(Lewis e t  a l . ,  1976, 1977 ; Pettersson and Mathews, 1977). 

L'addition de cycloheximide au début d u  cycle augmente la  

concentration de cer ta ins  mRNA précoces (Buttner e t  a l . ,  1976 ; 

Craig and Raskas, 1974 ; HaLbert e t  a l . ,  1979). 

Les mRNA spécifiques de certaines protéines tardives sont 

vi sua1 i  sés 1 e 1 ong du génome en microscopie él ectronique (Thomas 

e t  a l . ,  1976). Les mRNA sont incubés en présence de DNA dans des 

conditions de fusion pa r t i e l l e  de ce lu i -c i .  11 se  forme alors u n  
C \ hybride DNA-RNA plus s t ab le  que l e  DNA double brin.  La région ou 

-- 

u n  mRNA s'hybride avec une séquence complémentaire de DNA apparait 

sous forme d'une bouclede déplacement ("R-loop"). Les premiers 

résu l ta t s  ont é t é  obtenus avec l e  mRNA de l'hexon (Westphal e t  a l . ,  

1976). Cette technique f u t  appliquée ensuite aux m R N A  de la  f ibre  
e t  d'une protéine v i r a l e  non-structurale de masse mol écu1 a i r e  100 K. 

(Meyer e t  al . , 1977, Chow e t  al . , 1977a, b)  . La figure 2 résume 1 es 
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€42-55 E 15 lx 

Protéines OB' & 
I iVa2 

penton, pVI hexon 
illa + pVli  ) . . 

' PViii 1 0 0 ~  , E15.5 fibre 

49 96 sequence v a - R N A  1.2 
ii 
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499 519 

1 précoces 166 196 

R N A  tardifs 
I- - I 

t p.--(.-- - - 8  n 
I / 

r *.II, W t 

tardifs 
R N A  précoces 

F i g  3 A - Carte génétique de 1 'Adénovirus 2 

Les po in tes  des f lèches représentent  l e s  extrérni t és  3 '  . 
Les l i g n e s  p o i n t i l l é e s  i nd iquen t  l e s  séquences absentes dans 

l e  mRNA polysomal. Les f lèches c l a i r e s  correspondent à l ' e x -  

pression des gènes précoces ; l e s  f lèches no i res  cor res-  

pondent à l ' e x p r e s s i o n  des gènes t a r d i f s .  

D'après Anderson, C.W., Atk ins,  J.F., Broker,  T.R., Chow, 

L.T., Gelinas, R.E., Lewis, J.B., Mathews, M.B., Pettersson, 

U., Roberts, J.H., and Roberts, R.J., Ce11 1977, 11 e t  12 ; 

Galos e t  a l . ,  1979 ( E  5) ; Persson e t  a l . ,  1979c ( E  3 19 K ) .  
f? 

::,) 
" +$ F i g  3 B - Carte génétique de 1 'Ad 2 ND 1 

r e p r i s e  de Gesteland e t  a l  ,, 1977 - 



l 
r é su l ta t s  obtenus par ces deux techniques, La plupart des gènes codant 
pour les  protéines tardives à l 'exception du IVa2 sont s i tues  sur l e  , 

l 

brin r ,  a insi  dénomé parce que l a  transcription se  f a i t  vers l a  . 

droi te  ( r i g h t ) .  Les gènes codant pour l e s  protéines précoces sont 

répar t i s  en quatre zones majeures dénomées E l ,  E 2 ,  Eg e t  E4. Récem- 

ment une 5éme zone précoce a é t é  mise en évidence sur 1 e brin 1 ( l e f t )  1 

entre  19,8 e t  23,5, l e  produit de ce gène n ' e s t  pas connu. Ce mRNA 

e s t  présent en u n  p e t i t  nombre de copies : 30 copies par ce11 ule 

au l ieu  de 500 à 1 000 pour les  autres mRNA précoces (Gabs e t  a l . ,  I 
1979). i 

l 

III-1-3 - ----- analyse ......................... de recombinants intertypiques - --- 1 I 
1 

La localisation de certains gènes a aussi é t é  effectuée par I 

1 

l 'analyse de recombinants intertypiques entre  des mutants thertno- 
sensibles ( t s )  d 'Ad 5 e t  des mutants t s  d'Ad 2 ou d'Ad 2 NDS.  I 

L ' Ad 2 N D 1  e s t  un  vi rus hybride de 1 ' Ad 2 qui contient un  fragment 
de génome du SV 40. Cet hybride e s t  non défectif  car i l  se  multiplie l 

efficacement sur ce l lu les  de singe alors que les  adénovirus humains ! 

n'y produisent q u ' u n  cycle abor t i f .  1 
La structure du DNA des recombinants e s t  étudiée par  clivage 

à l ' a i d e  de différentes  endonucléases de r e s t r i c t ion .  Les s i t e s  de 
coupure sont spécifiques du sérotype étudié. La figure 3a montre, l e s  
s i t e s  de cl ivage par 1 'endonucléase de res t r ic t ion  Eco R 1 de divers 
adénovirus. Tandis que l a  figure 3b rassemble l e s  s i t e s  de clivage 

de plusieurs endonucléases de res t r ic t ion  pour l e s  sérotypes 2 e t  5. 
Comme certaines protéines différent  par leur  masse moléculaire (hexon 
e t  f ib re )  ou par leurspropriétés imrnunologiques ( f i b r e )  i l  e s t  pos- 
s ib l e  de local i s e r  l e s  gènes codant pour ces protéines (Mautner e t  a l  . , 
1975 ; ~rodzicker  e t  al . , 1977 ; Weber and Hassel1 , 1979) 

Le tableau I I  1 compare 1 es résu l ta t s  obtenus par ces t r o i s  
techniques pour quatre polypeptides. 

La figure 2 montre aussi l a  localisation des gènes codant pour 
des RNA de pe t i te  t a i l  l e  (5,5 S) l e s  VA RNA (Viral Associ ated RNA) 

(Mathews, 1975 ; Soderlund e t  a l . ,  1976). Ce résu l ta t  a é t é  obtenu 
par hybridation sur f i l t r e  de n i t r a t e  de cél lulose des VA-RNA radio- 
a c t i f s  avec des fragments de DNA obtenus par clivage avec des endo- 
nucléases de res t r ic t ion .  Les fragments de DNA sont d'abord séparés 
en gel d'agarose ou d'acrylamide puis t ransférés ,  après dénaturation 
sur une membrane de n i t r a t e  de cellulose méthode de t ransfer t  ou 

"blotting" de Southern, 1975). 



Tableau III 

Localisation des gènes codant pour les polypeptides 

II, 100 K, IV et E 72 K 

* La région codante peut être plus grande que cette zone (en particulier pour 
la 100 IQT! La valeur donnéereprésente la zone codante pour le fragment 

type spécifique de la protéine. Ainsi pour l'hexon cette partie type- 

spécifique (Ad 2 / Ad 5) est localisée à la position 55-57 du génome 

(Weber and Hassel1 , 1979) 

polypeptides 

II 

100 K+ 

1 V 

E 72 K 

a) d'après Lewis et al. 1977 

b)  d'après Chow et al. 1977 b 

c) Mautner et al., 1975 ; Grodzicker et al . , 1977 ; Weber and Hassel 1 , 1979) 
d) d'après Lewis et al . 1976 

+ 100 K : c'est une protéine non structurale de masse moleculaire 100 000. 

+ 

analyse de 

Recombinants K c - 

44 - 59 

69 - 71 

85 - <98 

59 - 71 

par traduction 
i n  "ltr0 des 5 

40,9 - 70,7 

59 - 83,4 

85 - 100 

58,5 - 70,7 d 

I 

Par 
cartograp6ie en 

m!'croscopie éïeètronique 

b - 

51,9 - 62,2 

68 -78,6 

68 - 83 

86,3 - 91,5 

62,4 - 67,9 



Eco R I  

Fig 3 - Carte physique de 1 'adénovirus 

A)  de plusieurs sërotypes ( 2 ,  5, 3, 7, 12, 16) par l'endonuclease de 

res t r ic t ion  Eco R i .  
f-. :,y\5 
,& B )  des sérotypes 2 e t  5 par diverses endonucleases de r e s t r i c t ion .  Notons 

qu ' i l  n ' y  a pas de s i t e  d i f fé rent  de coupure a l a  gauche d i  s i t e  

Barn H l  de 29,3 pour l e  type 2 
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Tableau I V  : Mutants de 1 'Adér,. 
- - -  

i 
I 

1 l 
agent mutagène (b )  

NN 6 

HFI02 

HN02 

EMS 

HN02 

NH20H 

NH20H 

HN02 

BudR 

NH20H 

HN02 

NN G 

NH20ti 

NN G 

spontanne 

U V 

NH20H 

BudR 

NN [r. 

HN02 

NN CI 

U V 

NH20H 

spontané 

UV -- 

NH20H 

HN02 

HN02 

spontané 

spontané 

NH20H 

tIN02 

UV 
- -*-  . 

l i vage  du OIJA par  1 econs t ruc t ion  du gCnone, 

l 
1 

I 
l 

I I 

I 

- 

1 

Sérotype e t  type de 

mutant (a) 

H 2 t s  

H 2 t s  

H 2 t s  

H 5 t s  

H 5 t s  

H 5 t s  

ll--_l-L---------CI- --- - 

- 

Fréquence 

d '  isolement 

7/172 

5/170 

39/400 

14/146 

8/95 

2/355 

0,01 a 0,i% 

8/3 7 2 

2/3 17 
- 

45/700 

24/370 

2/260 

17/250 

5/679 

17/506 

27/238 

3/250 

4 

1 

1 mutant 

7/372 

0,05% 

-- 

endonuclease de r e s t r i c t i o n  
i n f e c t i o n  e t  recherche de 

I 

l 

I 
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H 7 t s  

H 12 t s  

H 12 t s  

H 31 t s  

ce10 t s  

H 12 c y t  

A d 2 N D 1  - (c)  

Ad 2 ND 1 h r  

t s  

Ad 2 h r  

5 h r  

H 5 hs 

H 5 d l  



a) La nomenclature utiliséeest celle proposéepar Ginsberg, Yi11 iams, Doerfler and 

Shimojo, 1973. 

Par exemple H 2 pour adhovirus humain de type 2 suivi 

ts thermosens l bl e 
h r  hdte dépendant 

h s thenno-stabl e 

C Y ~  cytocidal 
d 1 deletions 

sub substitution 

1 n 1 nsersion 

b) Abreviation utilisée 

EMS ethane methane sulfonate 

HN02 acide nitreux 

NH20H hydroxyl ami ne 

NNG N-methyl-Nt-nitro-N-nitrosoguanidine 

BUdR bromodeoxyuridi ne 

UV radiations ultra violettes 

c) Ad 2 ND hybride Ad 2 SVqO qui se multiplie efftcacement sur cellules de singe 

et qui contient une sCquence de SV 40 . 



I I I  - 2 Mutants de l'Adénovirus ------- ....................... 
Dans l 'é tude du cycle lyt ique,  abort i f  ou dans l a  transformation 

ce11 ul ai re,  1 es mutants sont de précieux outil  S .  11 s permettent de déterminer 

in vivo l e  rdle des protéines v i ra les  pour l a  réplication du DNA,  l a  régula- 
t ion de 1 'expression des gènes précoces e t  ta rd i fs  e t  l a  formation de l a  
particule v i ra le .  I l s  sont aussi particulièrement u t i l e s  pour mettre en 
évidence des étapes "fugaces". du cycle lyt ique,  

De tous l e s  mutants ce sont les  thermosensibles q u i  sont l e  

plus étudiésdans l e  système adénovirus-cellule-permissive. I l s  
offrent  1 'avantage de pouvoir passer d ' u n  stade permissif à u n  stade 
r e s t r i c t i f  ou vice-versa par simple changement de température. Mais 
par contre 1 a 1 ocal i sat ion du gène muté ainsi que 1 e produit de 1 

1 

celui-ci sont plus d i f f i c i l ~  déterminer que pour les  mutants de 1 
délétion. Un grand nombre de mutants thermosensibles ont é t é  isolés  1 

pour plusieurs sérotypes ( 2 ,  5 ,  7,  12 ,  31 e t  virus Celo). Le 
1 

tableau IV résume la l i s t e  des publications décrivant l ' isolement de 1 

mutants. Ce tableau precise : 

- 1 'agent mutagène u t i l i s é  ; acide nitreux, ~ - ~ & t h y l - ~ ' -  nitro-#- 
' 

Ni trosoguanidine, 1 es radiations ul t raviolet tes  , ainsi  que ! 
1 a bromoJeoxyuri di ne. 

- la fréquence d'isolement de mutants 

Les mutants thermosensibles sont obtenus pri nci paiement par 

traitement d ' u n  stock de virus avec u n  agent mutagène, de manière à 
2 diminuer l e  t i t r e  d u  stock d ' u n  facteur 10 à 105. Les clones sont 

isolés  à 1 a température choisie comme température permissive puis 
tes tés  aux deux températures, permissive (32" - 33°C) e t  non permis- 

sive (38,5°-39,50C). La fréquence des clones thermosensibles varie 
d'environ 1 à 10%. 

Quand la  bromodeoxyuridine e s t  u t i  1 isée comme agent mutagène, 
l ' isolement se  f a i t  après u n  cycle lytique en présence de BudR. Les 

mutants hôte-dépendants (h i l) sont aussi obtenus par traitement d ' u n  

stock de virus avec u n  agent mutagène. Des clones sont sélectionnés 
sur des ce l lu les  choisies comme permissives e t  essayés sur  ce l lu les  
que l 'on  voudrait non permissives. Ainsi Harrisson, Graham e t  
Willians ont i so lé  en 1977 des mutants q u i  ne se  multiplient plus 

sur KB ou HeLa mais seulement sur  HEK-clone 293. Les HEK-293 sont .des 
ce1 1 ul es de rein embryonnaire humain ( H E K )  en 1 ignée continue, 
transformées par du  DNA dlad@novirus 5 fragmenté (Graham e t  a l . ,  1974) - 
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Elles contiennent 12% de lallpartie gauche du genome qui es$ ~ ~ p r i m e e  . ? f.. 

e t  9% de la partie droite qui n'est pas 1 exprimée sou$ d i  
mRNA (Graham et a l . ,  1977 ; Aiello e t  a l . ,  1979). 

Ces ce1 lules H E K  293 g q n t  aussi les celluEes permissives 
util isées par Jones e t  Sch,enk (1979a)pour isoler des mutants de 
délétign, de lsubstitution ou q47nsertion. I l s  recherchent des-mutants 
ayant perdu u n  ou plusieurs si tes de clivage d'une endonucléase de 
restriction : après cl ivage du DNh c i r a 1  aire avec 1 'enzyme de resr 
triction choisi, i l s  relient les fragments obtenus avec la poly- 
deoxynucléotide ligase du  phage T4, e t  infectent des cellules H E K  293 ; 

i l s  ont  ainsi isolé des mutants ne possèdant plus de s i te  de coupure de 

1 'endonucléase de restriction Xba 1 (Jones and Shenk, 1978, 1979) 

D'autres systèmes ce1 lulaires on t  aussi été  uti 1 isés, 
Takahaghi (1972) a isolé des mutants d'Adénovirus 5 ne poussant pas 
sur cellules de rein de hamster (Ham.K), cellules permissives à 

1 'adénovirus 2 ety5 mais pas à 1 'adénovirus 12. 

Les adénovirus humains induisent u n  cycle abortif dans des 
cellules de singe ( C V  ), mais Lewis e t  a l .  1969) o n t  isolé chez des hybrides 1 

t Ad2 SVdO (Ad2-N D 1 à 4)  qui sont capables de se mu1 tipl ier sur CVl.  

Des mutants thermosensibles on t  été isolés à partir de l'Ad2 NP1. 

Ces mutants ne se multiplient pas à 38,5OC sur CV1, mais iils se 

comportent comme l'Ad 2 ND1 a 33'C. A 38,!i°C i l s  se comportent comme 

des mutants hôte-dépendants car i l s  se multiplient normalement sur 
HeLa (Grodzitker e t  al ., 1974 ) .  T o u t  récemment Klessig a isolé 
plusieurs mutants ponçtuel s de 1 ' adénovirus qui se mu1 t i  pl  lent aussi 
efficacement sur CV1, que sur HeLa (Klessig, 1977 ; Klessig and 

Gr~dzicker, 1979). 

Il est impossible de cultiver des mutants non-sens de virus 

eucaryotes, car i l  n'.f-xiste pas de système t - R N A  suppresseurs comme 

dans 1 e système phage-bacterie. Cependant, des mutanCs .df, 1 'Ad 2 ND1 

: i 
sont des mutants non-sens, pour la fonction nécesspire a 1 a mu1 t ipl  i -  
cation sur cellule de singe (Gestpland et  a l . ,  19j7 ; Grodzicker - et  

a l . ,  1976). - 
111-2-2 _-____ comelérnentation _ _ _ _ _ _ _ _ C _ _  

Le test  de complémentation a pour b u t  dg déterminer si deux 

mutants on t  une mutation dans le  même gène ou dans deux gènes 
différents. Pour les mutants t s ,  des cellules sont  infectées par  deux 



mutants à température non permissive, e t  à l a  f in  du cycle viral la 

production de virus es t  mesurée à température permissive, e t  e s t  
comparée à la production de chaque mutant seul à la température non- 
permissive. 11 e s t  possible de calculer u n  indice de complémentation 

(CI)  qui es t  donné par la  formule suivante : 

C 1 - - Production de l a  double infection 
Production l a  plus élevée des deux infections simples 

(Russel e t  a l . ,  1972 ; Suzuki - e t  al . , 1972 ; Ledinko, 1974 ; Begin 
and Weber, 1975). Beaucoup d'indices de complémentation sont élevés, 

6 dans certains cas i l s  atteignent 10 (Williams and Ustacelebi , 1971). 
La production de la  double infection se rapproche quelque 6ois de 
cel le  du type sauvage à la même température (Ledinko, 1974). 

Williams e t  a l .  (1974) estiment que deux mutants appartiennent 
à deux groupes de complémentation quand le CI e s t  supérieur à 10. 
Avec cette limite i l s  obtiennent 17 groupes de complémentation pour 
51 mutants d o n t  cinq groupes concernent 1 ' hexon (synthèse, lassembl age, * 
transport), 3 la synthèse de la fibre e t  2 la synthèse du DNA. 

Ensinger e t  Ginsberg (1972) ne trouvent que t ro i s  groupes de complé- 
mentation pour les  mutants ayant l e  phénotype hexon défectif.  

1 

D '  autres auteurs trouvent t ro i s  groupes de compl érnentation 
concernant la synthèse du DNA (Ad 1 2  : Ledinko 1974 ; Suzuki e t  a l . ,  

1972 ; Ad 2 et  Ad 5 Kathmann e t  a l . ,  1976), ce qui semble faible par  
rapport au nombre de protéines précoces mises en évidence (au moins 
s ix)  au cours du cycle lytique. Ce résultat  apparemment paradoxal 
peut s'expliquer si l 'on considère que les mutants hr isolés par 
Harrisson e t  a1.,(1977) complémentent tous les mutants t s  appartenant 
aux 17 groupes de Wi I l  iams . Ces mutants hr concernent des protéines 
précoces de l a  région E l  (Frost and Williams, 1978). 

Quelques mutants t s  appartiennent à plusieurs groupes de com- 
plémentation, ce sont vraisemblablement des doubles mutants (Suzuki 
e t  a l . ,  1972 ; Begin and Neber, 1975) Un seul mutant ne complémente 

aucun autre, e t  i l  a u n  e f fe t  dominant sur l e  type sauvage, c ' e s t  le  
H 2 t s  48 (Carstens and Weber, 1977). 

Le tableau V indique l e  nombre de groupes de complémentation 
des mutants isolés dans divers laboratoires, i l  indique aussi l e  
nombre de groupes de cornplémentation pour quelques phénotypes 

(Ginsberg and  Young, 1977) , 

- Recombinaison de mutants d ' u n  même sérotype 



L'étude de la  fréquence de recombinaison entre  plusieurs 

mutants permet de s i tue r  chaque mutation par rapport aux autres.  
Un " t e s t  3 points" a é t é  u t i l i s é  avec u n  mutant thermo-résistant 
(hs = heat-stable) mais la  nécessi t é  d'analyser l a  progéniture vis 
à vis  de sa résistance à l a  température rend ce t e s t  fastidieux. 
De plus ce mutant e s t  local isé  dans 1 a par t ie  gauche du génome, ce 

qui rend l ' in te rpré ta t ion  d i f f i c i l e  gour l e s  mutants de l a  par t ie  
droi te  du génome (Young and Vil 1 iams, 1975). Le système l e  plus 
u t i l i s é  e s t  l a  fréquence de recombinaison entre  deux mutants. Pour 
ce f a i r e ,  des ce1 lules  infectées par chaque mutant ou par l e  
mélange des deux mutants sont cul tivées à température permissive. 
Puis l a  production virale  e s t  t e s t é  à température non permissive, 

I- 
pour mesurer la production de t s  , e t  à température permissive pour 

mesurer l a  production to ta le .  La fréquence de recombinaison ( r f )  e s t  
exprimée en fonction de l a  formule suivante : 

t i t r e  à l a  température non permissive 100 
t i t r e  à l a  température permissive 

- 

I l  e s t  l e  plus souvent possible de ne pas f a i r e  l a  correction 
de l a  fréquence de réversion des mutants seuls (Ensinger and Ginsberg, 
1972 ; Williams e t  a l . ,  1974). Begin and E!eber (1975) soustraient la  

fréquence de réversion du rapport précédent pour obtenir l a  fréquence 
de recombinaison. A pa r t i r  des mesures de fréquence de recombinaison 
i l  e s t  possible de construire une car te  génétique. La f igure 4 montre 

une t e l l e  construction. El l e  comprend 2 "familles" de mutants de 

l'Ad 5 (Williams e t  a l . ,  1974 ; Ginsberg and Young, 1977). 

- Analyse de recombinants entre  deux sérotypes d ' u n  même sous-groupe ---- ................................... ------------------ --- - 
L'homologie des DNA des adénovirus d'un même sous-groupe 

permet d'envisager une recombinaison entre  des mutants de deux 
sérotypes. Une t e l l e  analyse a d'abord é t é  u t i l i s é e  pour des mutants 
thermosensibles d'Ad 5 e t  d'Ad 2 ND1 (Sambrook e t  al . , 1975). 

Les plages obtenues à température non permissive (ts') sont 

amplifiées e t  l e  DNA viral  e s t  analysé par diverses endonucleases de 
r e s t r i c t ion .  Les sérotypes 2 e t  5 présentent de nombreux s i t e s  
différents  entre  l e s  coordonnées 30 e t  100 du génome. Il e s t  dpnc 

possible, par l 'analyse d'un grand nombre de recombinants de 
déterminer 1 e fragment de génome, spécifique de type, toujours 
absent des recombinants e t  donc porteur de l a  mutation. Cette tech- 

nique a é t é  aussi u t i l  isée pour l a  cartographie des mutants i so lés  

par Begin e t  Weber (Hassel1 and Weber, 1978). La figure 5a montre les  



Mutants t he rmosens ib l e s  d e  l ' a d é n o v i r u s  : phénotype e t  groupe de  cornplérnentatlon 

n b d e  groupes d e  
Transpor t  

complémentation n b de  mutant  d é f e c t i f  dans 
de 1 i l t h e x o n  ' F i b r e  l a  s y n t h è s e  du DNA v i r a l  

Sé ro type  
Base du 

penton 

n b de  mutant 

Assemblage 

Mar t in  e t  a l . ,  1078 

Réf Grences 

8 (6X1,2X2) 

Kathman e t  a l . ,  1976 

Begin and b!eber, 1975 

',leber e t  a l . ,  1975 ; 

Cars t ens  and Weber, ' 

1977 

Ensinoer and Ginsberg ,  

1972 ; Ginsberg -- e t  a l .  

1074 
1 

4 (3 ,2 ,1 ,1 )  

Mi nekava e t  a l  . , 1975 : -. 

Takahashi ,  1972 

-- - -  

Russel l  e t  a l  ., 1972 ; 

1974 ; Williams e t  a l .  -- 
1974 ; Y i l k i e  e t  a l  . , --- 
1973 

/ ~ s t e s  and Bute1 , 1977 

1 (6 1 , l )  Sh i rok i  et a l  ., 1972 
- - 



Le premier chif f re  indique l e  nonbre de groupes de complhentation, 

le  chiffre entre parenthèses indique l e  nombre de mutants pour 

chaque groupe de compl émentation 

H 2 t s  3 aucune synthèse d'antigène de structure n 'est  décelé 

l 

H 31 

Ce1 O 

H 2 t s  48 pas de synthèse d'hexon antigénique, e t  l a  f ibre  

e s t  anormale 

O 

(16) 

Pas de t e s t  de ~om~lementation effectue, mais i l  distingue 5 groupes 

de changement morphologique , - 

10 

12 

49 

1 (1) 

- -- 
6 

8 

* 

Shiroki and Shimojo, 

I 
2 (1, 1)  

3 (1, 1, 1 )  

1 

1 (1) 

O 

Ledinko, 1974 

Suzuki - e t  a l . ,  1972 

Ishi bashi, 1971 

O 

1 (1) 

2 (2, 2) 

(22) 







r i su l t i t s  cbtenws p r  d i m s  wtants d'Ad?, dtM 2 Z1 a t  d'M 5. 

a1 1 s&k& dans 1 e 

1 ' ad6novi rus. 

- Technique "Marker Rescua" 

Le DM vira1 est  infectieux (6rrkm and Van d e  Eb, 197s) e t  
1 'efficaciw d'infection es t  aumn%& en utilisant l e  ctmpltwe 
DNA-55 K. Par l'infbctiaci i eratura restsict2~ta de cg1 l w l  es a v s  .3'F 

, virus ts* sont obtenus. Cetta prductia,  es t  l e  reflat'd'une rwombi- 
natfson dans lai cellule. PuPsquce) f 'wn des fraga~eistc; h t ' ~  de tyw 

a (Williams, 1979). 

I 

I> , , 

' I 

Suivant l e  ghenotype, nous pouvons déteminer 3 classes de 
' L r  

mutants thcmsonsibl as : 

, . d%flzctirf a ,clans )hi sgr~l$Msa du IDHA ui PA , 
. d#factifs dans la spth&sa d'urne ou plutiwrs pretdsfnes 

1 es protgines de structure de la-particwl e, 

Lai synth&se du D M  viral est; nesçir4e pair 1 'm de CM tmts . 
C - -  - .  -- -. -. 

. hybridrtSon D M - N A  

. sgpairation B 1 ' 6qui 1 i bre en gradi m t  i 5opyc,n tquc Be GsC1, bas@ 
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sur la bJff&%nc@ de çonpoafti~n en base du DRCI, vfral et  

cellulatrs 

> '  - * ..-...-.- 
apdi;:* l y e  dis- ce1 lÜieri au s n a c t  du gradient 

) . , _ _ _ .  . - - - .  . . - - - .  .- , . - -  .. . "- -. ,-- 
t' De nombreux mutants 00% ainsi éte! çaractairisés pour 1 'a 

de typc 2 (Kibbnan eD. a i  ., 1976). de type 5 (Ensinger a h  Ginsberg, 
1972 ; Wilkie et  al!. , 19731, de type 12 (Lcdinko, 1974 ;  hir raki and 

Shimjo, 19741, d i  type 31 (Suzulri et  al . , 1972) e t  pour l e  Celo ' , 

virk (~sh<ba&iii. 19fi)- Lt&tude .de cas-autaaks iadiqw qw rpals 
gènes, ru moins, sont nece+-sgirgs 8 1 'initb3JgB d@ Ii -syntMaa du 
DRA v i ~ a 1 .  Le"prsdwf £.'de 1 'un de ces gènes. a 64% identif76 : c'est  

: lar E 72 K, une proteine à affinitg pour l e  MA simple b r i n  (DM 

' 3 '  

s sions (Laurel1 , 1965) . - - 

22 des 51 mutants testes par Wi 11 iams e t  a l .  (1974) sont defec- - 

tion d'hexon trimerique (Leibowitz and Horwitz , 1975 ; Hautner - 
< * ,  - 1 1  1 , 2 k ' 4 ,  

et  al .,, 1975 ; Cartens and Weber, 1977) .' - - 

* 
Les rauhnts d&*4:18~i&rnrs' l a  ~JiriilihBiMrt d0 %aifHfiir*er appsrthnnent 

1 3 grqupes de compl~ntaition (Russell e t  al . , 1979 ; Ensinger and 
~ 5 '  

Ginsberg, 1972). L I  un de i i k ' j W n U  '&di&& u n  eolypept?dk da'? (bibre) 
4 ! -  

non glycosylQ (H5 ts 142)(Ginsbrg and Ywng, . r 

'ires peu de mutants dehctifq.  ,IR mtw 4% &%3@ I 
penton ont 9te isolits 8 1 'exceptiiy de c w  de PR e t  Wekr (Weber 

I 1  i,j f2;;. . :  
et al . ,  1975). 

8"9 
. t~ .IOO.? .) ' c .,w-m- ,w-m-âs a-c- - 

las _twwts . a& I >  ~ j i  81~wap %FF i: . >  . ,  
cmpl ihentation pour 1 'Ad 2 (Walwr e t  i l  . , lw ~ 9 ~ 5  - ~ u p e s  pour 
1 'Ad 5 (Russel 1 e t  a l  . , 1972). L'.w da wmwyi ?w ts 1) 
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qccumule à température non permissive des particules non infectieuses 

contenant du DNA (Weber, 1976). Deux mutants d'Ad 5 (H5 t s  18, 

H5 t s  19) n'induisent pas la  synthèse d ' interféron dans l e s  ce l lu les  

f i  brobl astiques embryonnaires de poulet (CEF)  à température r e s t r i c t ive  

(Ustacel bi and Will iams, 1972 ; Tarodi e t  a l . ,  1977). 

Le tableau 5 indique l e  nombre de groupes de complémentation, 

avec l e  nombre de mutants dans chaque groupe. Le tableau 6 précise pour 

divers mutants représentatifs d ' u n  groupe : l e  phénotype, la région 

du DNA muté, ainsi que l a  ou les  protéines susceptibles d ' ê t r e  

modifiées . 
- Mutants "hôte-dépendants" 

 es mutants hr de 1 'adénovi rus 5 i sol és par Takahashi , i ncapa- 

bles de se  multiplier sur cel lules  de hamster, peuvent transformer 

ces cel lules .  11 en e s t  de même pour l a  souche sauvage de 1 'adénovirus 

12.  Une protéine modifiée dans ces mutants hr, e t  peut-être absente 

de l'Ad 12  e s t  indispensable à l a  multiplication sur cel lules  de 

hamster (Takahashi e t  a l . ,  1974). 

Les cel lules  HeLa ou KB infectées par l e  mutant hr 1 (cultivé1 

sur H E K  293) ne synthétisent pas de DNA viral mais i l  y a synthèse de 

DNA avec les  mutants "hôtes dépendants" de l ' a u t r e  groupe de complé- 

mentation (hr  6)  (Harrisson e t  a l . ,  1977). Ces deux mutants ne 

transforment pas les  ce l lu les  embryonnaires de r a t  (Graham e t  a l . ,  

1978). 

- Mutants de délétion 

Les ce l lu les  embryonnaires de r a t  ne sont pas transformées 

par les  mutants H5 dl 311, 312, 313, 314. La délétion de ces mutants 

e s t  si tuée autour de la  position 4 du génome (Jones and Schenk, 1979). 

IV Le cycle lytique 

Le cycle lytique kommence par 1 'absorption de l a  particule infectieuse sur l a  

membrane ce l lu l a i r e  e t  'aboutit à l a  lyse de l a  ce l lu le  permissive avec l ibérat ion 

d'un grand nombre de particules virales  (10' à 105 part icules/cel lule) .  

Le cycle infectieux e s t  divisé en deux phases, l a  phase précoce au4 s u i t  la 

p é n é t r a t i o ~  du virus e t  l a  phase tardive qui précéde l a  lyse ce l lu l a i r e .  Le passage 

de la phase précoce à l a  phase tardive e s t  ponctué par l e  démarrage de la synthèse 

du DNA viral  . 



Tableau VI 

Corrélation entre l e  phénotype, e t  la  protéine matée 

Phénotype ( a )  

1 I 1 

( a )  phénotype d'après Russel 1 e t  al . , 1972 ; Ensinger and Ginsberg 

1972 ; Weber e t  a l . ,  1975 

DNA- mutant défectif  dans l a  synthèse du DNA viral  

Local isat ion de la  

mutation (b )  

H 5 t s  22 

H 5 t s 2  

H 2 t s . 3  

H 5 t s 1  

H 2 t s  48 

H 5 t s  58 

H 2 t s  4 

H 2 t s 1  

H 5 t s  18 

 exo on- mutant défectif  dans 1 a synthèse de 1 ' hexon 
Fibre- mutant défectif  dans l a  synthèse de l a  f ib re  

Protéine 

mutée ( c )  

Assembl age- mutant ne produlsant pas de vi rus infectieux 
interferon- mutant n t  induisant pas 1 a production d '  interféron dans 

f ibre-  

hexon- 

hexon- 

Assembl age- 

Assembl age- 

Assemblage- 

Assembl age- 

~n te r fe ron-  

L 
des cultures de ce l lu les  embyronnalres de poulet (CEK) 

( b )  repris de la  f igure  5a e t  5 B 

89 - 96 

50 - 59 

44 - 57 

69 - 7 1  

69 - 80 

31,5 - 37,3 

30 - 43 

59 - 69 

45 - 57 

(c )  , protéine correspondante d'après l a  f i g .  3 

IV 

I 

I I  1 
l 

! 

100 K 

100 + pVl I I  

I I Ia  

I I I a ,  V ,  I I I  

I I ,  100 K 

(E 72 K )  

p v r ,  11 



La particule v i ra le  se f ixe  à u n  récepteur ce l lu l a i r e  par l a  f i b r e  

(Phi1 ipson e t  al . , 1968). Le rgcepteur ce1 l u l a i r e  e s t  composé de t r o i s  

espèces polypeptidiques majeures de poids moléculaire 78 000, 60 000 e t  

42 000 (Hennache and Boulanger, 1978). Cette étape de f ixat ion e s t  suivie  de 

l a  pénétration dans l e  cytoplasme par remaniement de la  membrane (Hennache 

e t  a l ; ,  1979). Au cours du passage à travers l a  membrane ce l lu l a i r e ,  ou dans 

l e  cytoplasme, la  par t icule  v i ra le  perd 5% de sa masse protéique ( l e  penton) 

(Sussenbach, 1967). La particule migre rapidement vers l a  membrane nucléaire,  

où l e  DNA,  sans doute sous forme de nucleoide("core")est in jec té  dans l e  
__r + 

noyau, l a i ssant  dans l e  cytoplasme une capside vide (Morgan e t  a l . ,  1969). 

Sergeant e t  a l  . (1979) ont montré au  ' au stade précoce 1 e DNA viral  

é t a i t  organisé dans les  noyaux en@~-~=la chromatine ;el l u l a i r e .  

Après extraction, même dans des conditions douces , l e  DNA viral  des noyaux 

de ce1 lules  infectées , n ' e s t  pas 1 i é  à des protéines. Cependant u n  c r n l e x e  --- - 
nucléoprotéinique a é t é  mis en évidence après l ' i n fec t ion  de cel lules  avec 

des ,particules immatures produites par l e  mutant HZ t s  1 à température non- 

permissive. Ce comp_lexe. nucl eoprotéinique sédimente corne 1 es "cores"' ex t r a i t s  

de virus e t  contient,  l i é  au DNA, l e s  polypeptides V e t  P VI1 (précurseur 

du VI1 (Mirza and Weber, 1979). Cette étape de nucléoide dans les  noyaux 

de  cel lules  s e r a i t  trop brève dans l ' in fec t ion  avec l e  virus sauvage et/ou 

i l  y aurai t  substi tution des protéines du nualéoide par l e s  histones de l a  

ce l lu le  hôte. Ce changement s e r a i t  rendu impossible dans l e  cas des particules 

de mutant H2 t s  1, par l a  présence du P VI1 . Au cours de l a  maturation du 

virus l e  polypeptide VI1 n'apparai t que dans l a  particule v i ra le .  Le mutant 

HZ ts  1 e s t  bloqué sur l ' é tape  de maturation P VI1 VII. Les protéines 

terminales (55 K )  res tent  attachées au DNA après 1 ' infect ion (Straus e t  a l . ,  

1979 ; Van Wielink e t  a l . ,  1979). Bien que 1 ' infect ion d'une cel lule  par l a  

particule virale  in tac te  s o i t  l e  processus l e  plus efficace,  i l  e s t  possible 

d ' i n fec te r  une ce1 lu le  par du DNA, en l e  précipi tant  sur l e s  ce1 lules avec 

du phosphate de calcium (Graham and Van der Eb, 1973a).Le pouvoir infectieux 
'3 

peut ê t r e  multiplié par u n  facteur loJ s i  ce t t e  transfection se f a i t  avec 

du complexe-DNA-protéines terminales (Talas and Butel, 1974 ; Sharp e t  a l . ,  

1976). 
\ 

La fa ib le  in fec t iv i t é  du DNA déprotéinisé n 'es t  pas due à l 'absence 

de pénétration, mais à la dégradation de ce DNA par l e s  endonucléases et/ou 1 , 

l es  exonucléases de l a  ce l lu le  hôte (Groneberg e t  al . , 1975). I 

IV - 2 La ehase précoce du cycle lytjque ------ --- ----- ----------- ----- 



IV-2-1 T r a n s c r i p t i o n  des gènes précoces l -- ---- -------- --------- ----- ------- 1 
Les mRNA v i raux  précoces représentent  1% des mRNA néosynthé- 1 

1 

t i s é s  (Warocquier , 1969) . Les mRNA cy top l  asmiques sont  compl émentaires 1 
de 20-25% du génome v i r a l  (Cra ig and Raskas, 1974 ; Sharp e t  a l . ,  1974). 1 

I 
Les RNA nuc léa i res  au stade précoce, en sa turent  une p lus  grande 

p a r t i e  (Wall e t  a l . ,  1972 ; Sharp e t  a l . ,  1974). 
1 
i 

Les mRNA précoces sont codés par  5 rég ions  du génome . Les 
z__c_ -- --\ 

c i n q  s i t e s  d ' i n i t i a t i o n  sont  r é p a r t i s  de l a  a e  su ivante  : 

deux su r  l e  b r i n  r aux p o s i t i o n s  2 (El) e t  8 1  (EJ )  e t  t r o i s  sur  l e  1 
i 
1 

b r i n  1 aux p o s i t i o n s  97 (E4), 73 (Ep) e t  23,5 (Es) (Craig e t  a l . ,  
1 

1975 ; Ta1 e t  a l . ,  1974 ; Galos e t  a l . ,  1979). 
1 

Les chaînes de RNA produ i tes  dans des cond i t i ons  où seule 
l 

l ' é l o n g a t i o n  e s t  poss ib le  ne proviennent pas de long t v a n s c r i t .  l 
Aucune molécule supér ieure à 26s n ' a  é t é  mise en évidence ( B e r t  and 1 

1 Sharp, 1977 ; Evans e t  a l . ,  1977 ; Cra ig  and Raskas, 1976; Sehgal e t  a l  . , ~ 
Les RNA précoces après synthèse sont " c o i f f é s "  comme tous  l e s  rnRNA 1979), 

des c e l l u l e s  eucaryotes (Hashimoto and Green, 1976). E t  après a d d i t i o n  I l 
de p o l y  A ,  l e s  RNA subissent  un @pissage ( " s p l i c i n g "  des anglo l 
saxons). Ce remaniement e s t  niis en évidence par  des boucles de 1 
déplacement de DNA simple chaîne hyb r idé  avec des mRNA cytoplasmiques 

(Kitchingman e t  a l  ., 1977 ; Neuwald e t  a l  ., 1977 ; hlestphal and La i ,  

1977). , 

S ix  à h u i t  mRNA précoces sont i d e n t i f i é s  dans l e  cytoplasme 

des c e l l u l e s  i n fec tées  ( P h i l i p s o n  e t  a l . ,  1974 ; Ta1 e t  a l . ,  1974 ; 

Craig e t  a l . ,  1975 ; F l i n t  e t  a l . ,  1975 ; B u t t n e r  e t  a l . ,  1976). Sept 

" c o i f f e s "  (cap) d i f f é r e n t e s  sont  obtenues après d i g e s t i o n  des mRNA 

cytoplasmiques par  l a  RNAse Tp. Ce q u i  suggère l ' e x i s t e n c e  d 'au  moins 

7 rnRNA précoces (Hashimoto and Green, 1976, 1979). 

IV-2-2 Pro té ines  précoces ------ ---------- ------- 
Jusqu'à 13 polypept ides précoces, de t a i l l e  v a r i a b l e  de 

72 000 ( E  72 K) à 10 500 (E 10,5 K )  sont  v i s u a l i s é s ,  dans des 

e x t r a i t s  de ce1 1 u l e s  i n fec tées ,  en ge l  de polyacrylamlde-SDS. l 
9 de ces po lypept ides  sont p r é c i p i t é s  avec un immunsérum a n t i  

p ro té ines  précoces (Saborio and Oberg, 1976 ; Russel l  and Shehel, 1972 ; 

Anderson e t  a l . ,  1973 ; Walter  and Maizel  , 1974 ; Har te r  e t  a l . ,  1976 ; 

Chin and Maizel , 1976). Cer ta ines p ro té ines  précoces du cyc l  e l y t i q u e  

p r é c i p i t e n t  avec des immunsérums a n t i  c e l l u l e s  de r a t  I 
transformées par  1 'adénovirus 2 ou 5. Les p ro te ines  E 15 K e t  E 53 K i 
sont tou jours  obtenues quelque s o i t  l'immunsérurn u t i l i s é .  E l l e s  sont codées 

- -  -- -- -- 



P a r  l a  rég ion  El e t  pou r ra ien t  jouer  un r61e dans l a  t rans format ion  

(Nol d' and Green, 1979). I 
Au moins deux des p ro té ines  précoces subissent une m o d i f i c a t i o n  
I 

pos t  t r a d u c t i o n n e l l e .  La E 72 K  e s t  phosphorylée +n v i v o  e t  i n  v i t r o  

(Levinson e t  a l . ,  1977 ; Jeng e t  a l . ,  1977 ; Russel l  and B l a i r ,  1977 ; 

Axe1 rod, 1978) . E l  1  e  comporte 17 rés idus  phosphates sur-  un fragment de 

25 K  (L inné and Ph i l ipson,  1979). La E  19 K e s t  g lycosy lée  ( I s h i b a s h i  

and Maizel,  1974a; Persson e t  a l . ,  1979c).Avant g l y c o s y l a t i o n  e l l e  

appara i t  comme un po lypept ide  de 14,5 K avec un i n te rméd ia i re  de 

g l y c o s y l a t i o n  de 17,5 K  ; e t  e l l e  e s t  codée par  l a  rég ion  E3 ( f i g  3) 

(Persson e t  a l  . , 1979a). 

Le r a l e  des pro té ines  précoces n ' e s t  pas connu à l ' e x c e p t i o n  

de a 72 K  q u i  e s t  une "DNA-bindinq-protein" Y (DEiE) . E l  l e  a  une 

a f f i n i t é  pour l e  DNP. simple b r i n  (Van der  V l i e t  and Levine, 1973 ; / , Van der  V l i e t  e t  a l . ,  1975). E l l e  e s t  requ ise  pour l a  r é p l i c a t i o n  du 
' 

DNA v i r a l .  C ' e s t  l a  p r o t é i n e  thermosensible du mutant H5 t s  125, 

d é f e c t i f  dans l a  ~ y n t h è s e  du DNA v i r a l  (Ensinger and Ginsberg, 1972 ; 

Van der  V l i e t  e t  a l . ,  1975). La p r o t é i n e  équivalente pour 1  'Ad 12 

a  un poids mo lécu la i re  de 60 000, e l l e  e s t  thermosensible pour l e  

mutant H2 t s  275 (Rosenwirth e t  a l . ,  1975). E l l e s  on t  donc un r ô l e  

t r è s  semblable à l a  p r o t é i n e  du gène 32 du bactér iophage T4 
I 

( A l b e r t s  and Frey,  1970). , 

f La p r o t é i n e  de c i r c u l a r i s a t i o n  du DNA (55 K) ,  q u i  n ' e s t  pas 

( détectée dans l e s  e x t r a i t s  de c e l l u l e s  in fec tées ,  en ge l  de po lyacry -  

lamide-SDS, e s t  3 y n t h é t i s é e . a ~  stade précoce (Yamashi t a  e t  a l . ,  1979). 

E l l e  n ' a  pas de pept ide  commun avec l e s  pro té ines  précoces (53 K) 

1 El (50 K), E2 (72 K) (Green e t  a l  ., 1979b) n i  avec l a  p r o t é i n e  

mineure de s t r u c t u r e  IVa2 (56 K) (Har te r  e t  a l . ,  1979) après d i g e s t i o n  

à 1  a t r yps ine .  

IV-2-3 ------ Régulat ion de l ' e x p r e s s i o n  des gènes précoces -- --------------- ------------ ----- ------- 

Certa ines pro té ines  précoces ( E  18 K, E  11 K) sont e n r i c h i e s  

par  t ra i t emen t  des c e l l u l e s  i n fec tées  à l a  cycloheximide (Har te r  

e t  a l . ,  1976). Ce t ra i t emen t  change aussi  l a  q u a n t i t é  de mRNA synthé- 

t i s é ,  l e s  RNA de t a i l l e  9-11 S sont augmentés (Eggerding and Raskas, 

1978). 

L 'é tude c i n é t i q u e  de l ' a p p a r i t i o n  des mRNA précoces montre que 
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l l e  mRNA 13 S codé par  l a  région E 1 A e s t  synthétisé ayant l e s  

1 autres mRNA précoces, y compris les  espèces 22 S e t  13 S de la zone 

E 1 B (Spector e t  a l . ,  1978). De plus Tes mutants hr de l'adénovirus 

5 du groupe 1,. e t  l e  mutant de délétion dl 312 (délétions de 1,5 

4,5) ne synthétisent pas de mRNA précoces des régions E l  B ,  E 2 , E  

1 e t  E 4 .  Donc u n  ou plusieurs des produits des gènes de l a  région El  A 

sont nécessaires à la transcription des autres régions précoces d u  

génome viral  (Berk e t  a l . ,  1979 ; Jones and Shenk, 1979 b) 

11 a é t é  aussi rapporté que la E 72 K ( l a  DNA-binding-protéine) 

a un rôle d '  autorégulation de 1 a synthèse desmRNA précoces. Dans 

les  cel lules  infectées par l ' a d  5 de type sauvage, la  synthèse de 

mRNA précocediminue à p a r t i r  de l a  6éme heure, ce  qui n ' e s t  pas l e  

cas pour l e s  cellules infectées avec l e  mutant H5 t s  125 (Carter and 

Blanton, 1978 ; Blanton and Carter, 1979). 

IV - 3 Réplication du DNA viral  1 I 

La réplication du DNA v i ra l  a l ieu  dans l e  noyau de la ce l lu le  

(Shiroki e t  al ., 1974 ; Vlak e t  a l . ,  1975a; Simmons e t  a l . ,  1974). La 

réplication débute 6 à 8 h après l ' in fec t ion  l e  taux maximal de synthèse de 

DNA viral  e s t  a t t e i n t  à la 16éme heure du cycle lyt ique,  i l  e s t  t r è s  réduit 

après l a  24éme heure. Par hybridation, on a pu montrer que 500 000 équivalents 

génome sont 'présents dans 1 a ce1 lu le  à 1 a f in  du cycle lytique (Fanning and 

Doerfler, 1977). I 

Plusieurs formes de DNA viral  ont é t é  détectées dans l e s  ce l lu les  1 
permissives. Pendant l a  phase précoce , une part  d u  DNA parental ,  a insi  que 

l e  DNA nouvellement synthétisé sédimente entre  50 e t  100 S en saccharose 

alcal in. Ce DNA viral  e s t  l i é  de manière covalente à du DNA ce l lu l a i r e  

(Schick e t  a l . ,  1976). Cette forme de DNA viral  e s t  aussi retrouvée dans 

les  cel lules  infectées avec des mutants défect i fs  dans l a  synthèse du DNA 

viral  "mhture" (Tyndall e t  al ., 1978 ; Schick and Doerfler, 1979 ; Allar t  

e t  D'Halluin, résu l ta t s  non publiés).  Cette forme de DNA v i r a l ,  qui n ' e s t  

pas précurseur de l a  forme mature, correspond à 1 000 à 2 000 copies de 

génome par ce l lu l e  (Fanning and Doerfler, 1977). A l a  16éme heure du  cycle 

lytique, la grande majorité du  DNA nouvellement synthétisé sédimente à 

31 S en saccharose neutre ou à 34 S en sacchairose a lca l in .  Sans action 

de protéase, après lyse des ce l lu les  avec du sarcosinate de sodium ou du 

chlorhydrate de guanidine, l e  DNA sédimente comme l e  DNA c i rcu la i re  e x t r a i t  

des virions.  Cette forme e s t  sensible aux protéases (Girard e t  - a l . ,  1977). 
1\ // 

Par des marquages brefs,  suivi ou non de chasse, i l  e s t  possible de d is t in-  

guer la  forme répl icat ive de l a  forme "mature" : l e  DNA en cours de réplica.tion 



sédimente p lus  v i t e  en saccharose neut re  e t  g une dens i te  s ~ p E r i e u r a  en 
- * 

ch lo ru re  de césium (Pearson and Hanawal t, 1971 ; Van d e r - ~ l i e t  and :' 
Sussenbach, 1972 ; Van der Eb, 1973). 

Par fractionnement sur BND-ce11 u l  ose, l a  forme r é p l  i c a t i v e  c o n t i e n t  

des zones monocaténaires (Robin e t  a l  , , 1973), q u i  sont sensib les à 1 a 
nucléase S1, spéc i f i que  des acides nucléiques monocaténaires (Pettersson. 

1973 ; Robin e t  a l . ,  1973). Les régions monocaténaires, qu i  peuvent co r res -  

pondre à 15-303 du génome v i r a l  sont complGmentaires de tou tes  l e s  zones 

du génome, avec une legère  sur représenta t ion  de l a  p a r t i e  d r o i t e  du 

DNA v i r a l  ( F l i n t  e t  a l , ,  1976). 

Dans 1 ' é t a t  ac tue l  de nos connaissances, i 1 n ' e s t  pas é t a b l i  que l a  

sypthèse du DNA s o i t  cont inue ou d iscont inue,  Certes, en saccharose 

a l c a l i n  des fragments 10-12 S sont  mis en évidence après des marquages t r è s  

brefs (60 s )  (Horwi t z ,  1971 ; Pearson, 197b) ou en présence d'hydroxyurée 

(Vlak e t  a l  . , 1975b ; Winnaker, 1975). La t a 1  1 l e  de ce9 fragments dépend 

des concentrat ions r e l a t i v e s  en r i b o  e t  déoxyribonuclé~$ide-trjphosphate 
Y 

(Winnacker, 1975). Ces fragments de type Okazaki pou r ra ien t  ê t r e  l e  

r é s u l t a t  de 1 ' i nco rpo ra t i gn  dans l e  DNA de deoxyur id ine p u i s  de l a  r é p a r a t i o n  

de 1 ' e r r e u r  comni se (une N-glycosydase e n l è v e r a i t  l a  base e t  une endonucléase 

t ype  "endonucl éase apur i  nique" p rovoquera i t  1 a coupure de l a  chaPne e t  1 ' exc i  s i on  

du r e s t e  de l a  zone lésée) .  11 a é t é  montré récemnent que de l ' u r a c i l e  e s t  

incorporée dans l e  DNA d'adénovirus au cours de l a  r é p l i c a t i o n  (Ar iga and 

Shimojo, 1979). Un t e l  mécanisme a dé jà  é té  mis en évidence chez l e s  

procaryotes en p a r t i c u l  i e r  dans des mutants E. Co l i  SOF ("Small Okazaki - 
Fragments" (Tye and Lehman, 1977). 

Ces r é s u l t a t s  e t  l 'absence de RNA amorce ou "pr imer",  sont en 
' 

- -1-\ -- 

faveur  d'une synthèse cont inue du DNA v i r a l .  L 'hypothèse de l a  synthèse 
/ ------- -- - - - 

cont inue e s t  Corrobqrée, par l e  f a i t  que l'initiation de l a  synthèse a 1 teu  

aux deux ex t rémi tés  de l a  molécule de DNA. Quand on t r a ~ s f è r e  à température 

permissive des mutants d é f e c t i f s  dans l a  synthèse du DNA v i r a l  e t  qu 'on 

e f fec tue  un marquage b r e f  e t  une hyb r ida t i on  avec des fragments de DNA obtenus 

après a c t i o n  d'endonucléases de r e s t r i c t i o n ,  l a  r a d i o a c t i v i t é  hybr idée e s t  

p l u s  importante aux ex t rémi tés  du génome (A r iga  and Shimojo, 1977 ; Sussenbach 

and Ku i j k ,  1978 ; Sussenbach e t  a l . ,  1979). Ce t te  i n i t i s t i o n  n ' a  l i e u  q u ' à  ' t 
1 

1 'une des ex t rémi tés  à l a  f o i s ,  par  déplacement de 1 ' a u t r e  chalne parenta le ,  

ce1 1 e - c i  é t a n t  ensui t e  r é p l  i quée, En microscopie é l e c t r g n i  que, seul es des mol écu1 es 

" Y "  sont observées (Bourgaux - e t  a l . ,  1974). Ces r é s u l t a f s  sur 1 ' i n i t i a t i o n  sont 

conf irmés p,ir l e  f a i t  que l o r s  de marquage de durée i n f g r i e u r e  à c e l l e  du cyc le  de 

r é p l  icat ion, ,  l a  r a d i o a c t i v i t é  e s t  p l u s  importante aux s j t e s  de terminaison.  

deux s i  t es  de terminaisons sont m i  s en évidence, 1 'un  

\ 



complémentaire du brin 1 à 1 'extrémité gauche, 1 ' autre compl ementaire du  

brin r à 1 'extrémité droite (Tolun and Pettersson, 1975 ; Schil l in  

1975 ; Bourgaux e t  a l . ,  1976 ; Sussenbach and Kuijk, 1.977 ; Weingartn 
e t  a l . ,  1976) 

- ini t iat ion de l a  réplication 

Les DNA potymérases ne peuvent i n i t i e r  la synthèse du DNA 

que s ' i l  existe un 3'-OH 1 ibre. Aucun ~ ~ ~ ~ ~ r i m e r ' n ' a y a n t  été mis en 
évidence, l ' in i t i a t ion  de l a  synthèse f a i t  appel à u n  autre mécanisme. 

11 n'existe pas non plus comme pour certains bactbrlophages de concaté- ( 
nai res avec un s i  te  spécifique de cl i vage. De pl us, récemment, i 1 a 1 
été prouvé que l ' in i t i a t ion  de la synthèse du DNA ne f a i t  pas 

appel à u n  mécanisme d i t  d'épingle à cheveux ( "  hairpln " )  
(Stillman e t  a l . ,  1977). Un modèle proposé par Rekosh e t  a l .  (1977) 

l 

1 

-- ----- - _.* 

I f a i t  intervenir la protéine terminale pour l ' in i t i a t ion  de la  synthèse , 
, / d u  DNA (Fig 6). La protéine 55 K e s t  l iée  de manière-covalente à l 

I 

// 1 'extrémité 5 ' P  de chaque brin du  DNA parental, par 1 'intermédiaire 
l 

i '  , d ' u n  rësidu deoxycytTdine (dCMP) qui offre donc u n  3'-OH 1 ibre 
! 

I 

I nécessaire à 1 ' ini t iat ion.  1 

Ce modèle es t  confirmé par quelque3 résultats supplémentaires : 
1 

la protéine terminale es t  taujours retrouvée à l'extrémité de 
chaînes de DNA nouvel 1 ement synthéti sées, quelque so i t  1 a 1 ongueur 
de ces chaînes (Robinson e t  a l . ,  1979 ; Sti 1 lman and Bel l e t t ,  1979). 
Cette protéine permettrait même 1 ' ini t iat ion de 1 a réplication dans 
u n  système in vitro (Challberg and Kelly, 1979). Un même modèle a 
été proposé pour 1 a réplication du DNA du phage 4 29 ( I to  e t  al . , 
1978). 

- enzymes e t  protéines impl iqués dans 1 a répl iaation 

Trois protéines virales, au moins, sont impliquées dans la 

réplication. Seule 1 'une d 'e l les  es t  connue : l a  E 72 K ,  une 
DNA-binding Protein ( D  B P ) .  Elle e s t  indispensable à l ' i n i t i a t ion  
de la synthèse (Van der Vliet e t  al ., 1975) e t  à l'élongation des 
chaînes de DNA (Van der Vliet and Sussenbach, 1975 ; Van der Vliet 
e t  a l . ,  1977 ; Sussenbach e t  a l . ,  1979). 

L'étude des DNA polymérases impliquées dans l a  réplication 

est  f a i t e  en isolant u n  complexe capable de synthétiser du DNA in 
vitro (Brison e t  a l . ,  1977 ; Kaplan e t  a l . ,  1977 ; Arens e t  a l . ,  
1977) e t  par l 'action d'inhibiteurs, tel l e  dd TTP ou l'aphidicoline, 

spécifiques de certaines DNA polymérases soi t  in vi tro,  so i t  in vivo 
(Longiaru e t  a l . ,  1979 ; Van der Vl i e t  and Kwant, 1978 ; Krokan - e t  
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~ i ~ , 6  Réplication du DIJA v i ra l .  

A )  In i t ia t ion  de l a  synthése. Ce modke a é t é  

proposé par REKOSH et  G(I977 ). 

B )  Synthése par déplacesent de brin suivie  

de l a  synthése du brin déplacé. (LECHI~ER and ~ ~ ~ 1 ~ ~ 1 9 7 7 )  
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,a l . ,  - 1979). Ces DNA polymérases sont d 'origine ce l lu l a i r e .  I l  semble 

que 1 a DNA polymérase y s o i t  responsable de l a  réplication par 

déplacement de l 'une des chaînes e t  que la  DNA polymérase a réplique la 

chaîne de DNA déplacée (Longiaru e t  a l . ,  1979 ; Krokan e t  a l . ,  1979). 

IV-4 Expression des gènes t a rd i f s  

Ca transcription puis l a  traduction des genes ta rd i fs  débutent après 

l e  début de l a  réplication de DNA v i r a l .  La plupart des protéines tardives 

sont codées par l e  brin r  à p a r t i r  d ' u n  promoteur unique s i tué  à 16,6. 

Seules 2 protéines sont codées par l a  par t ie  gauche d u  génome par rapport 

à ce promoteur ; l a  protéine IX par l e  brin r e t  l a  protéine IVa2 par l e  

brin 1 ( v o i r , f i g .  3 ) .  

IV-4-1 Transcription des m R N A  t a rd i fs  1 ------ -------- ..................... 

Durant l a  phase tardive 40% des RNA totaux nucléaires néosynthétisés I , 

sont d 'origine virale .  I l s  saturent 85% du brin r  e t  10 à 15% du brin 1 ,  
a lors  que l e s  mRNA saturent 65 à l C O X  du  b r i n e r  e t  25% d u  brin 1 (Pettersson l 

and Philipson, 1974). A ce stade du cycle lytique l a  synthèse des rRNA 

ce l lu la i res  e s t  fortement réduite (10 à 20%) (Raskas e t  a l . ,  1970). Des h n  

R N A  ce l lu la i res  sont retrouvés dans l e  noyau ( =  40%) mais pas de mRNA 1 

ce l lu la i re  dans l e  cytoplasme, bien que l a  polyadénylation s o i t  normale 1 
(Bel t z  and Fl i  n t ,  1979). 

Les précurseurs des mRNA t a rd i f s  sont t ranscr i t s  par la  R N A  polyme- 

rase I I  comme l e  montre l a  sens ib i l i t é  de ce t te  transcription à l 'a-amanitine 

dans les  noyaux de cel lules  infectées (Price and Penman, 1972a). Des precur- 

seurs des mRNA ont pu ê t r e  mis en évidence. Ces R N A  peuvent avoir une cons- 

tante  de sédimentation supérieure à 45 S (Parsons e t  a l . ,  1971 ; Yc Guire 

e t  a l . ,  1972). Par des marquages t r è s  brefs ,  sur l e s  cel lules  entières ou avec 

des noyaux de cel lules  infectées des chaînes de 1 000 à 25 000 nucléotides 

sont marquées (Bachenheimer and Darnell, 1975). Les précurseurs l e s  plus longs 

(80% du génome) s'hybrident préférentiellement avec l 'extrémité  droi te  du 

génome. Par blocage de 1 'élongation ( i r rad ia t ion  au U . V ,  ou addition de D . R . B  . )  

u n  seul promoteur pour l e  long t r ansc r i t  e s t  mis en évidence ; i l  e s t  s i tué  

à 16,3 (Evans e t  a l . ,  1977 ; Goldberg e t  al ., 1977). 

Les h n  RNA subissent t r o i s  modifications avant d'Gtre transportés au 

cytoplasme sous forme de mRNA.  Une séquence polyadénylée (150 à 200 résidus 

d '  acide adényl ique) e s t  additionnée à 1 'extrémité 3 '  -OH (Phi1 ipson -- e t  al . , 1971). 

L'extrémité 5' e s t  coiffée ("cap" ou c o i f f e ) ,  ce qui la  rend rés i s -  

tante  aux exo-ribonucléases. Cette extrémité 5' e s t  pour 80% des m R N A  
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m m 

m7 G ( 5 ' ) m 6 ~ p ~ m p . ~ '  e t  pour l e s  20% res tan t ,  m7 6 ( 5 ' )  A pN pN' (Mc Gu i re  - e t  

a l . ,  1976 ; Moss and Koczot, 1976 ; Sommer e t  a l . ,  1976). - 
La t ro i s ième mod i f i ca t i on ,  a é t é  mise en évidence par  l ' o b s e r v a t i o n  des 

hybr ides e n t r e  un mRNA e t  l a  chaine r du DNA : t r o i s  boucles de DNA sont  

v isua l isées .  Les zones hybridées correspondent aux coordonnées 16,6 - 19, 6 

26,6 e t  l a  zone codante du mRNA. Ces t r o i s  premières séquences, d i t e s  

"de t ê t e " ,  f o n t  respect ivement 20 à 50, 80 e t  110 nuc leo t ides  (Chow e t  a l . ,  

1977). Les messagers codant pour l a  f i b r e  possèdent, au moins, une quatr ième 

séquence de t ê t e  s i t u é  à l a  p o s i t i o n  78,6 - 79, l  (Chow and Broker, 1978). 

Les RNA qu i  prov iennent  d 'un  long t r a n s c r i t  sont  donc "épissés" .  Ce t te  

m o d i f i c a t i o n  a é t é  d é c r i t e  d 'abord pour l e s  mRHA t a r d i f s  de l ' adénov i rus  

avant de l ' ê t r e  pour l a  p l u p a r t  des mRNA des c e l l u l e s  eucaryotes. 

Le promoteur des mRNA t a r d i f s ,  à l ' e x c e p t i o n  de ceux codant pour  l e  

I X  e t  l e  IVa2 e s t  i den t i que  e t  s i t u é  à 16,6. Un o l i g o n u c l é o t i d e  (11  nucléo-  

t i d e s )  qu i  c o n t i e n t  l a  c o i f f e  a é t é  sé lec t ionné par chromatographie s u r  

d ihydroxybory l  c e l l u l o s e  après d i g e s t i o n  des mRNA à l a  r ibonucléase Tl 

(Gel inas and Roberts, 1977). 

Les 2 mRNA qu i  codent pour l e s  p ro té ines  I X  e t  IVa*', possPdent aussi 

une séquence "de t ê t e "  ne f a i s a n t  pas p a r t i e  de l a  zone codante. 

IV-4-2 Les V A -  RNA ------ ----- ------- 

Les RNA v i raux  associés sont des RNA de p e t i t e  t a i l l e 5 , 2  e t  5,5 S.  

Lorsque l a  synthèse du DNA démarre, l a  synthèse du VA-RNA 5,2 S diminue 

a l  o r s  que ce1 1 e du VA-RNA 5,5 S augmente. Le VA-RNA 5,5 S e s t  formé d '  une 

chaine de 156 nuc léo t ides  dont  l a  séquence a é t é  déterminée (Ohe and 

Weissman, 1970 ; 1971). Ces deux VA-RNA sont dépourvus de séquence 

polyadénylée. I l s  sont  syn thé t isés  par  l a  RNA polymérase III ( P r i c e  and 

Pennman, 1972 b ) .  Le r ô l e  de ces RNA r e s t e  inconnu. De p l u s  il e x i s t e  

2 types de VA-RNA 5,5 S, qu i  d i f f é r e n t  par  3 bases à 1 ' e x t r é m i t é  5 ' ,  1 'un 

débute par  A e t  l ' a u t r e  par  G. L ' u n  de ces deux RNA n ' e s t  pas u t i l e  au 

c y c l e  i n f e c t i e u x  sur  ce1 l u l e  HeLa, puisque l e  mutant d l  309, qu i  n ' a  que 

l a  forme commentant par  6, e s t  v i a b l e  (Thimmappaya e t  a l . ,  1979) 

IV-4-3 Synthèses des ero té ines  t a r d i v e s  ------ - ------------ ----------------- 
Les mRNA matures après t r a n s p o r t  au cytoplasme sont t r a d u i t s  en 

p ro té ines  v i r a l e s .  Les séquences "de t ê t e "  pou r ra ien t  ê t r e  reconnues par  l a  

p e t i t e  sous-uni t é  r ibosomale ( Z i  ff and Evans, 1978) . 
Un grand nombre de po lypept ides  sont syn thé t isés  au stade t a r d i f .  En 

p lus  des polypept ides de s t r u c t u r e i l  a é t é  mis  en évidence une p r o t é i n e  
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non structutale  majeure la 100 K (masse mol écu1 a i r e  : 100 000). 

La plupart des polypeptides de s t ructure , Hexon, f ibre ,  pVI, pVII 

sont N-acétylés(Jornval1 e t  a l . ,  1974 ; Sung e t  a l . ,  1977 ; Boulanger e t  a l . ,  

1978). 

Quelques uns de ces polypeptides subissent des modifications post- 

traductionnelles. 

a )  1 a f ib re  ( IV) e s t  glycosylée (Ishi bashi and Maizel , 1974a 

b )  1 a protéine II Ia, l a  100 K y  sont phosphorylées (Axelrod, 1978 ; 

Russen' and Blair ,  1977) .  

c )  l e s  protéines VI, VIX, VI11 proviennent de précurseurs par 

clivages dndopeptidFques (Anderson e t  a l . ,  1973). Ce cl  ivage se 

produit lo rs  de l a  maturation du virus (voir  1 'assemblage). 

t a  transformation du pVII en VI1 se f a i t  par perte d'un fragment 

de 1 'extrémité N-terminale (Rekosh and Russel 1 , 1977 ; Sung e t  - 
a l . ,  1977) - 

Les polypeptides de l'hexon s'associent en trimore,ceux de la  f ib re  

aussi ,  ceux. du penton en pentamère (Boudin e t  a l . ,  1978). I l s  sont a lors  

antigéniquement a c t i f s .  La 100 K semble jouer u n  rôle  important. dans la  t r i -  

mérisation de l'hexon. En e f f e t  les  mutants themosensibleoqui sont modifiés 

sur l a  100 K ne forment pas d'hexon antigénique (Carstens and Weber, 1977 ; 
Mautner e t  a l  . , 1975 ; Lei bovi t z  and Horwi t z  1975). 

IV-5 Morphogènése des virions 

La morphogénèse des particules virales  e s t  l a  construction de l a  

particule infectieuse à par t i r  de ces éléments cons t i tu t i f s ,  protéines de 

structures,  DNA.  Le processus d'assemblage peut ê t r e  étudié de mu1 t ip l  es 

façons : 

"in vivo" - l a  formation de particules défectives e t  leur relat ion 

temporelle avec les  particules infectieuses 

- l 'évolution des structures au cours d'une chasse après u n  
marquage bref 

- l ' é tude  des particules produites par l e s  mutants de la  

classe I I I ,  e t  l 'évolution de ces particules après passage 

à 1 a température permissive 

"in vitro" - étude des interactions protéine -protéine e t  protéine DNA 

- reconstitution de groupes de neuf hexons e t  de capside 

- encapsidation du DNA 



IV-5-1 Les earticules défectives - - - - - - ,  ---- .................... 
Lors de la  purification des adénovirus en gradient de densité 

( C S C I ) ,  le  virus s'équilibre à une densité de 1.34. Mais des parti- 
cules de densité plus faible sont visibles dans le  gradient. 

Ces particules sont defectives, e t  leur quanti té  varie d'un 
sérotype à l 'autre.  

Ce sont les sérotypes du sous-groupe II (3, 7 ,  16) qui en 
synthétisent l e  plus 20 à 30% de particules défectives par rapport a 
1 'ensemble des formées (Daniel 1 , 1976 ; Wadell et  al . , 
1973 ; Tibbetts, 1977 ; Prage e t  a l  ., 1972). 

Leur composition en polypeptides et  en DNA a été etudiée. I 
Ces particules ne contiennent pas les deux polypeptides associés au 
DNA (V  e t  VII) n i  les polypept4des VI e t  VIll mais leurs précurseurs 

pVI e t  pVIII. Ces mrésul tats ont été obtenus pour 1 'P ic!  2 par  
Rosenwi t h  e t  a l . ,  1974 ; 1 'Ad 3 : Pra$ e t  a l . ,  1972 ; 1 'Ad 7 : 

Tibbetts, 1977 ; l'Ad 12 par Burlingham e t  a l . ,  1974 ; l'Ad 16 

par Winberg and Wadell , 1977, 

Cependant les résultats divergent en ce ,qui concerne le 

contenu en DNA de ces particules. Pour les particules de 
l'adénovirus 3 (Daniell, 1976) et  de l'Ad 7 (Tibbetts, 1977), ces 
auteurs ont montré que l ' e x t r h i t é  gauche du génome es t  toujours 
présente. Le fragment de DNA s '  agrandit aveclalourdi ssement de 1 a 
particule. 

Il a é t é  aussi rapporté, notamment pour l'Ad 2 e t  l'Ad 16 que 

ces particules défectives contiennent un fragment.de D N A  virai l i é  

de manière covalente à du DNA d'origine cellulaire e t  dan's ce cas 
l e  fragment de DNA viral es t  u n  morceau de n'importe quelle partie du 

génome (Tjia e t  a l . ,  1977 ; Hammarskjold e t  a l . ,  1977). 

Un troisième resultat a été obtenu avec les particules I 

incompl étes de 1 'adenovirus 12 .  Le génome ainsi encapsidé présente 
une dé1 étion de 4 , s  i3 8,8%, dëlétion qui se s i  tue toujours dans 1 a 

partie gauche du génome, à environ 8% de 1 'extrémité gauche O.l sk 

et al . , 1979). 

Les particules défectives sont assemblées sensibl ment en 
même temps que les particules infectieuses, mais peut-étre un  peu 

plus precocement (Rosenwirth et a l . ,  1974 ; Sundquist e t  a l . ,  1973). 

Au moins une partie de ces particules incompletes sont capa- 
bles de se transformer en virions matures, comme l 'ont montré 



Sundquist e t  a1 (1973) par u n  marquage bref suivi d'une cinétique 

d'apparition de la radioact ivi té  dans les  différentes  classes de 

particul es.  

IV-5-2 Cinétique d '  apparition des différentes cl asses de ------ ------ ------ .................................. 
ear t i  cul es --------- 

En u t i l i s an t  ce même procédé Ishibashi e t  Maizel (1974b) o n t  
mis en évidence une étape importante dans la  formation des virus 

infectieux : l e  stade "jeunes virions".  Ces particules contiennent 

du DNA,' e t  l e s  précurseurs des polypeptides VI, VI1 e t  VI11 (pVI, 
pVII e t  pVII1). Ces particules s 'équi l ibrent  à une densité de 1,34 

en gradient de chlorure de césium, comme l e s  virus matures. 

Mais l e s  techniques uti  1 isées : congélation + décongélation, 

extraction au Fréon, centrifugation en CsCl, s i  e l  l e s  la i ssent  in tac ts  

les virions matures, peuvent a l t é r e r  des s t ructures  lab i les .  Aussi 

en u t i l i s an t  une technique de purification plus douce ; l a  centr i -  

fugation en gradient de Ficol l ,  Edwardsson e t  a l  (1976) mettent en 

évidence une population d'intermédiaires d'assemblage qui sédimente 

à 550 S, a u  l i eu  de 750 S pour l e  virus infectieux. Cette population 

-ontient moins de DNA que ce l le  qui sédimente à 750 S. Les particules 

qui sédimente à 550 S possèdent tous les  polypeptides présents dans 

les  jeunes virions mais aussi deux protéines non-structurales de masse 

moléculaire 50 K e t  40 K. Après fixation des structures Fabi les  au 

glutaraldehyde, 3 populations de particules de densité 1,30-1,33- 

1,39 sont obtenues en CsC1. Ces auteurs suggèrent que les  particules 

de densi té  1,39 en CsCl sont des "nucléoides".Les nucléoides ne sont 

pas mis en évidence quand on u t i l i s e  une autre technique douce : la 

sédimentation à l ' équ i l ib re  de densité en gradient de métrizamide 

d ' u n  lysa t  ce l lu la i re .  Par c e t t e  méthode, les  polypeptides pVII ou 

l e  VII, e t  V ne sont pas retrouvés associés à du DNA en dehors de la 

particule.  Le DNA n ' e s t  présent qu'à l ' é t a t  de complexe qu'avec la 

protéine terminale, ou encapsidé dn virus.  Ce r é su l t a t  suggère que 

l e  DNA pénétre nu dans 1 a capside, en même temps ou avant l e s  

protéines du nucléoide (Everi t t  e t  a l . ,  1978) 

Presques toutes l e s  particules défectives décri tes  (Ad 3 ,  
Ad 16, Ad 7 )  renferment l 'extrémité  gauche du génome : une séquence 

nucléotidique de ce t t e  extrémité pourrait ê t r e  reconnue pour 

l 'encapsidation du DNA. De plus u n  mutant d 'Ad 16 qui possède une 

séquence de 450 nculéotides de 1 ' extrémité gauche du  DPiA de type 

sauvage à ses deux extrémités , produit des particules défectives 

ayant alternativement chacune des extrémités (Hammarskj8ldY 1979). 



IV-5-3 Mutant défectif  dans l a  maturation de l a  particule v i ra le  ------ ........................................ --------------- 
Le premier mutant ainsi  étudié f u t  1 ' H Z  t s  1 (!Jeber, 1976). 

Ce mutant accumule à 39,5"C des particules v i ra les  de densi t é  1,34 

en chlorure de césium. El les  contiennent u n  DNA i n t ac t  mais l e s  

précurseurs pVI, pVIII e t  pVII ne sont pas cl ivés .  Ce sont donc des 

jeunes virions. Ce blocage confirme l e s  résu l ta t s  d '  Ishibashi e t  

Maizel (1974b)et apporte l a  preuve que les  précurseurs des polypep- 

t ides  VI, VI1 e t  VI11 sont clivées uniquement lors  de l a  maturation 

jeunes-virions - virions matures. Les particules virales  de H2 

t s  1 produites à 3g°C ne sont pas infectieuses.  Les "cores" de ces par- 

t i cu le s  ex t r a i t s  avec rlii sarcosinate de sodium perdent la plus grande 
part ie  des polypeptides ( V  e t  pVII (ou VI 1) , contrairement au virus 

mature (NT) (Mirza and Weber, 1977). La mutation peut ê t r e  local isée 
dans l e  gène de l'hexon ou celui de l a  100 K (Hassel1 and Weber, 

1978). 

Un autre mutant i so lé  dans l e  même laboratoire H2 t s  4 ,  forme 

des capsides sans DNA à température non permissive. Ces particules ne 

contiennent pas l e s  polypeptides VI1 ni pVII e t  ni V (Khittoo and 

Weber, 1977). Les polypeptides qui peuvent ê t r e  mutés- sont l e  I I I a ,  

1 e V ou l e  II  1 (Hassel 1 and Weber, 1978). 

En u t i l i s a n t  l a  technique de centrifugation en 4iccoll 

Edvardsson e t  a l .  (1978) ont étudié 1 'assemblage de mutants d'ad 5 

( t s  5, 19, 58 e t  24). Le t s  24 n'accumule aucune part icule .  Le 

t s  58 qui e s t  muté dans l e  I I I a  ( e t  qui complémente l'HZ t s  4) forme 

des particules qui ressemblent à ce1 l e s  de 1 'Ad 2 t s  4 .  Les mutants 

H5 t s  5 e t  19 défect i fs  dans l a  synthèse de f ib re  produisent une 

pe t i te  quantité de virus mature . Le H5 t s  19 accumule u n  peu de 

jeunes virions à température non permi ssive . Pour d'  autres auteurs,  

l e  H5 t s  19 ainsi  que l e  H5 t s  18 (tous l e s  deux défec t i f s  dans la  

production d ' interféron)  ne produisent pas de part icule  (Tarodi y e t  

a l . ,  1979). - 

IV-5-4 Enzymes imel iqués dans la maturation ------ --- ------ -- ...................... 
A u  stade tardif  de l ' i n fec t ion ,  une endopeptidase spécifique 

du clivage pVII - VI1 a é t é  mise en évidence dans l e s  ex t r a i t s  de 

ce l lu les  infectées (Bhatti and Weber, 1978). Elle e s t  capable de 

c l iver  l e  polypeptide pVII ini j i i t ro .  

Elle e s t  inactive ou inexistante dans tous l e s  ex t r a i t s  de 

ce l lu les  infectées par des mutants thermosensibles e t  e l l e  s e r a i t  

sous l e  controle d ' u n  gène qui intervient dans 1 'é tape ultime de l a  
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maturation, passage du stade jeunes virions - virions matures 1 
(Bhatti and Weber, 1979). Cet enzyme peut ê t r e  une protéase d'origine 

ce1 1 u la i re  mai s v i  ro-modif i  ée. 

IV-5-5 Schéma d'assemblag~ ------ - - - - - - - -mm-- - - - - -  i 
l 
1 Une capside se  forme par association des protéines de struc- 1 

ture  , peut-être autour d ' u n  noyau constitué par une protéine 1 1  

d'échaffaudage ("scaffolding protein") .  Le DNA,  s o i t  saus forme de 

nucléoide, s o i t  seul e s t  ensui t e  encapsi d é .  C'lest a lors  1e:)stade 1 
jeune virion. La part icule  devient infec t ieuse  après l e  clivage des 

I 
i 

précurseurs des polypeptides VI, VI11 e t  VII. Ce schéma e s t  représenté 1 

f ig  7 (Philipson, IV Congrès International de Virologie, La Haye, 
I 
1 

1978). 
1 

V Cycle abortif  e t  transformation ce l lu l a i r e  maligne 1 
Dans les  ce l lu les  en culture de même origine que l t h 6 t e  naturel,  l es  

adénovirus se multiplient en 1 s a n t  l a  ce l lu le  pour ê t r e  l ibérés  dans l e  milieu 
------̂  

(cycle lytique ou productif). Dans d 'autres  types de ce l lu les  i l s  peuvent induire 

u n  cycle abort i f ,  s a n ~ o d u c ~ g n  -- d z o g é n i t u r e  v i ra le ,  ou i l s  peuvent provoquer --- _ __ 
une transformation maligne. Ainsi l e s  adénovirus humains ont u n  cycle abortif  sur 

ce l lu les  de singe (AGMK, CV1), e t  transforment in v i t ro  les  ce l lu les  embryonnaires 

de r a t .  

V -  1 Cycle abort i f  ---- - ----------- 
Le système l e  plus étudié e s t  l'Ad 2 ou 5 e t  l'es ce l lu les  de singe. 

Lors de 1 ' infect ion de ce l lu les  CV1, par 1 'adénovirus 2 ,  i l  y a synthèse des 

protéines précoces, du DNA viral  e t  des protéines de s t ructure.  Mais l a  

quantité de f i b r e  synthétisée e s t  beaucoup plus fa ib le  que dans l e  cycle 

lytique (Friedman e t  a l . ,  1970 ; Baun e t  a l . ,  1972 ; Klessig and Anderson, 

1975). 

En coinfection avec l e  SV4o. l a  production v i ra le  devient identique 

à ce l l e  obtenue sur des ce l lu les  permissives (O'Conor e t  a l . ,  1963 ; Rabson 

e t  al ., 1964). Les hybrides Ad2 SV40 (Ad 2 ND1- ) qui contiennent différentes  

séquences du SV40 e t  une délétion de l'Ad2 ( f i g  2)  se  multiplient efficace- 

ment sur CV1 (Lewis e t  al . , 1969). Le clone Ad 2 ND1 synthétise une protéine 

de masse moléculaire 30 000 qui permet l a  mu1 t i p l  ication sur ce l lu les  de , 

singe (Lopez-Revi 11 a and Walter, 1973 ; Grotzicker e t  al . , 1974 ) . El l e  

permet aussi l a  mu1 t i p l  ication de 1 'Ad 5 dans l e s  coinfections. Récemment, 
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Klessig (1977) isolé  u n  mutant ponctuel dd 1 'adénovirus 2 qui se multlpl t e  

efficacement sur  cel lules  de singe ; puis 4 autres (H2 hr 400 - 404 e t  
H5 hr 405). L w t  localfsée en t re  l e s  coordonnées 62,9-65,6, c ' e s t  

à d i re  dans l e  gène codant pour l a  "DNA binding protein" ( E  7 2  K) 

(Klessig and Grodzicker, 1979). Ces mutants hr 400-404)permettent l a  

mu1 t ip l ica t ion  de l'Ad 5 ; i l s  agissent donc "en t rans",  par 1 'intermédiaire 

d'un produit diffuslble  : leur a c t i v i t é  por te ra i t  sur l a  maturation des 

hnRNA en mRNA. L'Ad 2 de type sauvage proddit dans les  ce l lu les  de singe des 

mRNA codant pour l e  polypepttde de l a  f ib re  anormaux dans leur  épissage, ce qui 

n ' e s t  plus l e  cas avec l e s  mutants hr 400 - 404 (Klessig e t  al ., 1979). 

L'adénovirus induit  un cycle abortif  de même type dans des cel lules  

de lapin. en lignée continue ( s i r c  : ce l lu le  de cornée de lapin) 

(Devaux e t  D' Hal luin,  résu l ta t s  non publiés).  

Dans l e s  cel lules  de hamster ( B H K  21), l'Ad 2 e t  l'Ad 5 se multiplient 

faiblement, mais l'adénovirus 1 2  ne s ' y  multiplie pas e t  transforme même 

i ces ce1 lules  (Doerfler, 1968, 1969, 1970 ; Stroshl e t  a l . ,  1970). 

Certains adénovirus provoquent des tumeurs chez l e  hamster nouveau 

né à haute fréquence pour l e s  sérotypes 12, 18, 31 à f a ib l e  fréquence pour 

l e s  sérotypes 3,  7 ,  16. Enfin l e s  sérotypes 1, 2 ,  4,  5 ,  6 ne provoquent 

pas de tumeurs chez cet  animal (Trentln e t  a l . ,  1962 ; Huebner e t  al ., 
1962). Mais tous les  sérotypes sont capables de transformer des cel lules  

de r a t  embryonnaire "in vitro" (Freeman e t  al . , 1967). Les sérotypes 2 

e t  5 ne transforment pas, même in  v i t ro ,  des ce l lu les  de hamsters ; au 
contraire i l s  s ' y  multiplient.  11 semble donc que la transformatlon n ' e s t  

possible que s ' i l  n 'y a pas multiplication. Ceci e s t  confirmé par l e  f a i t  

suivant : des cel lules  de hamster peuvent ê t r e  transformées par des mutants 

thermosensibles d'Ad 5 (Williams, 1973) e t  des cel lules  de r a t  par du DNA 

fragmenté d'Ad 5 (Graham and Van der Eb, 1973b). 

Le fragment G (0-7,5) de DNA d'Ad 5 produit par l'endonucléase de 
res t r ic t ion  Hind I I I  e s t  suff isant  pour l ' i n i t i a t i o n  e t  l e  maintien de l a  

transformation (Grahani e t  al , , 1974). 

Les ce1 lules transformées synthétisent 1 'antigène T révélé par u n  
immunsérum provenant de 1 'animal porteur de la  tumeur (Huebner e t  a l . ,  1964). 

En u t i l i s an t  divers clones de ce1 lules  de r a t  transformées, Green e t  col1 

ont préparé des immunsérums. Ces immunsérums peuvent précipi ter  certaines 

protéines précoces du cycle lytique. Deux de ces protéines E 15 K e t  E 53 K 

pourraient donc jouer u n  rôle dans l e  maintien de la  transformatlon e t  l a  

synthèse d'antigène T (Wold and Green, 1979). 



~ ~ ~ ~ i q ~ t ~ f i t ~  ~5 d l  312, d l  313, e t  sub 315 ( d é l é t i o n s  e n t r e  1,5 e t  10,5 
ne t ransforment  pas l e s  c e l l u l e s  embryonnaires de r a t  (Jones and Shenk, 

1979a). De même l e s  mutants ponctuel s  H5 h r  ( 2  à 7 )  sont incapables de 

t ransformer l e s  c e l l u l e s  embryonnaires de r a t .  Le mutant H5 h r  1 es t  capable 

d '  i n i t i e r  c e t t e  transformation, mais incapable de main ten i r  1  ' é t a t  

t ransformé (Graham e t  a l . ,  1978). 





RESULTATS- DISCUSSION 





1 Isolement e t  caractérisation de mutants thermosensibles - 

l 1-1 Isolement de mutants thermosensibles --- .................................... 

Par traitement, à l ' a c ide  nitreux, d 'un stock d'adénovirus de type 2 ,  

préalablement cloné à 3 9 , 5 " ~ ,  Martin G . R .  e t  Cousin C .  ont i so lé  400 clones 

à 33°C. Pour chaque clone, l leff icaci té  de formation de plages a é t é  mesurée 

aux  deux températures 33°C (permissive) e t  39°C ( r e s t r i c t i v e ) .  Les clones 
2 ayant au moins u n  rapport du nombre de plages de 10 entre l e s  deux tempé- 

ratures ont é t é  reclonés, deux f o i s .  l 
Ces deux auteurs ont ainsi  obtenu 39 mutants de l'adénovirus 2 .  La 

fréquence d'obtention de mutant e s t  donc de lO%,sensiblement l a  même que 

ce l l e  obtenue pour l'adénovirus de type 5 par Williams e t  a l . ,  (1971). Les 

caractéristiques phénotypiques d'une t rentaine de ces mutants ont é t é  déter- 

mi nées. 

1-2 Phénotype --- ------ 

I 1-2-1 Synthèse du DNA viral  ----- - ------------------- 

Le cycle lytique e s t  ra lent i  à 33°C : i l  faut 2,5 à 3 f o i s  

plus de temps, pour obtenir l a  même production v i ra le  qu'à 37°C ou à 

39,5OC (Ensinger and Ginsberg, 1972) .A 39,5"C, comme à 37°C l a  

synthèse d u  DNA e s t  maximale entre 16 e t  18 h ,  a 33°C ce t te  synthèse 

e s t  maximale vers la  4oéme h .  

Nous avons mesuré la  synthèse du Dl'A viral  dans les ce l lu les  KB 

infectées par l e  type sauvage e t  de chacun des mutants, aux deux 

températures 33" e t  39,5"C. L'analyse du D N A  s e  f a i t  par sédimentation 

en gradient de saccharose alcal in .  Le DMA viral  e s t  ex t r a i t  à l a  

période de synthèse maximale : 4 0 - 4 ~ ~ ' ~  heure du  cycle à 33"C, 

1 6 - ~ 4 ~ " ~  heure à 39,5OC. Trois mutants apparaissent ainsi  défec t i f s  

dans l a  synthèse de DNA viral  H Z  t s  105, H Z  t s  111 e t  H Z  t s  114. 

1-2-2 Synthèse des antigènes"so1ubles" ----- - --------------- ------------- 

Nous appel lons antigènes"solub1 esUles  composants majeurs de la  

capside non incorporés dans les  vir ions.  La présence de ces antigènes 

e s t  mise en évidence par immunoélectrophorèse bidimensionnelle 

(Laurel 1 , 1965). 

Les mutants peuvent ê t r e  c lassés  dans l 'une des t r o i s  catégories 1 



1 
sui vantes ; 1 

1) absence de tous les antigènes majeurs de s t ructure,  pour 

l e s  mutants défect i fs  dans l a  synthèse du  DNA viral  
1 2) absence ou diminution d'un ou plusieurs antigènes l 

1 

3) présence en quantité normale de tous l e s  antigènes (H2 t s  107 i 
Les mutants de l a  classe 2 peuvent se diviser  en 4 sous- 

cl asses : 

1 

a )  défect i fs  dans l a  synthèse de 1 'hexon (H2 t s  118, H2 t s  121) 1 

6 )  défec t i f s  dans l a  synthèse de la  f ibre  (H2  t s  115, HZ t s  125) 1 

c )  défec t i f s  dans l a  synthèse de l a  f ibre  e t  de l a  base du 

penton (H2 t s  103, H Z  t s  104, H 2  t s  136) 
! 

d )  défect i fs  dans l a  synthèse de l a  protéine IIIa (HZ  t s  101, 1 
I 

H Z  t s  112) 

1-2-3 Assemblage en particules virales  ----- -------- ----- -..--------------- 
L'assemblage des particules v i ra les ,  à température non-permis- 

s ive ,  a é t é  étudié en microscopie électronique sur  des coupes cel-  
l u l a i r e s .  Beaucoup des mutants, ainsi  étudiés,  forment des particules,  

mais e l l s  sont,  pour l a  plupart, de morphologie anormale. C'est  l e  
cas notamment pour l e s  mutants H 2  t s  104 e t  H2 t s  112 .  Les cel lules  
infectées par l e  mutant H2 t s  118, accumulent du  matériel dense à 

l a  périphérie du noyau comme pour l e  mutant défect i f  dans l e  trans- 
port de 1 'hexon H5 t s  147 (Kauffman and Ginsberg, 1976). Mais contrai- 

rement à ce mutant l e s  cel lules  infectées par l e  H2 t s  118 ne pro- 

duisent pas d'hexon antigéniquement a c t i f .  

1-3 Groupes de comel émentation _"- ---- --------- ----------_ 
Nous pouvons distinguer 13 ou 14 groupes de complérnentation. Le 

tableau VI1 donne pour chaque groupe de complémentation, l e s  mutants 

correspondants, l a  c lasse phénotypique e t  quelques cas de mutants d 'au t re  
1 aboratoire ayant des propriétés sembl ab1 es .  

Deux de nos mutants, défect i fs  dans la  synthèse du DNA, ne complémenttat 

pas 1 'H5 t s  36 ; i 1 s sont compl émentés tous 1 es t ro i s  par 1 e mutant HJ t s  125 ; 

l e  mutant HZ t s  111 représente donc u n  unique groupe de complémentation ; 
ses propriétés (voir  ci-dessous) ;sont t r è s  différentes de I'H2 t s  206, autre 



Tableau VI1 

Caracter is t iques de mutants thermosensibles : complémentation e t  phénotype 

b Mutant i s o l é  dans un au t r e  1 abora t o i  r e  appartenant au m ê ~ e  groupe 
de compl émenta t i o n  

H5 t s  36, H5 t s  22 i s o l é  par  Wi l l i ams e t  a l . ,  1971 

H2 t s  1, H2 t s  4 i s o l é  par  Begin and Weber, 1975 

Classe phenotypique : 

1 Mutant d e f e c t i f  dans l a  synthèse du DNA v i r a l  

I I  Mutant d é f e c t i f  dans l a  synthèse d 'un ant igene de s t r u c t u r e  _, - 

a ex- D é f e c t i f  dans l a  synthèse de 1 'hexon 
f //. 7) 
\,/? 

F ib re -  De fec t i f  dans l a  synthèse de l a  f i b r e  /' 

bP e t  ~ i b r e -  D e f e c t i f  dans l a  synthèse de l a  base du penton e t  de l a  f i b re  

111a- D é f e c t i f  dans l a  synthèse de l a  p ro té i ne  I I I a  

1 II Mutant d é f e c t i f  dans 1 'assemblage, b i en  que l e s  proté ines de 

s t ruc tu res  so i en t  s yn the t i  Sées 



mutant défect i f  dans l a  synthèse du  DNA (Kathnann e t  4;. , 1976). 11 

semble donc qu ' i l  y a i t  au moins quatre f ~ n c t i o n s  précoces qui '  participent 
avec l e s  enzymes ce l lu la i res  (DNA polymérase a e t  y ,  e t c )  à la réplication 

du DNA vi ra l  , 

Les mutants défect i fs  dans l a  synthèse de l'hexon appartiennent à 

4 groupes, 

Nous trouvons 2 groupes défect i fs  dans la synthèse de l a  f ib re  ; 

Idil 1 iams e t  a1 . , (1974) en trouvent 3 ayant ce phénotype, - 
1 Trois groupes de complémentation ont 1 e phénotype : défect i f  dans l a  
I synthèse de l a  base du penton e t  de l a  f i b r e ,  I 

Les mutants défect i fs  dans l a  synthèse de l a  protéine IIIa  apparr 
tiennent à deux groupes, auxquels i l  faut adjoindre u n  groupe représenté 

par l e  mutant H5 t s  58. L 'H2  t s  112 e t  I'H2 t s  4 sont dans l e  même groupe. 

I I  Mutants défect i fs  dans la  synthèse du DNA viral  - 
I 

A température r e s t r i c t ive ,  ces mutants ne synthétisent pas de DNA vlral  i 
sous l a  forme qui e s t  encapsidable. I l s  inhibent cependant 1 a synthese du DNA ! 
ce l lu la i re ,  bien que c e t t e  inhibition s o i t  pl us fa ib le  dans 1 es ce l lu les  infectées 
par les  mutants H2 t s  105 e t  H2 t s  114. 

L'inhibition de l a  synthèse du DNA ce l lu l a i r e  n ' e s t  donc pas l i é e  à l a  

réplication du DNA vi val , ni à 1 a synthèse des protéines tardives,  Cependant, des 
séquences yirales  sont intégrées au génome ce l lu l a i r e  e t  sont corépliquées avec l e  

DNA ce1 1 ul a i r e  au cours de 1 a phase précoce de 1 ' infection (résul t a t s  non exposés) . 
Les mêmes résu l ta t s  ont é t é  trouvés par Schick and Doerfler (1979) ,Tyndal e t  al ., 

(1978). 

11-1 Synthèse de DNA après passage à l a  température eermissive ---- - --------------- --m.. ---- ---------- -------- .--------- 

A l a  16éme heure d u  cycle lyt ique,  après passage à l a  température 

permissive la  synthèse du DNA viral  e s t  restaurée immédiatement. Cette 

synthèse a l ieu même en présence d ' u n  inhibiteur de l a  synthèse protéique 
( l a  cycl oheximide par exemple) . Les protéines nécessai res à 1 a répl ication 

sont donc présentes, mais non fonctionnel l e s  à 39,5"C. Notons que l a  fa ib le  
synthèse du DNA ce1 lu l a i r e  dans les ' ce l lu les  infectées par l e s  mutants H2 

t s  105 e t  HZ t s  114 e s t  totalement inhibée après passage à 3 3 O C .  



11-2 Arrêt de l a  synthèse du DNA vi ra l  après eassage à l a  tem~éra ture  ---- ..................... ---* C - - -  ------- 
res t r ic t ive  ..------".."" 

Les résu l ta t s  différent  pour l e s  deux groupes de complémentation. 

L 'arrêt  de l a  synthèse du DNA viral  e s t  immédiat pour l e  mutant HZ t s  111, 

bien qu ' i l  semble y avoir u n  peu d'élongation des chafnes in i t i ées  à 33°C ; 

mais i l  n 'y a pas de nouvelle in i t i a t ion  de chafnes à 39,5"C. Au contraire ,  

dans l e  cas des mutants HZ t s  105 e t  H 2  t s  114, la synthèse du  DNA v i ra l  

se r a l e n t i t  progressPvement : 60% d ' inhib i t ion  après 2 h à 39,5"C, e t  par 

marquage en présence de BUdR à température non permissive, des molécules HH 

(lourdes-.lourdes) sont obtenues. L '  i n i t i a t ion  se  r a l e n t i t ,  mais reste  possi- 

ble pendant au moins u n  cycle de réplication du DNA. 

11 s '  a g i t  de résul t a t s  pré1 imi nai res , concernant 1 es mutants 

HZ t s  105 e t  HZ t s  114 ; l e  res te  de ce t t e  étude ne concerne que l e  mutant 

HZ t s  111. 

11-3 Devenir du DNA viral  synthétisé à 33°C après t ransfer t  à 39,5"C ---- ...................... ----------------- ------- -..--------.. --- 

Le DNA viral  , synthétisé à 33OC, sédimente en u n  pic hétérogène 

après passage à 39,5"C. A température r e s t r i c t ive ,  la  t a i l l e  des fragments 

diminue avec l e  temps d'incubation. Une étude cinétique du comportement de 

ces fragments de DNA en gradient de saccharose neutre e t  a l ca l in ,  montre 

que l e s  coupures sont d'abord monocaténaires avant de devenir bicaténaires.  

Cette dégradation du DNA viral  n ' e s t  pas l i ée  à l a  répl icat ion.  Le 
blocage de l a  synthèse du DNA par l 'hydroxyurée ou 1 ' a ra  C ne diminue pas 

ce t t e  fragmentation. Ce phénomène ne peut pas ê t r e  l i é  a u n  mécanisme de 

réparation du DNA, car la  fragmentation e s t  indépendante de l a  radioact ivi té  

spécifique d u  D N A ,  a insi  que de l ' i so tope  radioactif  u t i l i s é ,  3~ ou 14c. 

Le DNA viral  n ' e s t  pas protégé par une préincubation de 16 heures à 

33°C avant l e  passage à 39,5"C, sauf pour une t r è s  fa ib le  fraction de DNA 

qui e s t  vrai sembl ab1 ement encapsldée 

A 39,!i°C, l e  DNA parental du mutant HZ t s  111 e s t  faiblement dé,gradé. 

Par contre, s i  l es  ce l lu les  sont incubées à 33°C avant d ' ê t r e  transférées à 

39,5"C, l e  DNA parental e s t  totalement fragmenté. Cette dégradation intervient  

de même manière s i  l e s  cel lules  sont maintenues ar t i f ic iel lement  en phase 



précoce (par addition d'hydroxyurée) . Ceci suggère u n  changement important 

dans la s t ructure du  DNA v i ra l  au cours de l a  phase précoce (peut ê t r e  dans 

sa structure en nucléosomes), ainsi que l 'exis tence d'une fonction précoce, 

nécessaire à l a  protection du DNA contre l e s  endonucléases ce l lu la l res  dont 

certaines sont "viro-stimul ées" (Burl i  ngham and Doerfler, 1972). 

I 11-5 Devenir du DNA ce l lu l a i r e  après infection avec l e  mutant H Z  t s  111 ---- ...................................... 1 
Le DNA ce1 l u l a l r e  préal ablement marqué à 1 a thymidine 14c, subit  une 

dégradation à 39,5"C après infection des cel lules  avec l e  mutant H Z  t s  111. 

Cette fragmentation e s t  fortement stimulée s i  les  ce l lu les  infectées sont 

cultivées à 33°C avant leur  passage à 39,5"C. Dans ces conditions 70 à 85% 

du DNA ce l lu l a i r e  a une constante de sédimentation infér ieure à 30s en 

saccharose alcal in .  Cette dégradation e s t  aussi fonction de 1 a mu1 t i  pl ic i  t é  

d '  infection sans passage préalable à 33°C. 

11-6 La mutation du H Z  t s  111 n 'es t  pas dominante ---- ............................... ------------ 

Ce mutant e s t  complémenté t r è s  efficacement par u n  grand nombre de 

mutants. De plus, l a  dégradation du DNA de la  ce l lu le  hôte e s t  totalement 

inhibée par l a  CO-infection avec u n  autre mutant ( H Z  t s  114). Ce n ' e s t  

donc pas une mutation dominante. 

11-7 La l ia ison DNA-55 K e s t  a l térée juste aerès passage à 39,5"C ---- ---.,-- ---- ---- ------ ---  

En 1978, Coombs e t  Pearson, ont montré que l e  DFlA v i r a l ,  1 i é  de 

manière covalente avec la protéine 55 K e s t  retenu spécifiquement sur f i l t r e  

de f ibre  de verre à pH 7,4 0,3M NaC1. Cette fixation dépend de l a  conformation 

de la  protéine, Le DNA viral  de cel lules  infectées par l e  mutant H Z  t s  111 

après une période brève à 39,5"C, a é t é  i s o l é  en gradient de saccharose 

(5-20%) en présence de chlorhydrate de guanidine (4F.1). Le D N A ,  qui sédimente 

à 31 S, après dialyse,  n ' e s t  pas1 retenu sur f i l t r e  a lors  que l e  DNA viral 

des cel lules  infectées maintenues à 33"C, l ' e s t .  Le complexe DNA-55 K 

pourrait donc subir une modification importante à 39,5"C : coupure de la 

1 iaison 55 K-DNA par exemple, ou protéolyse partiel  l e  de la  protéine ou 

encore une modification conformationelle de ce complexe. 

11-8 Nature de l a  progéniture de l a  complémentation H2 t s  111 x H5 t s  36 ---- C L - - - - - - - - - - -  -- ----------------- ................................ 

A pa r t i r  de l a  production à 39,5"C de l a  ~ ~ i n f e c t i o n  H2 t s  111, H5 



t s  36, 40 clones ont é t é  isolés  à 33°C. Apres amplification, les  polypeptides 

viraux de ce1 Iules HeLa l'nfectées avec chaque clane à 33"C, marqués ,à 1 a 

35~-méthionine, sont analysés en gel de polyacrylamide SDS. 39 de ces clones 

sont de l'adénovirus de type 5. Le 40éme e s t  u n  mélange d'Ad2 e t  d'Ad 5. 

L'adénovirus 2 s ' e s t  donc faiblement répliqué, l o r s  de la  coinfection 

avec 1 'Ad 5.  La protéine terminale "thermosensible pour 1 e H2 t s  I l l " ,  n 'a  
pu servir  à l ' i n i t i a t i o n  de nouvelles molecules de DNA,  e t  seul l e  mutant 

possédant une "protéine normale" a pu répliquer son DNA. 

Ce r é su l t a t  e s t  u n  argument en faveur du r61e de l a  55 K dans 1 ' l n i -  
t i a t ion  de 1 a synthèse du  DNA viral  , r a l e  suggéré par Rekosh -- e t  al . , (1977). 
Un résu l ta t  similaire a é t e  obtenu pour l e s  mutants thermosensibles de 
@ 29 en ce qui concerne la  protéine terminale 1 i ée  au DNA ( p r o d u i t  du  gène 3) 
(Salas e t  al . , 1978). ~ 

11-9 La fonction mutée dans I 1 H 2  t s  111 pourrait ê t r e  une double fonction ---- ................................... ................................ ~ 
L ' H 2  t s  111 présente donc deux phénotypes : 

- absence d ' i n i t i a t i o n  e t  d'élongation des "chaînes" de DNA ~ 
- absence de protection d u  DNA viral e t  ce l lu la i re .  

Ces deux fonctions semblent ne f a i r e  intervenir qu'une seule mutation. i 

En e f f e t ,  l e s  quatre révertants isolés  ont pour ces deux phénotypes l e s  
mêmes propriétés que l e  type sauvage. 

11-10 Compl émentation e t  recombinaison dans les  ce1 lules  HEK-293 ----- --- ...................................................... l 

La production v i r a l e ,  à 39,5OC, n ' e s t  pas augmentée s i  nous u t l l i sons  
des ce1 lu les  HEK-293, à l a  place de cel lules  HeLa. Les HEK-293, sont des 
ce1 1 ules transformées par 1 ' adénovi rus 5 qui expriment des fonctions 
v i ra les .  Ces fonctions exprimées ne complémentent pas la  fonction lésGe du 

H2 t s  111, contrairement aux fonctions absentes des mutants H5 hr 1-7, e t  
H5 dl 311-315 (HcTfi sson e t  a1 . , 1977, Jones and Schenk, 1979). 

Mais lors  de l ' in fec t ion  de cel lules  HEK-293 à 33OC par l e  mutant 

H2 t s  111, nous décel lons dans l a  progéniture v i r a l e ,  une quantité importante 
+ 

de recombinants. La fréquence de recombinants ( t s  ),  a t t e i n t  5% s i  c e t t e  
fréquence e s t  mesurée sur HeLa, e t  même 7% s i  e l l e  l ' e s t  sur HEK-293. La 
fréquence de réversion sur HeLa e s t  inférieure à 10'~. 



11 y a donc recombinaison entre l e  DNA viral  e t  l e  DNA ce l lu l a i r e ,  

De plus la mutation de l'HZ t s  111 e s t  porté par une part ie  du génome qui 
e s t  integrGedans l e s  ce l lu les  HEK-293 ( ( 1 2 %  de l 'extrémité  gauche e t  9% de 
1 'extrémité droi te  (Graham e t  a l . ,  1977, Aeillo e t  al ., 1979)). Mais nous ne 
pouvons exclure qu ' i l  s 'agisse d'une plus grande fréquence de réversion sur 
ces cellules par rapport aux ce l lu les  HeLa. 

11-11 Origine de l a  fragmentation du DNA viral  ----- --- ------------- ...................... 

L'introduction de coupures dans 1 es mol écules de DNA ce1 1 ul a i r e  ou 
viral  f a i t  appel à divers mécanismes e t  pour chacun d'eux, i l  ex is te  u n  
moyen de protection ou une poss ib i l i té  de réparation : 

- restriction-modification ; (cf revue Arber, 1974) 1 
- endonucl éases, exonucl éases e t  1 eurs inhibiteurs 1 

i 
- lésions du DNA e t  systèmes de réparations (cf Grossman e t  a l . ,  1975) 1 

l 

Quel e s t  l e  système défail  lant dans 1 es ce1 1 ules infectées par l e  

mutant HZ t s  111 ? 

Ce mutant n 'é tan t  pas dominant, i l  ne s ' a g i t  donc pas d'une a c t i v i t é  

accrue d'introduction de coupures dans l e  DNA,  mais plutôt d'une absence de 
protection ou de réparation. La quantité de  fragments de DNA n ' e s t  pas 
augmentée, l a  t a l l l e  de ceux-ci n 'es t  pas réduite,  par u n  accroissement de 
l a  radioactivité spécifique du DNA,  ce q u i  n ' e s t  pas en faveur d'une 

mutation dans l e s  systèmes de réparation. 

Une autre  hypothèse s e r a i t  l a  coupure par des endonucléases et/ou 
1 'absence de 1 igature du DNA survenant au cours de 1 a répl lcat ion.  De 
nombreuses protéines ont é t é  isolées ayant u n  r6le de protection du  DNA mono- 
caténaire e t  joueraient le  rôle d ' inhibi teurs  des nucléases nour ce mOme type 
de DNA in v i t ro  t e l l e  l a  protéine E 7 2  K (Nass and Frenkel , 1978 ; 1979). 

11 n ' a  pas é t é  décr i t  pour les  ce l lu les  eucaryotes d'endonucléase 

de type res t r ic t ion ,  bien que l e  DNA ce l lu l a i r e  s o i t  modifié par méthylation. 
Le DNA d'adénovirus contient moins de bases modifiges que l e  DNA de l a  ce l lu l e  
hôte (0,04% de 5 méthylcytosine par cytosine pour l e  DNA viral  e t  3,752 
pour 1 e DNA de ce1 lu1 es  KB)  (Gunthert e t  al . , 1976). 

D'autres protéines introduisent des coupures t rans i tb i res  dans l e  

DNA,  ce sont l e s  enzymes de type "nicking-closing" qui relaxent l e s  supertours 

pos i t i f s  ou negatifs pour permettre la  réplication (cf revue !*:ano and Liu ,  1979) 



Un te l  système pourrait ? t r e  lésé dans l e  mutant HZ t s  111, 

l D'autres études sont donc nécessaires pour : 

- confirmer que l a  mutation affecte  l a  protelne terminale par 
exemple comparaison des peptides produits par clivages avec des 
endopeptidases, avec 1 e type sauvage ( "finger-printing"). 

- connaitre l e  rôle de ce t t e  protéine dans l a  protection du DNA ; 

c ' e s t  à dire  : 

I . la s t a b i l i t é  des nucléosomes dans l e s  ce l lu les  infectées 

I . son éventuel participation aux complexes mu1 t ienzymatiques 

I de rel  axati on du DNA (Topoi somérases) 
- s i tue r  la mutation sur l e  génome 

I I I  Assemblage de l a  particule v i ra le  

l 

111-1 Méthodes d 'extract ion e t  de eurif icat ion des virus ............................ ..................... 

L'étude des étapes de la  formation de l a  particule v i r a l e  infectieuse 

nécessi t e  d ' i so le r  les  intermédiaires d'assemblage dans 1 eur é t a t  n a t i f .  
Les méthodes d 'ex t rac t ios  e t  de purification ne doivent pas-dégrader ces 
intermédiaires qui peuvent ê t r e  t r è s  lab i les  puisque ce sont des s t ructures  
incomplétes, non s tab i l i sées .  Edvardsson -- e t  a l . ,  (1976) u t i l i s en t  la  
centrifugation en gradient 1 inéaire de f ico l l  , pour séparer 1 es diverses 
classes de particules.  11 s l e s  obtiennent en t r a i t a n t  aux ultrasons l e s  
noyaux de ce l lu les  infectées.  Dans nos mains, ce t t e  technique s ' e s t  
révélée t r è s  a léa to i re ,  une grande part ie  des particules s'aggloméraient e t  
n 'é taient  donc plus séparées dans l e  gradient de f icol  1 . De pl us, l e  t r a i t e -  
ment aux ultrasons, ne permet pas de maintenir in tac t  l e  DNA v i r a l .  

l Nous avons donc u t i l i s é  la  technique décri t e  par lrlallace e t  Kates 
(1972) qui consiste à lyser  l e s  noyaux au (Mi4)* sQ4 0,3M pi! 8, e t  i3 di luer  

ce lysat  immédiatement. Les particul es viral  es  sont ensul te  séparées par 
centrifugation dans u n  gradient l inéa i re  de saccharose. Les particules ainsi  
isolées  ne peuvent ê t r e  repurifiées par centrifugation isopycnique en 
gradient de CsC1, solution t r è s  hypertonique (2,7M en moyenne), sans 
"consolidation" préalable. La f ixat ion l a  plus u t i l i s é e  e s t  l e  pontage au 
glutaraldehyde, mais après action de ce f ixateur ,  i r révers ib le ,  i l  n ' e s t  
pl us possible d 'é tudier  l a  composi tion polypeptidique de ces particul e s .  
C'est pourquoi nous u t i  1 i  sons u n  autre agent de pontaoe, u n  di inidoester 

clivable ; l e  chlorhydrate de diméthyl 4, 4 'dithiobisbutyrinidate (DMTB) 

pour maintenir 1 a s t ructure des intermédiaires labi 1 es pendant 1 eur 
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p u r i f i c a t i o n ,  

111-2 Tntermédia i res ni's en évidence dans l e s  ce1 l u l e s  i n f e c t é e s  pa r  ----- - L - - - - - - - - - - - - - ~ - - - - - - - - ~ F - - - - - ~ - - ~ ~ - - - -  -- 
l ' a d é n o v i r u s  de t y p e  sauvage ----------------- .------- 

En g r a d i e n t  l i n é a i r e  de  saccharose, deux popu la t i ons  q u i  sédimentent 

à 750 e t  600s sont  mises en évidence. La p o p u l a t i o n  750s cosédimente avec 

l e  v i r u s  mature. La p o p u l a t i o n  600s a p p a r a i t  30 minutes après l a  f i n  d ' u n  

marquage b r e f .  La q u a n t i t é  maximaleest a t t e i n t e  après l h30  de "chasse".  

La p u r i f i c a t i o n  des p a r t i c u l  es 600s pa r  c e n t r i f u g a t i o n  en g r a d i e n t  de ! 
CsCl après f i x a t i o n  au DMTB donne 2 c l asses  de p a r t i c u l e s  de d e n s i t é  respec- 1 
t i v e s  1,315 e t  1,37. Les p a r t i c u l e s  de d e n s i t é  1,315 ne con t i ennen t  n i  de 

DNA, n i  l e s  po lypep t ides  du nuc léo ide (V e t  V I I ) .  E l  l e s  possèdent l e s  p récu r -  , 

seurs  des po l ypep t i des  V I  e t  V I11  e t  deux p r o t é i n e s  non s t r u c t u r a l e s ,  de 

masse m o l é c u l a i r e  50 000 e t  39 000 (50  K e t  39 K) . Les i n t e r m é d i a i r e s  l o u r d s  

(1,37 de d e n s i t é )  possèdent du  DNA v i r a l  31s. I l s  d i f f é r e n t  des v i r u s  1 
1 

matures pa r  1  eu r  compos i t ion  en po l ypep t i des .  Comme 1  es i n t e r m é d i a i r e s  I 

l é g e r s  1,315, i l s  ne con t i ennen t  pas l e s  p r o t é i n e s  V e t  V I I ,  mais i l s  n ' o n t  

pas l e s  p r o t é i n e s  50 K e t  39 K .  

Les p a r t i c u l e s  q u i  sédimentent il 750s s ' é g u i l  i b r e n t  à une dens i  t 6  de 

1,345 en c h l o r u r e  de césium. E l k s  correspondent  à un mélange de jeunes 

v i r i o n s  e t  de v i r i o n s  matures. 

Ces t r o i s  c l asses  de p a r t i c u l e s  sont  d i f f é r e n t e s  en mic roscop ie  

é l e c t r o n i q u e .  En c o l o r a t i o n  néga t i ve ,  1  a  p a r t i e  c e n t r a l e  des p a r t i c u l  es 

1,315 e s t  moins dense aux é l e c t r o n s  que c e l l e  des deux a u t r e s  types  de 

p a r t i c u l e s  (1,37 e t  1,345). L ' i n t e r m é d i a i r e  l o u r d  (1,37 de d e n s i t é )  p résen te  

une s t r u c t u r e  p l u s  amond ie  e t  moins ne t t egen t  i cosaèdr i f l ue  flue l e  v i r u s  de 

d e n s i t é  1,345. 

Une étude c i n é t i q u e  montre que l e s  i n t e r m é d i a i r e s  l é g e r s  appara issen t  

avant  l e s  i n t e r m é d i a i r e s  l o u r d s .  Ceux-ci évo luen t  en jeunes v l r i o n s  q u i  

deviennent des v i r i o n s  i n f e c t i e u x .  Les p r o t é i n e s  de s t r u c t u r e  son t  rapidement 

u t i l  i sées  pour  l a  f o rma t i on  des i n t e r m é d i a i r e s  l é g e r s ,  30 minu tes  après l e u r  

synthèse. Le DNA v i r a l  e s t  encapsidé à p a r t i r  de 2h30 après sa synthèse. 

Un même d é l a i ,  a  é t é  t r o u v é  p a r  E v e r i t t  e t  a l  ., (1977) pour  1  ' encaps ida t i on  

du DNA. 

Les i n t e r m é d i a i r e s  l o u r d s ,  de d e n s i t é  1,37 appara issen t  avec l a  

même c i n é t i q u e  pour l e s  séro types  2 e t  3.  I l s  r ep résen ten t  donc une étape 



dans la  formation de virus infectieux, e t  non pas une "yole de garage" qui 
about irai t  à des parttcules défectives.  En e f f e t ,  dans ce t t e  hypothèse, l e  
type 3 qui produtt une grande quantité de particules défectives,  devrait 

synthétiser plus d'intermédiaires lourds que l e  type 2 .  

111-3 Accumulation d'intermédiaires légers dans l e s  ce l lu les  infectées ----- -L------------------------------ ............................... 
ear-des-mutants-thermose!s_IbIes, 

Les mutants HZ ts  101, HZ t s  112 e t  H5 t s  58, défect i fs  dans l a  
synthèse de l a  protéine I I Ia ,  accumulent des intermédiaires légers à 

température r e s t r i c t ive .  Ces particules sédimentent à 600s en gradient de 
saccharose, e t  après fixation au DMTB, e l l e s  s 'équi l ibrent  en une population 
homogène de densi t é  1,315 en CsC1 . Ces particules ne contiennent pas l e s  
protéines du nucléoide ( V  e t  VII) mais e l l e s  possédent deux protéines 
non-structurales de masse moléculaire 50 K e t  39 K .  Elles ressemblent aux 
intermédiaires 1 égers présents dans 1 es ce1 1 ul es i nfectées par 1 e type 
sauvage. Certaines protéines sont phosphorylées, c ' e s t  l e  cas en par t icu l ie r  
des protéines 100 K ,  68 K ,  50 K e t  39 K .  

Les intermédiaires légers accumulés par l e  mutant HZ t s  112 renfer- 
ment u n  fragment de DNA. Ce fragment a une t a i l l e  d'environ 7s en gradient 

de saccharose al cal in .  C'est du DNA bicaténaire. 11 e s t  principalement 
constitué par des séquences v i ra les ,  mais i l  s 'hybride, à u n  taux f a ib le ,  
avec du DNA ce l lu l a i r e .  Ce fragment n ' e s t  pas spécifique : toutes l e s  
séquences du  génome viral  sont statistiquement représentées, Le DNA n ' e s t  
pas retenu à 0,3M NaCl sur f i l t r e  de f ibre  de verre (GF/C) ; i l  e s t  donc 
démuni de protéines l i ées  de maniere covalente aux extrémités d u  DNA de 
virus mature. Ce fragment de DNA peut ê t r e  l e  résu l ta t  d'une incorporation 
non-spécifique au cours de l ' ex t rac t ion .  

Réversibil i té e t  maturation des intermédiaires légers ................................................. --- 

Par passage à température permissive, i l  e s t  possible de restaurer la  
production v i ra le .  Cette restauration e s t  t o t a l e  s i  l e s  ce1 lu les  sont trans- 
férées avant l a  16éme h ,  e t  e l l e  devient t r è s  fa ib le  à p a r t i r  de la  20éme 

heure du cycle lytique. La maturation des intermédiaires d'assemblage doi t  
donc ê t r e  étudiée l e  plus prés possible de l a  16éme heure. 

De plus,il e s t  nécessaire de bloquer 1 ' u t i l i s a t ion  du "pool" des 
protéines synthétisées pour former de nouveaux intermédiaires à l a  température 

permissive ; ce blocage e s t  obtenu par addition d ' u n  inhibiteur de l a  



synthèse protéique (cycloheximide) (Sundquist - e t  a l  . , 1973). 

Dans ces condi tSons, 1 es i ntermédi ai res peuvent évoluer jusqu 'au 

stade de virus infectieux. Les intermédiaires, accumulés par l e s  t r o i s  

mutants, désignés ci-dessus, se  maturent par passage à 33°C en présence ou 

en absence de cycloheximide. L'analyse en gel de polyacrylamide-SDS des 

polypeptides présents dans l e s  intermédiaires non maturés révéle l a  

présence d'une protéine supplémentaire, de masse moléculaire variant de 

28 à 32 K en fonction de l a  période d'incubation à 33°C. Cette protéine e s t  

en quantité plus importante dans l e  cas du mutant H5 t s  58. Cette protéine 

e s t  phosphoryl ée . 

Les particules accumulées par l e  mutant H Z  t s  112 sont semblables à 

ce1 l e s  accumulées par l e  HZ t s  4 (Khittoo and Weber, 1977). 

Après dialyse contre u n  tampon à basse force ionique (5mM Tris- 

maleate pH 6 , 2 ) ,  ces intermédiaires possèdent une endonucqéase active à 

pH 4,5, comme la particule infectieuse.  

111-4 Mutants défec t i f s  dans l a  synthese de l a  base du penton e t  i'deola f ibre  ----- ........................... ..................... ---e-..---L---------- 

Deux de ces mutants ( H Z  t s  103 e t  H2 t s  136) ne forment pas de 

particule à 39,5"C. Au contraire ,  u n  grand nombre de particules sont 

trouvées dans l e s  ce l lu les  infectées par l'HZ t s  104. Ces particules 

ressemblent aux jeunes virions décr i t s  par Ishibashi e t  Maizel (19746) e t  

aux virions accumulés par 1 ' H Z  t s  1 (!deber, 1976). 

Les précurseurs des polypeptides VI, VI1 e t  VI11 ne sont pas cl ivés  

dans l a  ce l lu le  à 39,5OC, i l s  l e  sont après passage à 33OC. En bloquant l a  

formation de nouvel les  particul es (par 1 'addition de cycloheximide) , i l  

e s t  possible de suivre 1 'évolution de ce l les  déjà formées. Ainsi après 

passage à 33"C, 1 'analyse des polypeptides de ces particules en gel de 

polyacrylamide-SOS révèle l a  présence des protéines VI, VI1 e t  VIII. Les 

jeunes virions accumulés à 39,5OC se maturent à 33°C. 

Cette modification concerne aussi la s t ructure interne de l a  par t icule .  

Après dissociation à 56OC, en présence de 0,5% de déoxycholate de sodium, 

des particules formées à 39,5"C,  l e  DNA sédimente à 405. Après l e  même 

traitement des particules ex t ra i tes  de ce1 Iules transférées à 33"C, l e  DNA 
sédimente à 180-ZOOS e t  se  trouve l i é  aux protéines V e t  VIE. La s t ructure 

en nucléoide n ' e s t  s table  qu'au stade de virion mature. La s t a b i l i t é  plus 
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fa ib le  pour l e  nucléoide ex t r a i t  des jeunes virions a é t é  aussi décri te  pour 

les  particules accumulées par 1 'HZ t s  1 (Mirza and Iheber, 1977). 

Mutants défec t i f s  dans l a  synthèse de la f ib re  ........................... -c---------------- 

L'H2 t s  115, étant probablement u n  double mutant, muté sur l a  
protéine T V  ( f i b r e )  e t  PY 1, comme 1 e suggère 1 'analyse en gel de polyacryla- 
mide-SDS, a é t é  moins étudié.  

Les ce l lu les  infectées par les mutants H2 t s  125 ou H2 t s  116 pré- 
sentent une quantité t r è s  réduite de protéines VI, VI1 e t  VIII ,  ce qui 
indique l a  formation d ' u n  p e t i t  nombre de virus matures. Dans l e  lysat  
ce1 1 ul a i  re ,  analysé par sédimentation en gradient 1 inéaire de saccharose, 
nous trouvons u n  peu de v9rus mais beaucoup de particules q u i  sédimentent 
à 600s. La transformation intermédiaire - virus n ' e s t  pas amplifiée 
par passage à l a  température permissive. Les virus formés à 39,5"C o n t  
toutes l e s  propriétés des virus infectieux. Ce résu l ta t  e s t  semblable a 
celui obtenu lo r s  de 1 ' infection de ce l lu les  de singe par 1 'adénovirus 2 

(type sauvaae), ce l lu les  dans lesauelles une diminution de l a  auant i té  de 
f ibre  svnthétisée entraine une réduction drastioue de l a  formation de 
virils. La f ibre  pourrait jouer u n  rôle important dans l a  quantité de 

particules virales  formées, bien que dans l e  cycle lytique e l l e  s o i t  
produite en grand excès ( 2  à 5% seulement e s t  e n c a ~ s i d é ) .  

Ces deux mutants (HZ t s  116 e t  HZ t s  1251 ont une f ib re  glycosylée 
mais l e  polypeptide IV a une masse moléculaire de 60 K au l leu  de 62 K pour 
l e  polypeptide de l a  f ibre  de 1 'Ad 2.  Cette protéine bien qu'ayant la 
meme masse moléculaire que l a  f ibre  de l'Ad 5 ne réagi t  pas avec u n  
immunsérum an t i f ib re  de type 5 . La f ibre  des mutants H2 t s  116 e t  125 
synthétisée à 33"C, bien qu'ayant une masse moléculaire réduite a une con- 
formation t r è s  semblable à l a  f ib re  de 1 'adénovirus 2 de type sauvage, 
corne l e  révèl ent 1 es réactions immun01 ogiques. 

La réduction de l a  masse moléculaire de la  f ib re  de 62 à 60 K, e t  son 
unici té  indiquent que l e  trimère e s t  formé de 3 polypeptides identiques. 
L'existence de t r o i s  groupes de complémentation pour l e s  mutants f ibre  ( - )  

doi t  ê t r e  l e  r e f l e t  : 

. s o i t  d 'une compl émentation intraci stronique 

, s o i t  de facteurs intervenant dans la  maturation de l a  f ib re  ou 

l'assemblage des t r o i s  sous-unités 



, soi t des deux phénomènes à 1 a fo is  
1 

Les résu l ta t s  de la  fréquence de recombinaison entre  les  mutants 

f ibre  (-.) suggèrent qu' i l  y a vraisemblablement complémentation i ntraci s -  
troni que (!di 11 i ams e t  al . , 1974) . 

I I  1-6 Evol ution des antigènes dans 1 es earticul es ----- --------..--------- -------------- --------- 

Après dissociation d u  virus infectieux à 56"C, en présence de déoxy- 
cholate de sodium, 4 pics de précipitation antigènes-anticorps sont 
obtenus en immunoelectrophorèse bidimensionnelle avec u n  Immunsérum 
anti-protéines de s t ructure . Les quatre protéines ainsi  précipitées sont 
de l'anode à l a  cathode l 'hexon, l a  base d u  penton, l e  I I Ia  e t  l a  f ib re .  

L'analyse immun01 ogique des particul es accumul ées par 1 es divers 
mutants thermosensibles révèle que : 

- l e s  intermédiaires légers contiennent seulement de l'hexon antlgé- 

niquement a c t i f  e t  de l a  f ib re  (sauf pour les mutants défec t i f s  
dans l a  synthèse de l a  f i b r e ) .  Le IIIa  e t  la  base du penton ne sont 

pas à l ' é t a t  antigéniquement réact i f  

- l e s  jeunes virions,  accumulés par 1 ' H Z  t s  104 ne possèdent pas de 
base de penton antigéniquement active 

- dans les  particules maturées à 33"C, l e s  4 protéines majeures 
réagissent avec u n  immunsérum anti-protéines de structure . 

La protéine I r Ia  e t  la  base du penton subissent au cours de 
1 'assemblage des modifications qui 1 eur font perdre leurs propriétés immuno- 
logiques au stade d'intermédiaire léger.  Ce changement pourrait ê t r e  dû au 

masquage du s i  t e  de reconnaissance de 1 'anticorps par une protéine, Un 
polypeptide de masse moléculaire 56 K e s t  coprécipité avec l e  I IIa  à 1 'aide 
d'un immunsérum anti  I I Ia  e t  de l a  protéine A de Staphylococcus Aureus, Ce 

polypeptide 56 K migre comme u n  constituant mineur du vlrus infectieux : 

l e  IVa2, mais ce polypeptide e s t  absent des intermédiaires légers (1,315). 

11 pourrait donc s ' a g i r  d'un produit de dégradatjon de l a  protêine I i i a .  La 
différence d'antigénécité peut r e f l e t e r  u n  changement c~nformationel dii,>par 

exemple au cl ivage du  polypeptide I I I a ,  présent dans l e s  intermédiaires pour 
donner l e  polypeptide IIIa  présent dans l e  virus infectieux (voir  c i  -dessous) 



111-7 Clivage du PIIIa en I I Ia  ----- ----- ---e-----------*-- 

Weber e t  a l .  (1977) ont rapporté l 'exis tence d'une hétérogénéité dans 

l a  protéine I I Ia ,  avec 2 espèces protéiques migrant avec des masses molécu- 

l a i r e s  apparentes de 68 000 à 66 000. Dans l e  virus infectieux l e  polypep- 

t ide  I I Ia  a une masse moléculaire de 66 000. Lors d ' u n  marauage bref,  ce 

polypeptide a une masse moléculaire de 67 000 (67 K )  . 

Dans l e s  intermédiaires d'assemblage légers e t  lourds, l e  I I Ia  a une 

masse moléculaire de 67 K .  La même t a i l l e  e s t  retrouvée pour ce polypeptide 

dans l e s  jeunes vir ions.  Ces deux formes (66 K e t  67 K )  sont phosphoryl ées. 

La différence de migration ne s'explique donc pas par une différence de phos- 

phorylat'ion mais sans doute par u n  clivage protéolytique. Le clivage du  

polypeptide 67 K ( P  I I I a )  en I I I a ,  intervient au cours de la  maturation de 

la  particule virale .  Ce clivage e s t  contemporain des t r o i s  autres clivages 

(PVI, PVIII, PVII) bien qu ' i l  semble ê t r e  u n  peu plus rapide. Le clivage se 

produit à 1 'extrémité N terminale par enlévement de 10 à 15 acides aminés. 

Le N terminal du  I I Ia  e s t  l a  glycine, e t  n ' e s t  pas blooué (Lemay e t  a l . ,  

1980) . 

IV La novobiocine inhibe l a  synthèse du  DNA viral  e t  son encapsidation - 

L'encapsidation du DNA es t - e l l e  un phénomène passif ou ac t i f  ? Cette encap- 

sidation se f a i t - e l l e  avec des chbngements de s t ructure ? Pour répondre à ces 

questions, i l  e s t  u t i l e  de pouvoir ag i r  sur l a  conformation du DNA ou sur des 

enzymes agissant sur c e t t e  conformation. E t  comme l e  DNA e s t ,  dans l e  vdrus 

organi sé en nucl éosone, i 1 e s t  possible q u ' u n  enzyme du type "nicking-cl osi ngl' joue 

un rôle lo r s  de l'empaquetage de l ' a c ide  nucléique. C'est pourquoi nous avons 

étudié l ' e f f e t  de l a  novobiocine sur la  synthèse e t  l 'encapsidation du  DNA. La 

novobiocine e s t  u n  antibiotique qui inhibe 1 ' a c t i v i t é  DNA gyrase des procaryotes 

( c f .  Champous, 1978). 

IV-1 La novobiocine inhibe 1 ' i n i t i a t ion  de 1 a synthèse du DNA viral  ---- .......................................... ------------------- 

Ajoutée au mi 1 i eu de cul ture  à 200 yg/ml , ce t t e  drogue inhibe 95% de 

1 a synthèse du DNA viral  , comme ce1 l e  du DNA ce1 1 ul a i  r e .  A 100 pg/ml, ce t t e  

inhibition e s t  de l 'o rdre  de 60%. 

L'inhibition e s t  t r è s  rapide : 15 min après son addition, l e  plateau 

de synthèse résiduel e s t  a t t e i n t .  Ce blocage dans l a  synthèse du DNA e s t  

réversible : après enlévement de 1 a drogue l a  synthèse du DNA reprend, 



même en l ' absence  de synthèse de p ro té i nes ,  Le DUA s y n t h é t i s é  en présence de 

novob ioc ine  sédimente en g r a d i e n t  de saccharose a l  c a l  i n  à 34 S ,  L ' é l o n g a t i o n  

n ' e s t  donc pas a f f e c t é e  par  c e t t e  drogue, seu le  l ' i n i t i a t i o n  de nouve l l es  

chaînes de DNA e s t  a l t é r é e .  

! 
S i  l a  c i b l e  de c e t  a n t i b i o t i q u e  e s t  l a  même dans l e s  c e l l u l e s  eucary- 1 

I 

o tes  que dans l e s  c e l l u l e s  p rocaryo tes  ce q u i  semble l e  cas (Mat te rn  and 

Pa in te r ,  1979), Ce t t e  a c t i v i t é  DNA gyrase, c r é a n t  des super tours  n é g a t i f s  

s e r a i t  donc nécessa i re  à l a  r é p l i c a t i o n  du DNA v i r a l .  

I V - 2  La novob ioc i  ne i n h i b e  1  ' encaes ida t i on  du DNA v i r a l  ---- ............................ ..................... 

A jou tée  après un  marquage b r e f  des p r o t é i n e s  e t  du DNA, l a  novob ioc ine  

empêche l a  f o rma t i on  de v i r u s  e t  même d ' i n t e r m é d i a i r e s  d'assemblage sédimen- 

t a n t  à 600 S.  Cet e f f e t  p o u r r a i t  ê t r e  l e  r é s u l t a t  de 1  ' i n h i b i t i o n  de l a  
1 synthèse de p r o t é i n e s .  On s a i t  en e f f e t  qu'une synthèse con t i nue  de p r o t é i n e s  , 
1 

e s t  nécessa i re  à l a  f o r m a t i o n  des i n t e r m é d i a i r e s  d'assemblage, L ' a d d i t i o n  I 1 
d 'hydroxyurée n'empêche pas l a  f o rma t i on  de v i r u s  mature.  Une néosynthèse 

de DNA n ' e s t  pas r e q u i s e  pour  l a  f o rma t i on  de v i r u s ,  l e  DNR p r é e x i s t a n t  

pouvant ê t r e  encapsidé. 

S i  dans des c e l l u l e s  i n f e c t é e s  par  1  ' H Z  t s  112, on l a i s s e  s 'accumuler  1 
à 39,5"C des i n te rn i éd ia i r es  l é g e r s  e t  qu 'on a j o u t e  l a  novob ioc ine  au i 
moment du t r a n s f e r t  à 33"C, il n ' y  a  pas, dans ce cas, de ma ' tu ra t ion  des 1 

l 

i n t e r m é d i a i r e s  en v i r u s .  Une con fo rmat ion  adéquate du DNA ou l a  p o s s i b i l i t é  1 
de m o d i f i e r  c e t t e  con fo rmat ion  e s t  donc nécessa i re  à son encaps ida t ion .  

Notre p ré fé rence  va à 1  a  deuxième hypothèse, p l  us probable,  c a r  1  a novob ioc i  ne 

n ' a g i t  pas d i rec tement  su r  l a  conformat ion du DNA, mais  p l u t ô t  par  1  ' i n t e r -  

méd ia i r e  d ' u n  blocage d ' a c t i v i t é  enzymatique, 

IV-3 Assemblage des mutants  d é f e c t i f s  dans l a  synthèse du DNA ---- - - - - - - C -  ................................. -----c------- 

Les p r o t é i n e s  v i r a l e s  q u i  j o u e n t  un r ô l e  dans 1 ' i n i t i a t i o n  de l a  

synthèse du DNA v i r a l  peuvent a v o i r  auss i  un r ô l e  dans son encaps ida t ion .  

Des c e l l u l e s  i n f e c t é e s  pa r  I ' H 5  t s  36 ou I ' H 2  t s  111, c u l t i v é e s  à température 

permiss ive,  assemblent une q u a n t i t é  r é d u i t e  de v i r u s  s i  e l l e s  son t  t r a n s -  

f é rées  à 39,5"C j u s t e  avan t  l a  pér iode  de marquage. Le taux  d ' a s ~ e m b l a g e  

d e v i e n t  prat iquement  n u l  l o r s q u e  1  es ce1 l u 1  es sont  t r a n s f é r é e s  à 39,5"C 

30 min avan t  l e  marquage. 



Dans ces conditions, jl n'y a pas de réduction du t a u x  de synthèse 

des protéines, Le complexe enzymatique, nécessaire à l a  répl lcatlon du DNA 

s e ry i r a l t  donc 4u motns en part ie  à son encapsidation, 

V Schéma de 1 'assemblage de 1 'adénovirus de type 2 - , . , . , . , 

Nous pouvons diviser  l e  processus d'assemblage en deux étapes importantes : 

1) formation d'une capside dépourvue de DNA 

2 )  encapsidation du DNA e t  maturation de l a  particule 

V - 1  Formqtion d'une c a p i d e  sans DNA 
y-.. - - - m m - - - - - - - -  - C C - - - - - - - - - -  

L'élaboration d'une capside, dans l e  noyau des ce1 1 ules infectées 
nécessite l a  synthèse de protéines de s t ructure,  leur assemblage en protéines 
mu1 timériques fonctionnel les  e t  1 eur transport du cytoplasme au noyau. 

C'est  la  protéine majeure de la  capside qui joue u n  rôle  clef dans 

cet  assemblage ; aucun m u t a n t  défect i f  (idans 1 a synthèse de 1 '-hexon 
n'assemble de t e l l e s  particules.  Les mutants hexon ( - )  appartiennent a 
quatre groupes de complémentation e t  nous pouvons distinguer au moins t r o i s  
types d '  al térat ion : 

- modification du polypeptide I I  

- absence de trimérisation : ce t te  trimérisation e s t  effectuée avec 
1 ' intervention d'au moins une protéine, 1 a 100 K qui e s t  défective 
pour les  mutants H5 t s  1, H5 t s  17, H5 t s  20, H:? t s  48 (Mautner 
e t  al , , 1975 ; Leibowitz aqd Horwi t z ,  1975 ; Carstens and Weber, 
1977 ; Carstens e t  a1 . , 1979) - 

- absence de transport  du trimère hexon du  cytoplasme au noyau. Ce 
transport  e s t  a l t é ré  pour l e  mutant H5 t s  147 e t  semble f a i r e  

intervenir 1 e polypeptide PVI (Kauffman and Ginsberg , 1976) . 

Les mutants défec t i f s  dans l a  synthèse de l a  f ibre  assemblent, en 

quantité réduite cer tes ,  des par t icules ,  bien qu ' i l  n'y a i t  pas de penton 
complet formé ; ou a lors ,  ce t t e  formation e s t  instable dans l a  ce l lu le  e t  
e l  l e  e s t  s tab i l i sée  dans l a  particule v i r a l e ,  puisque de l a  f ibre  e s t  
retrouvée dans ces par t icules ,  notamment pour l e  mutant HZ t s  125. La base 

du  penton change de conformation suivant qu ' e l l e  se  trouve à 1 ' é t a t  1 ibre  

ou à 1 ' e t a t  associé à la f ibre  (Lemay and Boulanger, 1980). 



Les mutants Y sus de 4 2 9  qui ne synthétisent pas de f ibre ,  qssemblent 

des particules sans f i b r e  qui. sont infectteuses (Reilly e t  a l  1977), 
<? ! 

1 

Pour deux mutants (H2 t s  103, H 2  t s  136) défect i fs  dans l a  synthèse 
I 
I 

de l a  base du penton e t  de l a  f i b r e ,  aucune psPti cirle n ' e s t  formée. Le nenton coi 

1 ' hexon jouent u n  rôle  important dans la  formation de 1 a capside dépourvue 

de D N A ,  Le troisième mutant (H2  t s  104) assemble des particules v i ra les .  

Les mutants des t r o i s  groupes de compl émentation défect i fs  dans l a  

synthèse de l a  protéine IIIa  assemblent des capsides sans DNA. i 
D'autres facteurs que l e s  protéines majeures de structure interviennent 1 

dans cet  assemblage. Des mutants qui synthétisent en quantité normale ces 

protéines peuvent ê t r e  défec t i f s  dans l'assemblage, c ' e s t  l e  cas du  mutant 

HZ t s  107. 
1 

l 

Cet assemblage nécessi t e  1 a synthèse continue de protéines, puisqu' i l  I 

e s t  rapidement bloqué par l 'addi t ion de cycloheximide ou d'émitine (Sundquist 

e t  a l . ,  1974) alors que les  protéines de s t ructure sont en t r è s  large excès. ! 
La protéine l imitante pourrait ê t r e  une protéine d'échaffaudage 

("scaffolding protein") .  La 50 K présente dans les  IM (1,315) mais pas 

v is ib le  dans les  ex t r a i t s  de ce l lu les  infectées ,  peut avoir cet  fonction. 

El l e  ne se ra i t  pas recyclée, ce qui nécessi terai  t sa synthèse en continu. 

Cette protéine pourrait jouer u n  rôle en col 1 aboration avec d 'autres  

protéines. 

Les protéines d'échaffaudage jouent u n  rôle  important dans l a  

formation des "pré-têtes" des bactériophages à DNA bicaténaire,  comme A, T4, 

T7,  P22 ( c f .  revue générale de Casjens and King, 1975 ; Showe and 

Kel lenberger, 1976) . 

Une autre  hypothèse e s t  que ces particules sans DM, ou possèdant 

u n  t r è s  pe t i t  fragment, sont l e  résu l ta t  de l a  dégradation,au cours de 

l ' ex t rac t ion ,  de s t ructures  plus complexes, comme i l  a e t é  rapporté 

récemment pour 1 'assemblage d u  SV40 (Garber e t  a l . ,  1978 : Coca Prados 

and Hsu, 1979 ; Baumgartner 8 t  a l . ,  1979). Dans l e  cas de ce virus, l a  

capside se forme autour d u  minochromosome ( D N A  organisé comme l a  \chromatine 



avec des histones ce l lu l a i r e s ) ,  La maturation de 7q particule consiste en 

l a  consolidatton de l a  nucléocapsfde e t  au départ de l ' h i s t ~ n e  Hl, 

Nous pouvons exclure ce t te  possi bi 1 i t é ,  dans 1 ' assembl age de 
1 'adénovirus pour deux raisons : 

- l e s  particules de densité 1,315 ne sont pas vides ; e l l e s  contien- 
nent en leur  centre du matériel dense aux électrons 

- l e  génome viral  n 'exis te  pas 1 i é  aux bolypeptides d u  nucléoide 
dans l a  ce1 lu l e  ; i l  se retrouve seulement 1 i é  aux protéines V e t  
VI1 (PVII)  à nar t i r  du stade de jeunes virions. 

V-2 --- Encapsidation ---- du DNA e t  maturation de l a  par t icule  ------..- 

Pour l e s  bactériophages à DNA bicaténaire, 1 ' encapsidatlon du  D N A  

viral  s u i t  l a  dispari t ion de la  protéine d'échauffaudage de l a  pré- tête .  
Cette étape e s t  aussi l ' é t ape  ultime de la  réplication du DNA, l 'obtention 

du génome mature, par exemple l a  fnrmation des extrémités cohésives du  

DNA de A (5 '  monocaténaire) (Emmons, 1974). 

Deux protéines (50 K y  39 K) présentes dans l e s  intermédiaires 
d'assemblage légers sont absentes des particules contenant d u  DNA 31 S .  

Comme e l l e s  ne sont pas retrouvées en quantlté importante dans les  e x t r a i t s  
de cel lules  infectées,  e l l e s  sont probablement dégradées pour permettre 

1 'entrée du  DNA. Persson e t  a l .  ,(1979b) suggèrent que l a  50 K joue u n  rôle  
dans l a  maturation de l a  particule v i ra le .  11 nous semble que c ' e s t  son 
départ qui permettrait l e  début de la  maturation de l a  particule v i r a l e  par 
l 'encapsidation du DNA.  Son rôle s e r a i t  a lors  t r è s  voisin des protéines 
d'échaffaudage des bactériophages, te l  l e  l a  protéine codée par l e  gène 8 de 
P 22 (Casjens and King, 1974 ; Lenk e t  a l . ,  1975 ; Earnshaw e t  a l . ,  1976).  -- 

Le DNA n 'es t  pas encapsidé dans les  particules accumulées par l e s  
mutants des groupes de complémentation défec t i f s  dans l a  synthèse de l a  

protéine I I I a .  Ces particules contiennent l e s  protéines 50 K e t  39 K ,  

1 'étape bloquée peut ê t r e  l e  départ, ou 1 a protéolyse de ces protéines. 
L'encapsidation du DNA e s t  aussi réduite dans l e s  mutants défect i fs  dans la  

synthèse de la  f ibre  (HZ t s  125) ce qui suggère que l a  conformation de 1 'apex 

joue u n  rôle dans 1 'entrée du  DNA. La protéine IIIa  e s t  loca l i sée  dans la 
zone péri pentonal e (Eyeyi tt e t  al . , 1975). 



Cet te  encaps ida t ion  semble se f a i r e  p a r  1  'une des fqces de 

1 ' i cosaèdre  (vest ige  ou p recurseur  de l a  f i x a t i o n  de l a  queue des b a c t é r i o -  

phages ? ) .  Le DNA pénét re  p a r  son e x t r é m i t é  gauche, il e s t  donc l i n é a i r e  

à ce stade ; il e s t  p e u t - 6 t r e  c i r c u l a r i s é  dans l a  p a r t i c u l e .  

Le DNA, qu i  e s t  encapsidé, d o i t  a v o i r  une con fo rmat ion  ladéquate, ou 

il d o i t  pouvo i r  changer de con fo rma t i on  au cours  de l 'assemblage,  puisque 

c e t t e  étape e s t  i n h i b é e  par  l a  novobioc ine.  Ce changement de con fo rmat ion  

e s t  cer ta inement  l e  passage d 'une  s t r u c t u r e  en nucléosome du DNA assoc iée à 

des p r o t é i n e s  non encore i d e n t i f i é e s ,  en l a  s t r u c t u r e  du nuc léo ide  avec l e s  

p ro té i nes  V e t  P V I I  dans une première étape e t  avec l e s  p r o t é i n e s  V e t  V I I ,  

au stade de v i r u s  i n f e c t i e u x .  Avant l a  f o rma t i on  du nuc léo ide ,  l e  DNA 

peut  être,dans une étape t r a n s i t o i r e ,  non l i é  à des p r o t é i n e s  ( s tade  IN 
1,37). 

Après l a  f o rma t i on  du nuc léo ide ,  qua t res  po l ypep t i des  sub issen t  un 

c l i v a g e  pa r  une endopept idase(PI I Ia ,  PVI, P V I I I ,  P V I I ) .  Le P I I I a  s e r a i t  l e  

premier  p e p t i d e  c l i v é .  Ce t t e  endopept idase n ' e s t  a c t i v e  q u ' à  ce  s tade du 

c y c l e  i n f e c t i e u x  ; son o r i g i n e  e s t  inconnue mais e l l e  e s t  sous ' l e  c o n t r ô l e  

de gène ( s )  v i r a l  (aux)  ( B h a t t i  and Weber, 1979).  Après ces c l i v a g e s ,  l a  

p a r t i c u l e  d e v i e n t  i n f e c t i e u s e .  Ce t te  étape n ' e s t  pas r é a l i s é e  pour l e s  

mutants HZ t s  1 (Weber, 1976) e t  H Z  t s  104 ( c f .  r é s u l t a t s  c f -dessus) .  Les 

c l i v a g e s  endopept idasiques s o n t  t r è s  important5dans l a  morphogénèse des 

bactér iophages ( c f .  Laemmll , 1970, pou r  T4 e t  revue généra le  de Casjens 

and King, 1975) .  Un modèle d'assemblage de 1 'adénov i rus  e s t  proposé sur  

l a  f i g  8. 
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Parmi l e s  4Q mutants t~ 730lés dans notre l q b ~ r a ~ t o i r e ,  1 ' u n  deux, défect i f  

dans l a  synthèse du PNA viral  représente un unique groupe de complémentation. La 
f ~ n c t i o n  mutée e s t  nécessaire a l ' i n i t i a t i o n  de l a  synthese du DNA v t r a l ,  mais 

aussi au maintien de l ' l n t é g r t t é  du génome v i r a l .  La protéine mutée pourrait é t r e  
l a  55 K ,  protéine de circulqrtsatton du DNA. Ce mutant nous a permis de confirmer 
qu ' i l  y a recombtnatson entre l e  DNA vtral  e t  l e  génome de l a  cellule-hôte, en 
dehors de 1 a transformation ce1 lu l a t r e .  

L 'u t i l i sa t ton  de l'imnunoelectrophorèse bidimensionnelle corne technique de 
caractérisation sérologique de mutants d ' adénovtrus , nous a permis de mettre en 
évidence, 1 'absence d'un seul composant, 14 protelne I I I a ,  dans quatre mutants 

thermosensibles ( H Z  t s  4, H Z  t s  lQl, H Z  t s  112, H5 t s  58), défectifs dans l a  
morphogenèse du vir ion,  Ces mutants appartiennent à 3 groupes de cornplémentation. 

Nous avons montré que, dans l a  fomation de l a  particule v i r a l e  infectieuse 

i l  ex-iste deux classesd'intermédiaire d'assemblage de densité 1,315 e t  1,37. Les 
particules de densité 1,37 proviennent des intermédiaires 1,315 après élimination 

des protéines 50 K e t  39 K e t  encapsidation du DNA ; e l l e s  évoluent.en "jeunes 

virions" après la pénétration des protéines du nucléoide ( V  e t  VII).  

Les mutants thermosensibles défect i fs  dans l a  synthèse de l a  protéine I I I a ,  
accumulent des particules de densité 1,315. Celles-ci sont capables d'évoluer 
en virus infectieux après passage à température permissive, L'étude de ce t te  
évolution e s t  rendue possible par l e  blocage de l a  formation de nouvelles 
structures pré-capsidales (addition de cycloheximide). 

De même l e s  jeunes virions formés dans l e s  cel lules  infectées par HZ t s  104 
se transforment en virus  infectieux après passage à 33OC.I 

Une modification de l a  f i b r e ,  t e l l e  que ce1 l e  observée dans l e s  mutants 
H Z  t s  103, 104, 115, 116, 125, entraine une réduction de l a  quantité de virus formes, 

ce q u i  suggère que 1 ' i n t ég r i t é  de l a  protéine f ibre  e s t  indispensable à l a  morpho- 
genèse ou à l a  s t a b i l i t é  du virton. 

Lors de la  formation de l a  particule infectieuse, deux protéines de 

structure : l a  base du penton e t  l e  I I I a ,  subissent des modifications conformation- 
nelles comme l e  révèle l a  perte t r ans i to i r e  de leurs  propriétés antigéniques au 
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stade i'ntermédia1,re d ' qssemblqge, 

La protéine IXra (66 K) provlent d ' u n  précurseur : l e  P IIIa  (67 K)  par 
cl ivage endopeptt dasique ; c e t t e  modification intervient au cours de la  maturation 

des jeunes virions en VI rions infectieux, 

La synthèse du DNA viral  e s t  inhibée par 1 'addition de novobiocine. Un 
enzyme, de type "DNA gyrase", serai 't  donc nécessaire à l a  réplication 8 

Cet antibiotique empéche, également l 'encapsidation du DNA. L'encapsidation 
nécessi terai t  donc l a  participation d ' u n  enzyme de "relaxation" t rans i to i re  du 

DNA,  bien que l e  DNA d'adénovirus ne so i t  pas c i rcu la i re  de façon, coval ente; ou 
1 , "supertorsadé", qui pourrait ê t r e  l e  même enzyme que 1 a gyrase évoquée pl us haut. 
l 
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Isolation and Phenotypic Characterization of Human Adenovirus 
Type 2 Temperature-Sensitive Mutants 
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S U M M A R Y  

Thirty-nine temperature-sensitive ( t s )  mutants that fail to grow at 39.5 OC but 
develop normally at 33 OC have been isolated from a nitrous-acid-treated stock of 
a wild-type strain of type 2 human adenovirus. The frequency of ts mutants 
aniong the surviving viruses was about 10%. Complcn~cntation tests in doubly 
infected cell cultures at restrictive tcmperaturc pcrmitted the assignment of 19 of 
these mutants to I I comple~ncntation groups. Tlicy wcrc charactcrizcd pheno- 
typically according to their soliiblc capsid antigcn prorluction quanti ficd by two- 
dimensional immunoclectrophoresis, virus DNA synthesis, as measured by 
alkaline sucrose gradient sedimentntion of 34s DNA, and virion morphogcncsis, 
as analysed by elcctron microscopy of cell sections. Two complcmentation groups 
were dcfective for DNA synthcsis, four for solublc hcxon production and two 
groups for total pcnton (pcnton h:isc+fibrc), wliile one group rcvealcd no fibre 
production. Two complcmcntation groups prcsciitcd a noriiiül antigcn pattern, 
but the particles exhibited altercd niorphology as observcd in ccll sections. 

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

Aniiiiül viruscs and pürticularly adciioviruscs arc coiisidcrcd, with reason, to be invaluable 
1001s in investigating thc rcgulation of replication and triiiiscription of DNA, the translation 
of m-RNAs, and malignant transforination in cukaryotic systems. Essential to these 
investigations are viritscs dcficicnt in difircnt propcrtics. tiost-raiipc, conditionally lcthal 
temperature-sensitive and deletion mutants have tlicrcforc bcen isolated. 

Teniperature-sensitive mutants of human adeiiovirus type z (Begin & Weber, 1975; 
Kathmann et ni. 1976), type 5 (Williniiis cDt al. 1971 ; I,nsiiigcr & Ginsberg, i t p ) ,  type 7 
(Estes & Butel, 1977). type 12 (Shiroki ~t ut. 1972; Ledinko, 1974) and type 31 (Suzuki 
et al. 1972) have been sclected in several laboratories. Thcir properties have been reviewed 
recently (Ginsberg & Young, 1976, 1977). 

Thirty-nine temperature-sensitive ( ts )  mutants of huinan adenovirus type 2 (H 2) have 
been isolated in our laboratory. Twciity-fivc have bccn charactcrizcd and 19 of them have 
bcen assigned to I i groups of coniplcnic~itiition. Soiiic hiochciiiical and iminunological 
charactcristics are reported in the prcscnt study. Certain of tliese rs mutants, such as 
penton-defective mutants, or a DNA-negative mutant which maiiitnins a tight inhibition 
of host DNA synthesis at restrictive temperature, hiive iiot bccn reportcd so far for 
adcnovirus type 2. 

Present address: UtiitLC de Virologie No. 51 de 1'I.N.S.E.R.M.. i I'locc J. Renaut, 69008 Lyon. 
t To whom reprint requests should be sent. 
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hlETHODS 

Viriis andcells. Human adenovirus type 2 (H 2) wild type (WT) originally obtaiiied from 
Dr  J. F. Williams (Carnegie-Mclloii Institutc, Pitisbiirgh, U.S.A.) was grown on K B  cclls 
cultured in suspension (2 to 2 . 5 ~  10' cells/ml) in Eagle's minimal essential medium 
siipplemented witli 5 <f; horse serum. 

Virus was titratcd by the plaquc assay or  by the fluorescent focus unit assay (Philipson 
et al. 1968) on Ilcl-ii cclls nt 37 "C. Tlic WT virus to bc uscd for mutagcncsis uiidcrwent 
two cycles of plaque purification at 37 OC. 

Human adenovirus type 5 (14 5 )  fs mutant 36 was kindly supplicd by Dr J. F. Williams. 
H 5 1s-125. originally isolatcd by Dr H. S. Ginsberg was obtained frorn Dr W. C. Russell. 

Altitcrget~esis of ndc*t~oi.irirs 2.  Nitrous acid was used a s  the mutazen (Williams ct rrl. 1971). 
Pliique-purificd \irT stock (0.1 ml) with a titre of 6 x IO* plaquc-forming units p.f.u./ml 
was diluted with 1.9 ml of 0-7 M - N ~ N O ~  in I hi-sodium acetate buRèr, pH 4-6, at room 
temperature for 8 niin. The reaction was stopped by addition of four volumes of cold 
i br-tris-HCI buffcr, PH 7.9, and the final mixture diluted a further 50 timcs with Eagle's 
mcdium. Sarnplcs thus dilutcd tvere frozcn and storcd a t  -70 "C until uscd. 

isolntiorr of ts r,tirratits. The mutngenizcd stock was dilutcd to givc 30 to 40 plaques/plate 
and pl:itcd on HcLa ccll moiiolaycrs at 33 "C. Aftcr 14 days of incubation at 33 'C, the 
plaques which appcarcd ucre rcmovcd with a Pasteur pipette and rcsuspcndcd in I ni1 
tris-saline (0.15 51-NaCI, 0.01 xi-tris-HCI, pH 7.5). Virus was rclcascd by thrce cjcles of 
freezing and thatving and the resultin~ virus isolate was tested for plaque formation on 
HeLa cell monolayers at 33 'C and 39-5 OC. Those virus isolates \\,hich gave a 33/39-5 'C 
p.f.u. ratio > ioo ncre plaque-purified twice more and tested again for plaquing ratio 
bcfore a final tvorking riiutant stock was prepared a t  33 "C. According t o  the proposcd 
nonienclature for adcnovirtis mutants (Ginsberg et al. 1973) the block numbcrs loi to 200 

have been allottcd to thesc ts mutants. 
Co~~tplcnrc~rrrn~io,i rcsts. ticLa ccll monolayers were doubly infectcd at an input multi- 

plicity of 5 p.f.u. of the two ts mutants/cell. After 2 h of adsorption at 33 O C ,  unadsorbed 
virus was rinsed off and the cells trcated for 30 min with an antiserurn against uholc type 2 

adenovirus, at a dilution of i : loo/i :zoo. The cells were rinsed again and further incubatcd 
a t  39.5 'C for an additional 40 h. Control cultures were singly infccted in parallcl with 
IO p.f.u. of each mutant/cell. At the end of the incubation pcriod, the cells were scraped off 
the dishes into the culture medium, disrupted by three cycles of freezinç and thawing and 
virus titratcd using the fluorescent focus assay at 33 OC. Compleinentation index was given 
as the ratio of yicld of the double infection to  that of the highcr of thc two singlc infections 
at 39-5 OC, expressed as p.f.u. or f.f.u./ml. Coinplemcntation was considered as positive 
when this complementation index was at least I O  (Williams et al. 1971). 

Antisera. Whole adenovirus type 2 (Ad 2) virion antiserum was obtained as follows: 
0.5 ml adenovirus particles suspension purificd by two CsCl bandings (Green & Pifia, 
1963), \vas mixed with 0.5 ml cornpletc Freiind's adjuvant (Difco Lab.. Mich.) and injected 
intradermally into a rabbit in twenty 0.05 ml portions. Three wccks later, 0.25 ml adeno- 
virus suspension in 0.25 ml complete Freund's adjuvant was injected intramuscularly, and 
the animal was bled IO days aftcr this last injection. 

Antisera against purified hexon, penton, fibre and virion polypeptide IX wcre also 
prepared by immunizing rabbits in a similar way. Hexon, penton and fibre antigens were 
purified by a four-step procedure prcviously describcd (Boulanger & Puvion, 1973). Ad 2 

polypeptide IX was purificd according to the procedure of Everitt el al. (1973). 



Crosscdinvnunoc~l~ctropl~orL.ris. An adaptation of tlic procedurc dcscribcd by Weeke (1 973) 
was employed. First dimension: 5 to 20 pl samplcs wcrc applied in wells punchcd in agarose 
gel (four weIIs on a go x 1 rox 1.5 mm glass platc, corrcsponding to 15 in1 I % agarose). 
Electrophoresis was carricd out at io V/cm for 70 min in agnrose gel buffered with 
barbitone, pH 8.6, ionic strength 0.02. The electrophoresis tank was refrigerated at 15 OC 
by tap-water circulation. After the run, the agarose gel was divided into four slabs, each 
of them corresponding to one well. Each of the four first-dimension gel slabs was then 
transferred to a glass plate (100  x roo x 1.5 mm) dong one edge, and the reniainiiig part of 
the plate was fillcd with antibody-containing agarosc (50 to ~oo / r l  antiscrum inixed with 
12 ml 1 % agarose solution maintaincd in a 52 OC water bath). Second dimension: 16 h, 
3 V/cm, 15 O C ,  in antibody-containing agarose buffered at pH 8-6. After electrophoresis 
in the second dimension, the gel was washed in saline, pressed, dried, stained with Coomassie 
brilliant blue R-250 (0.5% in 50% ethanol-10% acctic acid) and destained in 10% acetic 
acid - 50% ethanol. 

Quantitative estimation of the soluble adcnovirus antigens was made either by measuring 
the area enclosed in  the precipitatc (cxpressed as height x width at half-height) or by drawing 
the precipitate outline on transfer papcr, cutting out the drawing, and wcighing it. The 
antiserum was calibrated for cach adcnovirus atitigcn by runiiing purificd hexon, penton 
and fibre solutions separately (Martin cl al. 1975). Their protcin contents wcre dcterinined 
by thc method of Lowry et al. (1951). 

DNA unalysis. KB cclls in suspension culturc werc infcctcd with WT or ts mutants and 
labelled with JH-thymidine (tpCi/ml, 25 Ci/mmol) at 16 to 24 h post infection (p.i.) at 
39.5 OC. Control culturcs nt 33 "C wcrc Iiihcllctl froiii 40 to 48 Ii  p.i. Cclls wcrc Iiiirvcstcd, 
resuspended in tris-saline and loaded on top of a 5 to 20% alkaline sucrose gradient miide 
in 0.3 M-NaOH, 0.7 M-NiiCI, 1  ni^-Na EDTA ovcrlaycrcd with 0.2 iiil of 0.5 hl-NaOH, 
0.05 M-Na EDTA. Aftcr standing for 16 h at 4 OC, ilic gradients wcre ccntrifugcd for 5 h 
at 35000 rev/min and 4 OC i n  a SW 41 rotor. Fractions wcre collectcd dropwise from the 
bottom and assayed for acid-precipitable radioactivity. 

Elc~ctrott nticroscopy. Ccll saniplcs wcrc h:trvcstcd 36 Ii aftcr iiifcctioii at 39.5 OC, fixcd 
with 2.5% glutaraldehyde in 0.1 M-cacodylatc bufier, pli 7.2 and post-fixed in I % osmium 
tetroxide. After dehydration in an alcohol gradient, the sainples werc embedded in Araldite 
and sectioned. Sections were staincd with lcad citrate aiid cxaniiiicd in an Hitachi HU-12 
electron microscope. 

R E S U L T S  

Isolation of ts nrirtm~ts 

The stock of type 2 adcnovirus mutagcnizcd by 0.7 M-nitrous acid was scrccncd for ts 
mutants. From 400 plaques isolated at random at 33 OC, 39 mutants were isolated without 
selection pressure, i.e. a frequency of 10%. The 33/39'5 OC plaque-forming ratio ranged 
from io2 to io5, whereas the ratio for the WT varied from 1.5 to 2. The tightness of the 
mutants was estinutcd by con~paring thc yieids from single growth cycles at 33 and 39.5 OC 
in cells infected at an m.0.i. of IO p.f.u./cell. Mutants with a minimal 33/39.5 OC yield 
ratio lower than io%erc considcrcd as lcaky. As suminarizcd in Table 4, only a fcw 
mutants were found to be leaky (H 2 ts ior and i r 2). 

S}~rtllrc*sis of virtcs strirc'lrrrrr/ r~ritigc~~is 

Two-dimcnsional immunoclcctrophoretic analysis of WT-infcctcd HcLa ccll cxtracts 
using an antiserum against wholc virion rcvcals fivc iiiain prccipitate pcaks which have bcen 
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prcviously identificd and quantificd (Martin <,r nt. 1975). P~i ik  I corrcspoiids to hcxon niiti- 
gcii, pcak 2 to frcc pciiton brise. pc:ik 3 corrcspoiids to tlic Iibrc utitigcnic dctcriiiiiiaiits 
of the complcte penton, and peak 4 to the pcnton bnsc antigcnic dctcrminants of the 
complete pcnton; peak 5 has bccn identificd as frcc fibrc antigcn (Fig. I LI) .  

The capacity of the ts tiiutants to inducc tlic synthcsis of iinmunologically :ictivc capsid 
antigeils was tcstcd nt both pcrmissivc aiid restrictive tcmpcraturcs by tlic two-diniciisional 
inimunoelectrophoretic tcchnique. Three principal types of two-dimensional aiitigciiic 
patterns were reproducihly obscrved: (i) n drastic reduction or a dis:ippcarancc of one or 
several structural antigcns; (ii) 3 homopeneous reduction of al1 thc virus antigens: and 
(iii) an antisenic pattern similar to that of the WT. Aniong the rs mutants of the first 
scrological class, soiiic wcrc dcfcctivc in fibrc production at 39.5 "C and sliowcd no free 
fibres and no complete penton (rs i 15. Fig. i b), while others wcre reduced in penton 
(penton base+fibre) production (ts 104, Fig. i c) and still others in hexon synthesis (Fig. 
~d tof). Significant difîerences were visible in the antigenic pattern of the hexon-defective 
1s mutants, and thrce subclasses of patterns were distinguishablc: (i) in hexon-dcfective 
mutants of subclass I (H 2 1s 118 and ts 121) hcxon was produccd in minutc atnouiits, 
non-quantifiable (Fi:. i d ) ;  (ii) in siibclass I I  ( H  2 1.7 102, ts I IO. t s  I 17 and 1.7 122) the hcxon 
production \vas 1 5  to 20:" of the nornial rate (Fig. 1 e); (iii) in subclass Ill ( H  2 rs 106. 

ts 108 and rs 119) the hcxon production was 30 to 40:/o of the nornial synthcsis. but still 
attaincd tlic levcl of complete penton antigen (Fig. if). Tliese hexon-dcfective mutants 
appcar to  belons to four diffcrcnt coniplementation groups designated as A, B, H and K 
(see Tables 3 and 4). 

Viri ls DNA s).ntI~csis 

The analysis of virus DNA synthesis in cells infected (m.0.i. = 25) by the ts mutants 
a; both perniissivc (33 'C) and restrictive (39.5 OC) tcmperatures was carried out by ccntri- 
fugation of W-thyiiiidiiic-lr\bcllcd infcctcd ccll DNA in alkaliiic sucrosc gradicnts. The 
velocity scdinicntation pattern obtaincd with ts mutants (Fip. 2 h )  \vas cornparcd with the 
WT pattern obt;iiricJ at tlic s;inic tciiipcrliturc (Iqg. 2rr): thc synthcsis of 31s virils DNA 
was drastically rcduccd at 39-5 'C for thrcc rs mutants which üppcared, thcrcfore, to bz 
DNA-negatibe: H 2 rs 105. I i I and I iq. During infection with ts 105 and I 14, host DNA 
synthesis \\.as only slightly depresscd at the non-permissive tciiiperaturc, whereas this 
synthesis t u s  strongly altcrcd durinp infection with ts I I  I a t  39.5 "C. Experiments, to be 
publishcd else\\herc, have shotvn that thcse mutants are not dccapsidation mutants. 

Virtrs capsid tnorpliogencsis 

The assembly of virus was studied by electron microscopy of cells infected with ts mutants 
at the rcstrictivc teiiipcriitiirc undcr idcntical ni.0.i. conditioiis (25 p.f.u./ccll). Virus particlcs 
were analysed witli respcct to  their nunlber and morphology in ccll sections. Four different 
types of intranuclcar particlc pattern: were obscrvcd: (i) a total absence of detectable 
virus particles; (ii) less than go particles pcr nucleus; (iii) tlic iiumber of intranuclear 
particles ranging from ioo to 500; (iv) more than iooo particles per section. Fig. j b  shows 
part of a section of HeLa cell infcctcd with ts 104, cxhibiting iiiorc than iooo particlcs pet 
section. Most of thesc particlcs presentcd an irrcgular contour but sccmcd to contain a 
densely-stained interna1 core. As alrcady shown by immunoclcctrophoresis, ts 104 prcscnted 
an abnormal pattern of antigens, containing no visible pcnton and fibrc cross-reactivity. 
In contrast, most of the intranuclear virus particles of ts 112, which showcd a normal 
pattern of synthesis of soluble antigens, exhibitcd an altercd structure: they appeared 



Fig. 1. Serological analysis of lysates of cclls infcctcd with adenovirus 2 W or  1s mutants at 
39.5 "C. Six x IO' HeLa cells wcrc disruptcd in ioo /cl of hypotonie buf i r  and io 111 of cell lysate ,/ - Y  

/ r,,i;T; 
loaded in the well; ioopl of antiserum against whole Ad 2 virion was added IO agarose gel in the ,:,-,: 1 second dimension (plates a, 6. d tof). On plate (c), 5 111 of cell extract was reacted against 50 pl of 
antiserum. (a) WT; (b) fibre-dcfective t s  I 15; (c) penton-dcfective t s  104; (d) hexon-negative t s  121 ; 

LJ' 
(el hexon-defective ts 102; (f) hexon-defectivc ts 106. 
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Fig. 2. Sjnthesis of virus DNA analysed by vclocity sedimentation in alkaline sucrose gradient. 
HeLa cells infected with WT or rs mutants were labclled with '13-thymidine. (a) WT; (b)  profile 
representative of 1s 105 and r 14. Fraction 1 5  corresponds to the position of 34s virion market 
DNA. C-S, 33 'C; 0-0 .39 '5  'C. 

devoid of densely-stained core, suggcsting a thermosensitive lesion in a late function 
required'for virus maturation (Fig. 3 c). 

In  sorne cases dense ainorphous nlaterial was visible in the cytoplasm surrounding the 
nucleus. These dense perinuclear inclusions were observed in infection with hexon-defective 
mutants showing no (or only a few) intranuclear particles, such as ts I IO, 18, 121 and 123. 
Fig. 3d presents the dense inclusions induced by H 2 ts I 18, which was ren,iniscent of the 
intracytoplasmic lesion reported for two hexon-defective adcnovirus mutants H 2 ts 3 
(Weber et al. 1977) and H 7 ts ig (Estes & Butel, 1977). 

Complementation tests were carried out to group the ts niutants, and particularly 
those which presented the same phcnotype, such as the DNA-ncgative mutants, the hexon- 
defective, penton- and fibre-defectivc mutants. The rg mutants studicd hcre fell into I I  
groups of complcmentation. The complcmentation bctwecn the DNA-ncgativc mutants 
was dctermined by two difïerent methods: (i) comparison of the virus yields in single and 
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Table I .  Complementation between DIA-negative ts mutants of type 2 adenovirus (H 2)* 

Mutants IS 10s h III I.V I 14 

Virus yieldt 

Virus DNA synthesisf 
IS 105 (21 650) 7.1 (153840) 0.7 (15550) 
1s I l 1  - - (4 220) - 14-1 (:055@ 
IS I 14 (7460) 

Complcmeiitation tests were performed as described in  Methods. 
t Values i n  table are complemcniation indiccs (CI). calculated from the virus yield, as explained in  

Methods. Complemcntation was considcred as positive when the CI was k IO. Values in parentheses are 
yields of infection expressed as p.f.u./inl. 

f KB cells were infectcd at an input multiplicity o f  25 p.f.u./cell with each mutant and labellcd with 
iopCi/ni l  of 'H-thyniidinc from 16 to 24 h p.i.The virus [)NA wasanalysedas in Fig. 2. Values i n  the table 
are ratios of Iübcl i n  34s DNA p c i k  of the double infection 10 that of the higher of the two single infections 
at 39.5 O C .  expressed as total ct/min. The leakincss of ts 805 explüins the value of 7.1 for the CI  calculatcd 
from the rates o f  DNA synthcsis. 

Table 2. Complementation indices between D N A  negative ts mutants of human 
t jpc 5 ( H  5 )  oncl type 2 ( tf  2 )  a(lenoviru.s* 

Mutants H51s36 f i g r s i z ~  HZ~SIII H 2 r s i i q  HZISIO~ 

Vülucs in  table are complcnieiitütion iiidices cülculütcd from the virus yields, as dcscribed i n  Methods. 

Mutants 1 02 I 06 8 08 110 117 I 18 121 122 123 

* Values in table are coniplcmentation indiccs, c~lculatcd from the virus yields. as described i n  Methods. 
NT = not tested. 
Ts 123 which did not complement both 13 102 and fs i z i  appears as a possible double mutant. 

double infections at 39.5 "C as indicütcd in Methods; (ii) comparison of the amount of 
label in the peak of 34s DNA in single and double infections at restrictive temperature. In 
the second method the complementation index was the ratio of virus DNA synthesis of 
the double infection to virus DNA synthesis of the Iiigher of thc two infections at 39.5 OC. 
Complementation was considered as positive with respect to D N A  synthesis when the ratio 
was higher than z. The results werc concordaiit for both kinds of analysis. As shown in 



Table 4. Propertics of ts r,iirtttttts ofirirntrrrt n<l~~tovirrrs t).pc 2 nt tlie r ~ ~ s t r i c l i t . ~  
tc.~~iperatirre (39'5 O C )  

Virion morphogcnesis 
(Intranuclcar particlcs) 

Inhibition Soluble antigns* 7 
Complc- Virus of host r .. .\ Average no. Morpho- Ratio of 

nicntntion DNA DNA Penron per niiclcus logy of yiclds 
Mutant group synthcsis synthcsis Hexon base Fibre section particlest 33139'5 Ct 

Clau 1 
#si05 D - + + + 100 N + A  3-2x10' - 
t s i i 4  D - + f + 50 N + A  4 . o ~  ioz - 
t s l r r  G - + + + + 50 N + A  r . 5 ~  IO* 

Class 11s 
(-1 
t t 1 1 8  H + + - (0.0) + + O 5.9 x 104 
rs 121 A + + - (0.0) + + 50 N 1.1 x loa 
1 ~ 1 0 2  B + + f(0.18) + + O 8.4 x ioa 
rs 110 B + + f(0.19)  + + O 1 . 6 ~  ioJ 
IS 117 B + + f(0.19) + + ND,I ND 4.1 x io3 
1s 122 B + + f(0.15) + + O ND 
»a06 K + + + (0.33) + + + + 50 A 5 . 0 ~  IO' 
#si08 K + + + (0.38) + + + 500 N+A 2.1 x ioa 
r s r i g  K + + +(@JI)  ++  + 500 N g.oxio2 
ts i09 N D  + + 5 + + ND ND ND 
rs 1 2 0  N D  + + f + + ND M) r . 3 ~  toa 
t s i z j  ND + + f + + O y o x  IO* 
ts124 ND + + - + + N D  &D ND 
ts 126 S D  + + f + + ND ND q.oxroa 

p (-1 
r s i o j  F + + ++ .C f M, ND 1 ~ 2 x 1 0 ~  
t s i o j  C + + ++ f +, 1000 N S A  1 . 3 ~  ioS 
t s i i 6  C + + ++ + + 500 A I ~ O X  ioa 

F (-1 
t s i i 5  E + + ++ + +  - 1000 9 2.0 x roa 
ts 125 E + + ++ ++ - 1000 A 2.0 x to2 

Class III 
ts IOI ND + + ++ ++ ++ iooo N+A 2 . 2 ~  IO' 
ts 107 J + + ++ ++ ++ 500 N + A  1 . 7 ~  ioz 
1s 112 1 + + ++  ++  ++  looo N + A  2 . 7 ~ 1 0 '  

Soluble antigens: + +, arnount of antigen identical to wild-typc (WT) production; +, amount of 
antigen reduced by comparison with WT; t, minute amount of antigeil; -, no antigcn dctectable o r  
measurable. Values in brackets are percents of WT hcxon production at 39.5 ' C .  quantified by two- 
dimensional in~munoelectrophoresis. 

t Morphology of intranuclear particles visible on cell section: N, normal aspect; A, altered morphology. 
$ Minimal ratio of yiclds from cultures infected with a m.0.i. of IO f.f.u.lccil at both temperatures and 

harvested at  36 h (39.5 'C) and 9 2  h (33 'C) p.i. 
gsyrnbols: H (-), hexon-minus; P (-), pcnton-minus; F (-), fibre-minus mutants. 
II ND = not deterrnined. 

Table I ,  two of our three DNA negative ts mutants of adenovirus 2 belonged to the same 
complerncntation groups, whereas ts I I  I was in a difirent groiip. These threc DNA- 
negative ts mutants were tested with the adenovirus type 5 ts mutants 36 and 125. Ts I I I  

was compleniented by both H 5 ts mutants and was therefore diRerent from them. In 
contrast, therc was a very low complerne~ltation efficacy betweeti H 5 t s  36 and H 2 u 105 
or  I 14, suggesting that the same function was mutated for thesc three mutants (Table 2). 
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Nine hexon-minus mutants wcre analyscd by coinpiemcntation and four compleiiicntation 
groups emerged from the crosses (Table 3). Ts 102, I IO, 117 and 122 which produced 
minute arnounts of hexon antigen, belongcd to the snme group (Il), whcrcas ts ro6 and 108, 
producing npprcciable, although reduccd, quantitics of hexon, were in another group (K). 
The ts i 18 ( H )  and ts I 2 I (A) wliich complemented each othcr and the other hexon-defcctive 
ts mutants appcared in two difïercnt groups: both of them failed to synthesize hexon antigen 
(Fig. I d) .  

DISCUSSION 

We have prcsented here the phenotypic charactcrization of 25 ts mutants of human 
adenovirus type 2 ,  among which 19 could be assigned to  I I  complcmentation groups. They 
werc analysed with respect to their synthesis of virus DNA, soluble antigens aiid capsid 
morphogenesis. Thcir biological properties are summarized in Table 4. The interest of the 
serological characterization is obviously limited: niost of the rs mutants appearcd abiiormal 
in productioii of soluble capsid aiitigcn(s), but sonic of thcm exhibited a normal two- 
dimensional iiiiniunoclcctrophoretic pattern. I4owever, thcsc antigens were nor~nally 
produced in escess by ceils infected with adenoviruses and some change in the over- 
production of the cnpsid antigcns did not necessarily signify that the thermosensitive lesion 
\vas located on this particulnr antigen. Similarly a normal pattern of antigens does not 
irnply a functional intqrity of these antigens. In addition, since labile capsid intermediates 
could fall apart during extraction (Edvardsson et ul. 1976). virion niorphogcnesis was 
analysed by electron niicroscopy of virus particles in cell sections. According to the solublc 
antigcn pattern in tuo-dimensional immunoelectrophoresis, three serological classes could 
be discerned. In class 1. there \vas a global and homogeneous reduction of al1 the virus 
antigens. In class I I ,  there was a drastic reduction of one (or several) soluble antigcn(s). 
l n  class III, the antigcnic pattern \\as similar to that of WT. 

The first class contained thrre DNA-negative mutants, whose minor antigen production 
represented eithcr a certain dekree of leakiness of the system, or the result of transcription 
and translation of thc parcntül gcnomes. Biochemical analysis of these threc rarly mutants, 
H 2 rs 105. i i I and I 14. rirranged in two complementation groups (Table 1), confirmed 
previous findings that the onset of adenovirus DNA replication was not required to shut-off 
of host DNA synthcsis (Ensinger & Ginsberg, 1972). H 2 ts 105 and H 2 ts I 14, partially 
depressed host DNA synthesis at restrictive temperature, while the H 2 ts I 1 I maintained 
this host DNA synthesis shut-off at 39.5 OC to the same extent as WT (to be published). 
This suggested that virus DNA replication and cellular DNA synthesis inhibition were 
independcnt and dissociable fiinctions. However, it must be considered that host DNA 
synthcsis inhibition may siniply be due to the leakincss of ail the DNA-negative rs mutants 
examined to date. 

Our three mutants H 2 ts 105, I I I  and I 14 were complemented by H 5 ts 125 eficiently, 
suggesting that their mutatcd functions were dinércnt from that involved in H 5 ts 125 
(Ginsberg 8: Young, 1977). By contrast, H 5 ts 36 complcnicnted poorly both ts ro5 and 
ts 114 (Table 2), suggestinç a lesion of a similar function. However, since H 5 rs 36 inhibits. 
almost totally the host DNA syiitlicsis at 39-5 OC (Wilkie ct 01. 1973). which was not the 
case for either H 2 ts rog or H 2 ts I 14, it is possiblc that thcir lcsions are in fact diffcrent. 
Other DNA-negative mutants of Ad 2 have been isolated and characterized reccntly 
(Kathmann et al. 1976): H 2 ts 206 is complcmented by H 5 ts 125 and H 5 rs 36 with 
a high efficiency, and does not inhibit the host DNA synthcsis. Maintenance of H 2 rs 

206 for 4.5 h at 32.5 O C  results in normal synthesis of virus DNA during the subsequent 
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incubation phase at 39.5 OC, whcrcas the synthcsis of H 2 ts 105 and H 2 ts I 14 DNA is 
iiihibited upon shift-up, wliatevcr the tinie of incubation at pcrniissive temperature. 
H 2 ts 206 appcars thcrcforc as an earlicr niutaiit than l1 2 ts 105 and 11 2 ts i 14. 

ln the serological class II,  the hexon-defcctive mutants could be arranged in four com- 
plenientation groups, and divided into tlirce serological subclasses, accordiiig to their 
inimunologicai patterns. ln the light of reccnt observations (Ginsberg. & Young, 19771, it 
was scarcely surprising that, using a complcmentation index of grcater than or equal to IO, 
four complementation groups were found for the hexon-defective ts  mutants. Hexon being 
a multimeric protein, intracistronic complementation are possible and have been suggested 
(Willianis et al. 1974). The low complenientation eficacy betwecn mutants of groups B 
and K appears to support this hypothesis. Preliminary biocheniical data suggested that 
ts  121 (A)  \vas mutated oii the hexon polypeptide gene, whereas ts 118 (H)  was altered on the 
hexon assenibly (unpublishcd results). The other hcxon-dcfcctivc mutants of both groups 
B and K, tvhich complemenred poorly (ts 102, I io, I 17 and 122, and ts 106, 108 and I 19) 
might be tentatively gathcrcd in a unique group. Howevcr, the propcrtics of the mutants 
of groups B and K wcre signiticantly different (Table 4), which justifies the arrangement 
in t ~ o  scparate goups  for the moment. 

Anlong the other late ts niutants of the serological class 11, H 2 ts 104 and H 2 ts i 15, 
which nere respccti\~ely penton-defective and fibre-defective, asscmbled their capsids a t  
restrictive temperature (Table 4). This phenomenon was reminiscent of fibre-rninus mutants 
of phase-$ 29, \vhich can assemble without thcir head-fibres (Reiliy et al. 1977). and 
suggested that the penton-fibre structure was not indispensable for adenovirus assembly. 
Fibre-drifcctive rs mutants of adcnovirus 5 also assemble capsids (Edvardsson et al. 1978). 

The serological class I I I  mutants contained three mutants with normal patterns of 
antigciis. and nbuiidant iiitrariuçlcar particles of both normal and abnormal fcatures 
(Table 4). These mutants, H 2 rs for, ts 107 and ts I 12, appeared to bc altered in a late 
function rcquired for capsid asîcnibly and/or virus maturation. This \vils the case for 
CI z fs i 12 \\hich has bccii found to be blockcd at a stage of assciiibly prcccdinp the cncap- 
sidation of virus DNA;  this niutant accuniul;itcs light inrcrriicdiatc parricles of density 
1.315 (D'Halluin ct ai. 1978). 

As already nientioncd (Russell ct al. r972), one of the niain interests in thcse ts mutants 
of adcnovirus type 2, a reprcsentativc of Rosen's subgoup I I I  (Roscn, 1960), is the possi- 
bility of prcparing major or minor virus components not normally accessible to investiga- 
tion: the fibre-dcfectivc mutant H 2 rs 115 is thus uscd in our laboratory for isolation of 
penton base which accuniulates in the absence of fibre and of antigen llIa (Everitt et al. 
1973) "hich is ususlly masked by complete penton in two-dimensionat immunoelectro- 
phoretic patterns. 
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Studies were done to characterize a DNA-negative temperatlire-sensitive ( I s )  
mutant of tiumaii adenovinis type 2, H2 t s l l l .  'l'he temr3erature-sensitive defect, 
which was reversible on shift-down in the ahsence of protein synthesis, was 
expre-ssed as early as 2 h postinfection, and the results of density-laheling 
expenments are in agreement with a t  least a DNA replication initiation block. On 
shift-up, after dlowing viral DNA synthesis a t  pei'missive teniperatures, the 
newly synthesized viral DNA and the mature viral DNA were cleaved into 
fragments which sediniented a s  a broad peak with a niean coefficient of 10-12s. 
This cleavage was more marked in the presence of hydroxyurea as the DNA 
synthesis inhibitor. Parental DNA in infectet1 cells was degraded to a rnuch lesser 
extent regardles of the iricut~ation temperature. In contrast, ttie parental DNA 
was strongly degradcd when early gene expression was permitterl a t  33'C before 
shift-up to 39.5OC. Furtherniore, cellular LINA was aiso degraded a t  39.5OC in 
tslll-infected celis, the rate of cleavage being related to the niultil~licity of 
infection. This  cleavage effcct. which did not seeni to be relatcd to penton base- . 
associated endoiiuclease activity, was also enhanced when early gene expreksion 
wns allowed a; 33'C beforc shift-up. The t s l l l  dcfcct, whicli was related to an 
initiation block and endonucleolytic cleavage of viral ancl cellular IINA, seemed 
to correslwnd to a single riiutiition. l'tic implication of ttie (si l l gerie product in 
protection of viral and cellular LINA by way of a DNase-inhihitory function is 
d iscussed. 

Therrnosensitive ( t s )  iiiutants which cannot 
replicate D N A  a t  nonpermissive temperatures 
have been isolated froni huiiian adenovirus type 
2 (Ad21 (10, 12), Ad5 (5. 301, Ad12 (1 1. 23). and 
Ad31 (25. 26). Partial characterization of these 
niutarits suggests that adenovirus replication 
needs a t  least three virus-coded early gene prod- 
ucts (8, 10,231, each probably being required for 
a step in cliain initiation. Moreover, a very early 
function lias been detected which does not seent 
to be directly involved in DNA synthesis (10). 
To our knowledge, no other DNA synthesis-re- 
lated early function associated with adenovirus 
DNA-negative phenotypes has been previously 
report ed. 

In the present paper, an  early function which 
is altered in cells irifected a t  the nonperniissive 
teniperature with the H2 t s l l l  1)NA-negative 
mutant (12) is reported. Data presented show 
that  viral as wfeU a s  cellular DNAs are degraded 
throughoiit the repliccttive cycle. The  results 
suggest that an early viral fiinction prevents 
both viral and cellular DNAs from endonucle- 
ase-like cleavage. 

MATERIALS ANI) METHODS 
Ceils and virus. KB cells were cultured in suspen- 

sion in Joklik-modified FI3 metiiurn (CIBCO Iabora- 
tories, Grand Island, N.Y.) supplernented with 5% 
home senim. EIeLa ceils were grown as nionolayers in 
Eagle minimum esîcritial medium containing 10% caif 
serum. 

The wild-type (WT) Ad2 was originally supplied by 
J. F. Williams (Carnegie-Mellon Institute, I'ittsburgh, 
Pa.). The Ad2 thermoseiisitivc niutant tsl l l  has un- 
der~or~e prelinrinary characterization (12). Virus par- 
ticles were i~roduced and purified as previously de- 
scribed (4). Irifectivity wa3 rneasured by the fluores- 
cent focus assay technique (16) or by the plaque 
method on HeLa cells. l'he infectivity titers were 
expresscd in fluorescent focus units or l->FU. Cells were 
infectcd at a multi1)licity of infection (MOI) of 10 to 
100 l'FkJ/cell as inclicated i r i  each experinient. 

Radioisotopes and counting method. ["flthy- 
midine (27 Ci/mrnol) and ["Clthymidine (53.6 mCi/ 
mmol) were purchased (rom the Commissariat à 
I'Ënergie Atomique (Saclay, France). The radioactive 
saml~les were precipitated with cold 10% trichloroace- 
tic acid and filtered on Whatman GF-C filters. The 
füters were washed succesîively with 2% trichloroace- 
tic acid and cold ethanol, air dried. and counted in a 
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tolueiie-based scintillation fluid in air Intertechnique size of the DNA was determiricd by electrophoresis in 
liqirid sliectronicter. agarose gel. 

Labeling conditions. Infected cells were labelcd Inhibitors. Cyclohexiniicic (Bochringer-Mann- 
with ["I-i)tliytiiidine (5pCi/nil). For pulse-chase exper- heirn) was used at a concentration of 20 pg/nil, and 
iments. 5 x 10." M nonradioactive thyniidine (Sigma hydroxyurea (Serval wils used al a final concentration 
Cheriiical Co., St. Louis, Mo.) was added. Dciisity of 0.01 M. 
labcliiig of I>NX was acconiplished tiy adciing 10 ' M 
.S-bromo-2'-deoxvuridine (Sirnia). Noniirfected HeLa RESULTS 
ieÏÏs wcre ~nbe~ed  with [ '4~ l thy i~ i i~ l i i i c  (1 pCi/ml). WT Viral synthesis nftcr temperature and tslll-piirified. DNA-lat~eled virus particles were 
prepared froni infected celis maintained at 33°C and sh i f t -u~  and shift-dOwn. The efficiency 

labelcd with ['tllthyniidine (1 p ~ i / m l )  from 24 to 96 viral DNA synthesis shutoff after shift-up t o  t h e  
h. Teniperature shifts were made on H e l a  ce11 mono- nonpermissive temperature was studied. KU 
layers by replncing the niediiim with a medium pre- cells infected with t s l l l  were incubated a t  33OC 
warrned nt tlic required teniprrnturc. for 40 i i  a n d  sut)seqiiently shifted to 39.5OC or  

A n a l ~ s i s  of DNA by zonnl sedimentntion. (i) kept a t  33OC. T h e  infected eells were then la- 
Alknlinc sucrosc gradient crnlrifugation. The  belcd [ . ~ ~ i ~ t ~ i y r n i t l i t i e  from 40 tO 42 h l)ost- 
rnethod used for alkalinc sucrose gradiéiit centrifuga- infection (p,i ,) .  Analysis of labelcd D N ~  at 41 h 
tioii was that dcscribed by 1)ocrilrr (5). A total of 5 
x 10' to 1 x 10" cells suspendcd in 100 pl of Tris-saline p i .  on alkalirie sucrose gratlicrits showed t h a t  

NaCl + hi Tris-hydrochloride, p~ there was  almost no viral DNA synthesis af ter  

were loa<led top of a 5 to 207 alkaline sucrose shift-iip (Fig. 1). Shift-down experirnents were 

gradient (0.3 NaOH + 0.7 hl ?~sCl+ 0.01 M E1)T.A) perforrned to determine if the  11 DNA block 
and ovcarlaid trith 0.4 iiil of Iysis t)iiffcr ( 1  51 NaOH + was reversible. KI3 cclls infccted with t s l  11 w r r e  
0.05 hl EUTA). After standing for 16 h at 4°C. the maintained a t  39.5"C for 17 h and shifted t o  
gradients were centrifuged at 4°C in an S W  41 rotor 33OC o r  kept a t  39.5OC. ["b[]thynlidine waç then 
at  35,000 rpni for 5 (virai » S A )  or 3 (cellular DNA) h. added froni 17 to  19 h p.i, Viral DNA sYnthesis 

(ii) Centrifugation in neutrnl condition. X total immediately resumed after the shift-down even 
of 10' cells were susl)ende(i in 0.01 h4 Tris + 0.001 M whcn synthesis was inhibited cycle- 
EIITA + 0.3 51 XaCI + 0.0:) hI trisodiuni citrate (pl1 
7.4) containing 0.57 Sarkosyl (Ciba-Ceigy) and 1 nig hexin'ide (E'ig. ". 

of r)ronaw ( ~ ) ~ , . h ~ i ~ ~ ~ ~ :  I,rctiigt.stccl a, :);OC for 3 h These  da ta  indicnte ttint after shift-up t o  
and heated for 2 min at 8 5 " ~  t)efore usci pcr ml alid 39.5"C t h e  capacity to  synthesize t s l  I l  I)NA 
lywd for 3 11 a[ :);OC. Lysatrs wcre gcritly ~>ilxtted oii slows dowri raj)itlly :in(! that  iriactivation of t h e  
top of a 5 to 205 neutral sucrose gradient (1 M NaCl therinosensitive t s l l l  function is readily revers- 
+ 0.01 M E:I)TX + 0.05 51 l'ris + 0.15 Sarkosyl. pII it)lc, even in tlie at)sence of protein synthesis. 
7.41 and centrifuged for 5 h at 35.000 rpm at 4OC in an T h e  existence of fragments lighter than 34s. 
SW 4 I rotor. 5-~romo-'L'-deoxyur1~iitie dcnsitv-laheled nOticeti I>articulnrly i r i  cyc[Ohexinli(le-trCated 
DNA *as anabzed by centrifugation on a self-gcner- suggested the po';sibility of viral DNA deg- 
ating CsCi gradient (1.7 g/inii for 72 h ai 35.0(m rpni 
and 20°C in an 1i Wï'i rotor. The gradients were radatiori o r  lack o f  1ig:ilion of Okazaki-like frag- 

collected dropwisc from the bottoni of the tubes. and ments. 
the fractions were assayed for acid-prrcipitable radio- l i cvcrs ib i l i ty  o f  t h e  lslll dcfec t  by t e m -  
activity. p e r a t u r e  sh i f t -down:  in fcc t ious  v i r u s  a n d  

Assay for penton base-associatcd endonucle- v i ra l  DNA. ?'O establish the  time a t  which t h e  
a s e  activity. 'The assay for peiiton base-associated t s l ï l  a l tered function was expressed in t h e  in- 
endoiiuclease activity was carried out as described by fectious cycle, t s l l  l-infected tells were inCu- 
R. G. Marusyk (personal cornniunication). bated for varying periods a t  39.5OC and shifted 

Virus particles (WT and 1~1113 were purified by two down to 330C. The reversibility of the mutation cycles of equilibriurn centrifugation in CsCI. The virion 
preparations wcre diluted to the sanie optical density was determined by titrating the  infectious t s l l l  

260 nm) per milliliter. Virion-de-ived pentons were ~ i ~ ~ r o d u c e d  and b~ quantitating the 'ynthe- 
obtained by dialysis of virions versus distilled water sized 34S DNA. 
for 2 h, followed by dialysis against 0.005 M T ~ S -  HeLa cells infected with t s l l l  were incubated 
rnaleate buffer, pH 6.2, for 16 h at 20°C. The dialysate for varying periods of t ime a t  39.5'C and shifted 
was centrifuged at 35.000 rprn for 2 h at  20°C in an down t o  33OC unt i l98  h p.i. T h e  infectious virus 
SW 50-1 rotor. The supernatant, dial~zed for 2 h present in  crude ce11 lysates was titrated by  t h e  
against0.01 M citrate, pH 4.5, was used as a source of fluorescent focus asSay. ~i~~~~ 3b shows the 
vbion-denved Pe"to"s. Adenovirus DNA was ex- curve obtaincd by plotting the  values of final 
tracted from purified WT adenovirus. The incubation virus yields versus tirne. As early as p.i., a mixture consisted of 0.01 M NaCI. 0.01 M citrate. 0.002 

MgC12, pkI 4.5, and 1,5 pg of Ad2 DNA I,lus strong effcct was observed nt t h e  nonj)ermissive 

aliquot of the virion-denved penton in a total volume tenipcrature. I t  can be  concluded, therefore, t h a t  
of 20 The reaction was carried out a t  39.5OC for 10 the function altered in t s l l l  infection is e.SSential 
min and was stopped by adding 0.01 M EDTA. The very ear ly in  the  productive cycle. Analysis of 
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FIG. 1. Analysis in alkaline sucrose gradients of 
the IJNA synflicsi:crl on shifl-itp to ;1Y..j0C in I\'B cclls 
iti fected with niutnnt t s l l  1. Ki3 ce11 su.~pensioris in- 
oculated u i th  119 ($1 11 nt an .\IO1 of  2.5 PI.'L'/ct~lI 
uvre iti cu hut<.ol at :l:l"C i<~r JO II [rntl strbs<~<~trrritl~ 
shiftrd to  3Y.jUC (C) or kept ut :W°C (0). The iriic~cted 
ccllv were lribele<i crith [ ' I I I th~ni idine  (10 pCi/nil) 
front 40 to 49 h p.i. At the end o f  the [(ihcling perioci. 
the cells ci~cre rt~ashed. and ali~~trots o i  5 x 10' ct.11~ 
u-ere lyscrl in al/i<ili on top of cclknline sttcrusc gra- 
dients. Thc cor1 ditions of ccntrifirgutiori 1iai.e been 
described. The direction of sedilnen talion is tu the 
lcft. 

the viral DNA synthesis capacity was carric~d 
out by infecting Ki3 cells with t s l l l  and incu- 
bating the infectcd cells a t  39.5OC foi 10, 16, 20, 
24, and 32 h before stiift-down to 33OC until 44 
h p.i. The  infected cells were then labeled with 
[3H]thJmidine between 4 0  and 44 h p.i. Alkaline 
sucrose gradient analysis revealed that extractetl 
DNA sedimented almost exclusively a t  34s. 'i'he 
aniount of viral DNA synthesized was deter- 
mined from the radioactivity in the 34s  peak, 
and the results were expressed as a percentage 
of the amouiit of labeled 34s  viral DNA synthe- 
sized in tslll-infected cells a t  the perniissive 
teniperalure (Fig. 38). It  was noticed thnt DNA 
synthesis was niuch less rapidly depressed than 
expected froni the previous results. This  sug- 
gests that  a fraction of the  viral DNA which 
a p ~ e a r e d  on shift-down was somehow unable to - - 
nvolve into infectious virions. 

Viral  DNA rcplication a n d  tslll function. 
The  possible iriq)li(:ation of the nltcred tsl l l  
function in the viral DNA replication process 
was determined as follows. KH cells infected 
with tslll a t  33'C and labeled with ['Hlthymi- 
dine from 4 0  to 42 h p.i. were chased for 4 h a t  
33 or 395°C in the presence of 5-bromo-2'-deox- 
yuridine M). After Sarkosyl-pronase treat- 
ment, the infected ceH lysates were subjected to 
equilibnuni centrifugation in cesium chloride. 
Controls were perfornled with W'1' virus (not 
shown). 5-i3roino-2'-cleoxy~1ridine was not incor- 
porated into viral DNA in the shift-up experi- 
ment, whereas a peak was obscrved at  the heavy- 

10 20 30 

fraction number 
FIG. 2. Anal-ysis in alkaline sucrose gradients of 

the BN.4 synthc.sizcr1 (tri shiit.clocr~n to .?.?OC in KB 
cells infected with 1st Il .  KB cc1l.s inocctlaled with H2 
t s l l l  rit an MOI of 2.5 li>(;'(//o~cll ttvrc inrubatcd nt 
:lY.S°C fur 17 h and kcpt [rl :J9.S°C (a) or xhiffed to 
3?'C (b) in the presence o f  30 !tg of  cyclohexirnicie per 
ncl (c). The cells iclere labeled front 17 lo 19 h p.i. urith 
[%]thymidine ( I O  pCi/ml). At the end of the labeling 
perioù, the cells were f r ~ a t e d  as described i n  the 
legend to Fig. 1. 
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H O U R S  

Fic. 3. Time dependence of the tsl Il  defect re~rersibifity. (a) Viral DNA synthesis: 5 x 10' KB cells infected 
u~ith t s l l l  (Al01 = 2.5) uvre incubated at 39.S°C for O, 10, 16, 20, 24, and 32 h bcfore shift-down to 33OC until 
44 h p.i. The cells uyere labeled /rom 40 to 44 h p.i. u:ith [3H]thFmidine (10 pCi/ml). At the end of the labeling 
period. the cells were treated as described in the legend to Fig. 1. The aniounts of  synthesized viral size I)NA 
urre dclerniined [ror~i the radioactiility in the 34.9 peak. The rrsults ore e.rl,rrssrd as a percenïojie of the 
quantity of labeled viral D4V.4 in tsl Il-infectcd cells incubated at .V°C unfil44 h p.i. (6) Virus yields: 5 x IOh 
tlrLa cclls infccted ccitli ta1 11 (.\fol - 25) wcre incubated at ,39.S°C for cliffcrerit lcngths of time bcfore shiff- 
doum to 3.ï0C until98 h p.i. Infeclious virus prodl~ction utas monitored by the fluorescent focus ntethod. and 
the rcsults are expressed as a percentage O/ the virus yield at 98 h p.i. at 33-C. The x axis indicafes the tirne 
p.i at which cultures uu.ere shifted dolcn to 33OC. 

light density position with extracts from cells the W T  DNA appeared stable (12). These data 
maintained a t  33°C (Fig. 4). These results indi- indicate that the function modified by the t s l l l  
cate that observable reinitiation and elongation mutation is essential to the maintenance of nor- 
do not take place a t  the  nonpermissive temper- mai-length viral DNA. 
ature. The low-molecular-weight DNA matenal was 

Fa te  of ncwly synthesized vi ra l  LINA. T o  of virai origin since it hybridized a t  a rate of 
determine whether the virai DNA s-ynthesized >90% with Ad2 WT DNA and a t  (2% with 
at  the perniissive temperature was affected when control KU celi DNA. When anaiyzed in agarose 
the mutation was expressed, the foilowing ex- gel electrophoresis, the cleaved DNA showed a 
periment was carried out. KB ceüs infected with polydisperse pattern, with a band smearing be- 
t s l l l  were incubated a t  33OC and labeled with tween the  position of EcoRI fragments A and C 
[311]thyrnidine between 40 and 42 h p.i. T h e  of Ad2 DNA used as markers, suggesting a low 
infected cells were separated into three aliquots; degree, if any, of cleavage specificity (not 
one was stored at  +4OC before analysis, and cold shown). 
thymidine was adcled to the two others before Effcct of DNA syn thes i s  inhibit ion o n  
incubation a t  39.5 or 33OC until46 h p i .  Labeled viral  DNA dcgradat ion.  T o  determine 
DNA was analyzed in alkaline sucrose gradients whether the t s l l l  lesion affects the DNA mole- 
(Fig. 5). A predominant 34s peak was observed cules during their replication cycle or  their sta- 
just after labeling, together with 40-100s inter- bility independently of the replication process, 
mediate-size DNA aiid heavy cellular DNA (Fig. hydroxyurea was used a s  a DNA synthesis in- 
5a) as described previously (2, 7,20). After a 4-h hibitor (24, 28). tslll-infected HeLa cells were 
chase a t  33OC, the 34s  peak diminislied and  inciibated a t  33OC for 42 h and labeled with 
slower-sedimenting fragments appeared (Fig. [%]thymidine between 40 and 42 h p.i. T h e  
5b). When the 4-h chase was performed a t  infected cells were divided into three equal parts; 
39.5OC, the radioactivity was found a t  sedimen- one was removed immediately after labeling and 
tation rates between 7 and 34s  (Fig. 5c). Tri- stored a t  +4OC until analyzed, and cold thymi- 
chloroacetic acid-precipitable counts remained dine was added to the two others, which were 
constant during the  chases. T h e  t s l l l  lesion, immediately shifted to 39.5OC and maintained 
which appeared fully expressed a t  39.!i°C, was at  this temperature for 4 h. Hydroxyurea was 
therefore also observed at  33OC, although to  a added to  one aliquot a t  the time of shift-up. 
much lesser degree. Under the same conditions, DNA was anaiyzed in alkaline and neutral su- 



Fic. 4 .  Cs<.'/ riensity gradient centrifugation o f  Il2 ts l  i l  DhrA lubclrd icith 5 .  bronto-Y-deo.r.vttririine IIjUdR) 
at  39.S0C. Kll  crlls infet.tcd tcith H2 tsl Il (.\fOI = 1.5) livre incuhntrd for 42 h nt :]:]OC und Iribylu<i trith 
[31i/thuniicline [10pCi/nii) front 40 to 47 h. LIL'dK (IO-' JI) und nonrutiioricti~c th.vrnidine (5 x IO-" .\1) i i w e  
addrd ut 42 h p . i  Ceils uvre hori.rsted ofter a firrther 4 h o f  i t truhati~~tt  ( i f  ((1) .?9.5 or [b) 3 . ? O C  uriii treutrd iiith 
Sarkos~ l  urtdl>ronn.w as  dcskribeil in the text. E'ircil »:VA u-as rinnIj:r<l ccntrijirgcttion on a sclf.gencrating 
CsClgradicnt / l . ï g / n t l )  iti t l teprr~rr trr  o f  "C-lubeled Ad2 ntarker U.VA. H L  indicutes (he heuty-light cicnsity 
position. Symbols: *+. H: .---O. "C. 

of labeled viral DNA at 39.5OC after different 
periods of chase a t  33OC. KR cells infected with 
ts l l l  a t  33OC and labeled with [ ' H j ~ h ~ n i i d i n e  
frorn 40 to 42 h p.i. were shifted u p  to 39.5"C for 
4 h at  42.46, 50, and 64 h p i .  Hydroxyurea was 
added a t  the tinie of shift-up to prevent viral 
DNA from being repaired during the chase pe- 
riod a t  39.5OC. 

The  arnount of label obsewed in the alkaline 
sucrose gradient 34s peak after the 2-h pulse 
decreased slightly after a n  8-h chase a t  33OC, 
and only a few lighter fragments appeared. In 
contrast, whenever the chase period a t  33OC was 
followed by a shift-up to 39.5OC, rnarked DNA 
fragmentation occurred (not shown). These data 
suggest that  the function altcred in tslll infec- 
tion is essential to the integrity of viral DNA 
regardless of its tirne of synthesis. 

F a t e  of pa ren ta l  DNA. Since synthesized 
viral DNA was broken down a t  39.5'C, a n  ex- 
perirnent on the fate of parental DNA a t  the 
nonpermissive ternpernture was performed. KB 
cells were infected with ["Hjthyrnidine-labeled 
tslll virions, and the parental virai DNA was 
examined in alkaline sucrose gradients under the 
following conditions of incubation: (i) 39.5OC for 
16 h (Fig. 7a); (ii) 33OC for 48 h (Fig. 7b); (iii) 
33°C for 24 h and shift-up for 16 h (Fig. 712); (iv) - 

crose gradients (Fig. 6). Inirnediately after label- 
ing. single-stranded DNA was found at 34s and 
a t  lower S values. confirniinq the occurrence of 
partial degradation even at  the permissive tern- 
perature (Fig. Ga). After the chase at  39.5OC, the 
DNA peak was observed at  a sedirnentation rate 
always lighter than 34s  (Fig. Gb). When hydrox- 
yurea was added a t  the tinie of shift-up, the 
amount of light DNA fragments strongly in- 
creased (Fig. 6c). These results suggest that the 
main altered function in tslll-infected cells is 
not related to the viral DNA replication process, 
suice DNA breakdown s t U  occurred a t  a higher 
rate in the absence of DNA replication. 

Anaiysis on neutral sucrose gradients showed 
that viral DNA sedimented between 31s and 
10S (Fig. 6d), or in sorne experirnents only a t  
31s. Radiolysis did not account for these results 
since the sedimentation pattern was not modi- 
fied regardless of the total incorporated radio- 
activity. Therefore, single-strand "nicks," start- 
ing points of the degradation process, may ex- 
plain these data. 

Pulsc-chase of viral DNA. It  was shown 
above that  newly synthesized viral DNA was 
cleaved into small fragments a t  39.fi°C. Since 
mature viral DNA rnight be protected against 
degradation, it was of interest to study the fate 
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presented indicate that parental DNA is o d y  
slightly degraded when infection takes place a t  

1 O the nonpermissive ternperature, whereas it is 
almost completely broken down when early 
genes are expressed for 24 and 48 h a t  33OC 
before incubation at 39.5OC. 

Fa te  of prelnbelcd cclliilar DNA. Since the 
above results suggested that  the t s l l l  altered 

5 function niight be implicatcd in the protection 
of viral DNA, it was of interest to establish 
whether this function was specific for protection 
of viral DNA or could also affect the fate of 
cellular DNA. HeLa cell monolayers were la- 
beled a t  37OC for 24 h with ["Clthymidine be- 
fore infection with t s l l l  a t  39.5OC. Similar ex- 
perirnents were performed with WT-infected 

Z cells or cells doubly infected with t s l l l  and 
8 5 ts114. ts114 is a DNA-negative mutant whicli 
x compiements t s l l l  (12). T h e  cellular DNA was 

anaiyzed in alkaline sucrose gradients a t  40 h p.i. 
When cells were infected with t s i l i ,  a large 
fraction (46%) of the cellular DNA sedimented 
betwecn 20 and 508 (Fig. 8a). whereas single 
infection with W'I' (not stiown) or double infec- 
tion with t s l l l  and ts114 (Fig. 8b) resulted in 
reduced degradation (20 and 18%). Thcse data 

5 show that the normal function of the product 
modified in t s l l l  infection niay be inhibition of ' 

nonspecific cellular nucleases. 
Influence of MOI o n  cellular  DNA break-  

down. During previous experiments, it was no- 
ticed that the  t s l l l  mutant could not be used a t  

10 m 3 0  a high MOI as high levels of late cytotoxicity 
were produced (unpublishcd data). I t  was of 

fraction number interest, therefore, to look a t  the fate of cellular 
Fic. 5.  Analysis of newly synthesized Ui'V.4 in KB DNA when cells were infected a t  several differ- 

cells infccted uith t s l l l .  KB ceil sirspensions iuere ent MOIS. HeLa tells in nlon«laycr were labelcd 
irifrcted crith ( s l l l  (.\IO1 = 25). incubated at 33°C for at  3 7 0 ~  for 48 h with [i.'c]thYniidine and ,.hased 
42 h. and lnbcled /rom 40 to 42 h p.i. tc.ith [.'HI- for 24 h. q-he c c ~ s  were infectcd at  3 9 . 5 0 ~  
thynridine (10 pCi/n~l).  (O) Cells horceatcd at 42 h p.i. 
(b) Cclls incirboted and radioacticjiv chased at 33OC 

t s l l l  at  MOIS of 5, 25, 50, 100, and 200 PFU/ 
unti/ 46 h p,i. incubated al J9,SoC and c)lase 'rhe following contrO1s were Out at 
perfor,,red until 46 h p,i, Anulysis utas perfOrmed on the Same tenil)erature: mock-infected ce&. W'r- 
alkuline sucrose gradients us  indicatcd in the legend infectcd tells (MOI = 100). and WT-ts l l l  dou- 
to Fig. 1 .  The resirlts are expressed as a percentage ble-infected cells (MOI = 5 or 50 each). DNA 
of counts pcr minute (CI'.lZ) in the gradient. was analyzed on alkaline sucrosc gradients a t  24 

h p.i. Hesults are surnmarized in Table 1. 
33°C for 48 h arid shift-up for 16 h (Fig. 7d); (v) Whereas DNA breakdown in control experi- 
addition of hydroxyurea and then incubation a t  ments was 24 and 27%, it increased with t s l l l  
33°C for 48 Ji and shift-up for 16 h (Fig. 7c). A infection from 34% a t  an  MOI of 5 to 63% a t  an  
control experiment was carried out by coinfect- MOI of 200. The  MOI does, then, affect the rate 
ing KU cells with DNA-labeled t s l l l  and unla- of DNA degradation. These data niay be ex- 
beled Wï' for 18 h at 39.5OC (Fig. 70. T h e  t s l l l  plained in a t  least two ways: (i) t s l l l  infectious 
parental DNA was slightly degraded a t  39.5OC virus may contain a modified structural protein 
(Fig. 7a) and 33°C (Fig. 7b). In contrast, incu- with enhanced endonucleolytie activity; (ii) the 
batiori a t  33OC for 24 (Fig. 7c) and 48 (Fig. 7d) arnount of the putative altcred protein could be 
h followed by a shift-up a t  39.5OC for 16 h a fiinclion of the number of expressed genornes. 
provoked a strong degradation of the parental The data presented above do not allow a clear 
DNA. This degradation was much more marked choice betwecn the two cxplanations. 
when hydroxyurea was added (Fig. 7e). The data Penton base-associated endonuclease  
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FE. 6. Fate of the netcfy synthesized viral DNA on shift-up to 39.5OC in the presence of hydroxyurea. KB 
cells infected uvifh t s l l l  (.%fOI = 25) ujere incubated at 33°C untilJ2 h p.i. und lubeleù ui th  ["H/fh?ntidine (10 
pCi/ntl) /rom 40 to 42 h. The added radioacfi~~it? usas chased u i f h  5 x [O-" i\l nonrarlioacti~.e thymidine. 
Analysis in alkaline sucrose gradients cens perfrwnied as indicafed in the legcnd to Fig. 1. (u) Cells ut 42 h p.i. 
(b) Cefls aper 4 -h  chase at 39.S°C. (c) Cells after 4.h chase at 39.j°C in the presence ofhydroxyurea (10 mM). 
Analysis in  neitlrnl sucrose gradients ulas perforrned as desrriheu in thc fcxt. (cl) Cells ciller 4-h chase at 
39.5"C in the presence o f  hydroxyurea (10 mM). The  arrow indicotes the position of the Ad2 ntarAer DNA. 

activity. Endonuclease activity has been found 
in association with the penton subunit of adc- 
novirus (3, 13). This activity has also been de- 
scribed and characterized in extracts from un- 
infected and adenovinis-infected cells (17, 18, 
29). 

An experiment was carried out to establish if 
the penton base-associated endonuclease activ- 
ity was modified in the t s l l l  virion. Virion-de- 
rived pentons (WT and t s l l l )  and Ad2 DNA 
were prepared, and the assays were perforrned 
as described in Materials and Methods. Three 
concentrations ( lx ,  5 ~ .  1 0 ~ )  of W T  and t s l l l  
virion-derived pentons were studied. The degree 
of cleavage was almost identical for the W T  and 
t s l l l  penton preparations at each concentration 

(not shown). This result shows that the t s l l l  
mutation apparently does not affect the penton- 
associated endonuciease activity. This is in 
agreement with the finding that this activity is 
of cellular origin (L. Tsang and R. G. Marusyk, 
personal communication). 

Relationship bctween synthesis of early 
proteins and cellular DNA b r e a k d o m .  The 
uossibilitv that an increase in cellular DNA 
breakdown was related to the enhanced synthe- 
sis of tslll-induced early proteins was studied 
by infecting cells with t s l l l  at  the permissive 
temperature for a convenient period before shift- 
up to 39.s0C, thus allowing expression of the 
mutation. HeLa cells were labeled for 72 h with 
['4C]thymidine. The cells were infected with 
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FRACTION NUMBER 
FIG. 7. Sire distribution of 3H-lcibclcd Ad2 Dh:l after vnrious conditions of incirbntion of KU cella infecfed 

uith ~ H l n b r l e d  t s l l l  viriis. KR crll suspensions u-ere infectcd ciith ' f i-labelcd t s i i i  virus (2.5 x IO-' cpm/ 
PFCI) at an A I 0 1  of !(XI. Aftcr incirhntion irrider sei*rr<il conrlitioris. tlic IINA 1cqcrs citicilyzcd by zona[ 
sedimet~tcition in alkciline sucrose dcnsity gradients as described (a). "C-laheled Ad2 marker DiVA rcas 
added on top of  the gradient (O). (a) Incribation nt ,39.5OC for 16 h. (h) Incubation ut .?:l°C for 48 h. (c) 
Incubation at 33'C for 24 II foifoiiqed by 16 h o f  incubation al .30.5'C. (cl) Incubation ut 33OC for 48 h follou!ed 
b-v 16 h of incubation al 39.5OC. (e) Incubation at .3<?"C for 48 h fo~ffitc~ed by 16 h of inclrhalion nt 39.S°C in the 
presence ofhyclro-ryurea (10ttihI). ( f )  Incubation af 39.5"C for 16 h after coinfection u~ith WT (MOI = 100) and 
3H-labeled t s l l l  ('If01 = 100). 

tsl i l  at 33OC for 14 h in the presence of hydrox- DNA l>reakdown. Thcse data suggest that a 
yurea to maintain theni in the early phase of the niodified t s l l l  early protein, functional at 33OC, 
virus cycle. Iiifected cells were then shifted up must lose its IINA-protective function a t  39.S0C. 
to 39.5OC for 34 h with or without hydroxyurea. 
Controls were performed with WT. The results DISCUSSION 
siiinniarized in Table 2 show thnt pieincilbation 'ïhc tem1)erature-sensitive mutant ts l l l  of 
a t  33OC before shift-up greatly increased cellular human Ad2 is a phenotypical DNA-negative 
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FIG. 8. Sire distribution of  "C-labcled cellular DNA afler t s l l l  infection at 39.S0C. IIeLa ce11 mono. 
layers uvre labcled uvith ["C/thyi id~ne (1 pCi/mO [or 24 h at 3PC. Afier being urashed. cells wcre infected 
wifh (a) t s l l l  (Al01 5 2.5) or (b) t s l l l  and tsll4 (,bIOI = 25 each) and ~ncubntecl at 39.S°C for 40 h. Labeted 
cellular D S A  u a s  analyzed in alkaline sucrose gradients as described in the text. The arrow indicates the 
position of  the Ad2 marker D'V.4. 

mutant belonging to a unique rom~>lementation 
group differing frorii the H5 tsl25, which i. al- 
tered in the DNA-binding Ï2K protein function. 
I t  also complements the H5 ts36 by a factor of 
about 400 (12). H2 t s l l l  elicits a defect which 
provokes viral DNA synthesis shutoff on shift- 
up to nonpermissive temperature (Fig. 1). On 
shift-down. viral DNA synthesis inimediately 
resumes, even in the presence of protein synthe- 
sis inhibitors (Fig. 2). Therefore, the altered gene 
product which is not degraded a t  39.5OC be- 
cornes functionai on shift-down to  3J°C. T h e  
implicated function is essential from the begin- 
ning of the infectious cycle. However, the effect 
of the t s l l l  mutation is much more pronounced 
on the virus yield than on the amount of viral 
DNA synthesized (Fig. 3). These data may be 
explained by the fact that the production of 
infectious virions is the result of multiple steps, 
only one of which is viral DNA synthesis. Like 
ali adenovirus DNA-negative mutants described 
thus far, H2 t s l l l  appears to be defective in 
DNA initiation a t  39.5OC, as revealed by density 
labeling and temperature shift-up expenments. 
T h e  elongation process is also affected (Fig. 4). 
T h e  most important feature of the H2 t s l l l  

T A ~ L E  1 .  Influence of hl01 on cellular DNA 
degradation" 

Virus MOI (PFU/cell) zfv,"lf:s",N: 
H 2  t s l l l  
H 2  t s l l l  
H3 1 ~ 1 1 1  
Hz t s l l l  
H2 t s l l i  
W T  
i l2 t s l l l  + W T  
H? t s i l l  + W T  
Mock-infected 

" HeLa cell rnonolayers were labeled at 37OC for 48 
h with ["Clthymidine ( 1  pCi/rnl) and chased for 24 h. 
After infection. cells were incubated at 39.5OC for 24 
h. Cellular DNA was analyzed in alkaline sucrose 
gradients as described in the text. 

alteration is seen when vira! DNA synthesis is 
allowed a t  33OC before shift-up to 39.5OC. The 
34s IINA synttiesizcd at  the pcrmisqive temper- 
ature is rapidly degraded into small fragments 
a t  39.5"C, with the cleavage being strongly. en- 
hanced in the presence of hydroxyurea, a DNA 
synthesis inhibitor (Fig. 5). These results indi- 
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TARLE 2. Crllrrlur DAIA <(<~grncloiion nficr irifcctiori 
with lm and HZ t s l l l  tinrler iiariocrs conditions of 

inctibuiion " 

S Cellular [)NA at S 

Expt Conditions of incubation valucS < .70 

WT 1I"sl I l  

1 33"C/48 h 6.7 36.4 
33"C/-4 h + 11.6 86.7 

39.5OC/24 h 
N°C/24 h + 11.6 87.3 

39.5"C/24 h(+HUh) 
39.5"C/24 h 3.3 12.0 

II 33OC/94 h(+HU) ND' 11.8 
33OC/48 h(+HU) 8.3 20.1 
33OC/-4 h(+HU) + 7.6 23.3 

33"C/24 h 
Z°C/24 ti 

33OC/24 h(+IIIJ) + 11.9 - 69.1 
39.5OC/'24 11 

33OC/24 h(+HU) + 7.0 71.5 
39.5'C/24 h(+fiU) 

39.S°C/24 h 8.0 ND 
39.5"C/2-l h(+H(J) 10.7 19.9 

" Hela ceIl nionolnyers were labelcd nt 37OC for 72 
h with ["C]ihyniidirie ( 1 riCi/nil). Aftcr bcing washed, 
cells cvere infected with \VT or t s l  1 I (MOI = 10) tindcr 
diffcrrtit cort~litioiis. Ccllulrrr IIKA wns analyzed in 
alkalirie sucrosc grxlients as <iesrrihed iri the text. 
' Hydroxyurc-a (IIU: 10 nihl) WH% addcd at the 

beginning of the indicated incubation pcriod. 
' NL). Not durle. 

cate  that  1)rotection of newly synthesized viral 
DNA requircs an active t s l l l  gene product a n d  
suggest that  tlie main altered function is related 
t o  a n  endonttcleolytic-like drgratlation which 
likely s ta r t s  I)y single-strand nicks. 

When parental IINX is exniriincc1 latc i r ~  ( s l l l  
infection a t  39.5 or 33'C. a fraction of the label 
sediiiients a t  a raté lower than 3-1s (Fig. 5a a n d  
b), wliereas the  bulk of the label cosedinients 
with intact W'i' DNA marker  (Fig. 50, a s  pre- 
viously obsewed with DNA-labeled W T  virions 
(9). Iti contrast,  extensive parental D N A  degra- 
dation is observed on shift-tip to  39.5OC for 16 h 
after 24 o r  48 h of incubation a t  33OC (Fig. 7c 
and  d), particularly under  conditions of DN.4 
synthesis inhibition (Fig. Ïe) .  According to tliese 
data ,  the  parental D N A  appears to  be partially 
protected even in t h e  absence of active t s l l ï  
gene product, which is consistent with the find- 
ing that  stretches of parental  D N A  are  found in 
nucleosome-like structure (22). At  permissive 
temperature, the  parental DNA enters  into rep- 
lication interniediates and protection may b e  
assumed t o  occur by binding of t h e  72K protein 
(14) and t h e  iiivolvenlent of the t s l  ll  gene prod- 
uct. Inactivation of this  gene product on shift- 

up to 39.5OC woiil<l nllow endonuclcase cleavage. 
Inhibitory activity towards cellular DNases 

has  been  demoristrated in phage-bacteria sys- 
tems (1. 15, 19, 27) and duririg infection of KB 
cells by  Ad5 (14). Sirriilarly, H2 fslll might be 
alterecl gciictically in a DNnse-inliibitory func- 
tion. T h i s  hypothesis is supported by t h e  fact 
that  cellular DNA is markedly degraded on  in- 
fection with t s l l l  a t  39.1j°C. T h i s  cleavage is 
related to MOI (Table 1) but  does not seem t o  
be d u e  t o  a modification of t h e  penton base- 
associated endonuclease activity (3, 13). T h e  
functional role of the  observed endonucleolytic 
DNA cleavage is unknown. Available d a t a  d o  
not suggest a restriction-like proccss. However, 
integration of viral DNA fragments into cellular 
DNA (2,7,20)  might bc one of t h e  consequences 
of this activity. In this hypothesis, the enhance- 
ment of cell ])NA clenvagc o1)servcd whcn ts i11 
expression is allowed a t  33OC before shift-up 
('l'able 2) might t)e the resiilt of integration of 
viral DN.4 units into ceIl DNA, a phenornenon 
which coiil(l have occurred a t  a normal rate  nt 
the permissive temperature. Viral DNA se- 
quences have been found in high-molecular- 
weight, newly synthesized IINA from cells in- 
fected a t  39.5 or  33OC with t s l l l  (data  not  
shown) o r  with o ther  Ad!? temperature-sensitive 
mutan ts  (21). 

Frorn t h e  results reported here, it appears tha t  
H2 tu1 1 l presents two phenotypical character- 
istics: (i) absence of DNA initiation and elonga- 
tion; (ii) endonucleolytic cleavage of viral and 
cellular DNA. As t s l l l  rnight bc a double mu- 
tant. four  revertants were isolated by culture a t  
nonprrniissive ternperature and  clonecl. T h e y  
were tested for virus yield a t  penriissive and 
nonl)ermis..>ive temperattires, solut)le antigen 
production. and cellular L)NA degradation. 'i'he 
four revertants  had a W T  scrological phenotype 
and t h e  s a m e  effect on  ceIl DNA a s  W'I', strongly 
suggesting tha t  t s l l i  is a single mutant.  At- 
tenipts t a  detect t h e  implicated virus-coded pro- 
tcin failed: the sodiuni dodccyl sulfate-polyacryl- 
amide gel pattern of the  ts111 early proteins was 
siniilar t o  that  of W T  (not  shown). Further  
experirnents a re  required t o  determine how t h e  
tslli gene product is iniplicated in DNA initia- 
tion a n d  elongation and  in cellular DNase inhi- 
bition. 
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A temperature-sensitive mutant of human adenovirus type 2, tsl12. was isolated 
and characterized. ts112 was blocked in a late function required for virus matu- 
ration. At restrictive temperature, it accumulated light precursor particles that  
were able to mature into infectious virions upon temperature shift-down. Use of 
a mild extraction procedure and a reversible fixation by a cleavable diimido ester 
permitted the isolation and analysis of these labile intermediates in the adenovirus 
assembly. These accumulated particles had a sedimentation coefficient of about 
600s and a buoyant density of 1.315 g/cm3 in CsCI. They contained a DNA 
hagrnent of 7-11s and two nonvirion proteins having molecular weights of 50,000 
(50K) and 39,000 (39K), respectively. They reseinhled in composition and mor- 
phology the light intermediate particles found in wild-type adenovirus 2, which 
were identified a s  precursors of heavy intermediates, preceding the young virions. 
The ts112 lesion was apparently located a t  the exit of either the 50K and/or 39K 
proteins and a t  the entry of virai DNA. 

The assembly of a virus constitutes a mode1 MATERIAIS AND METliODS 
system for studies on protein-protein and pro- 
tein.nucleic acid interactions. It also offers a Cells. KB cells were grown in suspension in Joklik- 
poçsible clue for the therapy of viral diseases (6, modified mediuni F 13 (Grand Island ~ i o l o ~ i c a l  Co., 
12). ~ d ~ ~ ~ ~ f i ~ ~  assembly bas been studied by Grand Island, N.Y.). supplemented with 5% horse 

senim. HeLa celis were grown as monolayers in Eagle different approaches: in vitro reconstruction (4. niinimum medium, containing calf se- 
31, 32); analysis of incornpiete particles, precur- 
sors  of mature virions (5, 11. 14, 19, 30. 23, 24. Virus. The Ad2 W T  was or i~nal ly supplied by d. 
30); and andysis of temperature-sensitive ( t s )  F. Williams (Carnegie-Meilon lnstitute. Pittsburgh, 
mutants blocked in different steps of virai mor- Pa.). The Ad2 ts mutant. ts112, was isolated after 
phogenesis (28). nitrous acid treatment of the W T  stock. This was done 

Jn Our work, the assembly of human type 2 according to the method descnbed by Williams et al. 
adenovims ( ~ d 2 )  was studied by t>iochemicai (29), and preiiniinnry characterization has aiso been 
and electron microscopie analysis of different pe'formed (G.  R. Martin* R. WarOcquierl J. Ce 

classes of obtained with a ts mutant, D'lialluin. and P. A. Boulanger, manuscript in prepa- 
ration). 

ts112. These particles were isolated by centrihi- Vi,, production and purification. stocks of 
&ion in sucrose and in CsCl gradients after WT and of ts1 12 were grown by infecting ceUs at  a Iow 
reversible fixation by a cleavable diimido ester niultiplicity of infection and incubating them at  370C 
(9). ts112 was defective in a late stage required for 40 h and at  33-C for 96 h, respectively. Virus 
for Wus maturation. At the nonpermissive tem- particles were purified as previously descnbed (3, 9). 
perature, an  accumulation of precursor particles, Infectivity was assayed by the fluorescent focus nssay 
able to mature into infectious virions upon tem- technique (18) or by the plaque method on HeLa cells. 
perature shii-down, was observed. The titers were expressed in fluorescent focus units or 

PFU. These light intermediate (IM) particles were infection and were 
reminiscent of the prohead stmcture described infected at a multiplicity of infection of 25 PFU per 
in certain double-stranded DNA bacteriophages cell. KB ceils in suspension were centnfuged at low 
(2, 151, and they were also found in w i l d - t ~ ~ e  speod st dilrerent times postinfection (p.i.) and resua- 
(WT) Ad2, provided that a miid procedure of pended at  a density of 10" cetls per ml in culture 
isolation and fixation was used (9). medium. For pulse-lakling, the cells were labeled with 
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1 pCi of ["Clvaline per ml and 2 pCi of [:'H]thymidine 
per ml in a valine-deprived medium. For chase exper- 
iments, the cells were diluted in normal mediuni at 3 
x ~d cells per ml. HeLa-cell monolayers were pulse- 
labeled with 6 pCi of [:"S]methionine per ni1 in a 
medium containing 2.5% of the normal methionine 
concentration. For ts112. the permissive temperature 
was 33°C and the restrictive temperature was 39.5"C. 

Radioieotopes. tY>S]methionine (600 to 700 
Ci/mmol) and ["Clvaline (250 to 300 mCi/mmol) were 
purchascd from the liadiochemical Centre (Amer- 
sham, England), and r3H]thymidine (30 Ci/mmol) was 
purchased from the Commissariat à I'Energie Ato- 
mique (Saclay, France). 

Cell fractionation and isolation of viruo and  
IM particles. Cell fractionation was performed ac- 
cording to a modification of the technique of Fdvartis- 
son et al. (11). Infected cells were washed with cold 
phosphate-buffered saline, auspendcd at 4 x 10' celle 
per ml in reticulocyte standard buffer (10 rnM Tris- 
hydrochloride, pH 7.4-10 mM NaCI-1.5 mM MgCIx). 
and left for 10 min at 0°C. Triton X-100 was added up 
to a final concentration of 0.5%. and the cells were 
dismpted by 10 strokes in a tight-filtiiig I>ounce ho- 
mogenizer. NaCl was added up to 100 niM, aiid the 
cell lysate waa centrifuged at 1,000 x g for 5 min. The 
supernatant, referred to as the cytoplasrnic fraction. 
was adjusted to 20 mM sodium EDTA, centrifuged a t  
16,000 X g for 10 min, and analyzed on a sucrose or 
Ficoll gradient. as described below. The nuclei in the 
pellet was lysed by the method of Wallace aiid Kates 
(26). They were suspnded in 50 mM Tris-hydrochlo- 
ride, pH 8.0-10 mM sodium EDTA (TE buffer) ad- 
justed to 0.3 M (NH,)zSO4, hontogenizcd in a tight- 
fitting Dounce homogenizer (thrre strokes), and im- 
mediately diluted with 2 volunles of T E  I>iiffer. The 
nuclear lysate was then centrifugeri or1 a 30% (wt/vol) 
sucrose cushion al 16.000 x g for 10 min. The super- 
natant was further analyzed on sucrose (E. Merck A. 
Ç., Darmstadt, West Cermany) or Ficoll (I'harmacia 
Fine Chemicals AB, Uppsala, Sweden) gradients. The 
gradients, containing 5 to 12.5% Ficoll in 60 niM Tris- 
hydrochloride, pH 8.0-150 niM NaCl-IO mM sudiuni 
EIITA or 26 lo 408 su(:rose in 50 ntM l'ris-hydrochlo- 
ride, pH 8.0-200 mM NaCI-10 m M  sodium EDTA, 
were centrifuged at 85,000 X g and 4OC for 105 miri in 
an SW 27 rotor over a cushion of CsCl (1.43 g/cnir'). 
The gradients were collected dropwise from the bot- 
toms of the tubes, and the fractions were assayed for 
acid-precipitable radioactivity on Whatman CF-C fil- 
ters. 

Fixation of virus particies. For electron micro- 
scopic analysis, a nonreversible fixatiori of saniples was 
carried out with 5% glutaraldehyde (in 0.1 M sodium 
phosphate buffer, pH 7.0) a t  room tempcrature for 30 
min. I.:xces. fixation by glutaraldehyde was prevented 
by addiiig 0.1 M lysine, 1314 7.4, fur ari extra 2 h nt 
room temperature, followed by dialysis against phos- 
phate-buffered saline. 

For biochemical analysis, a reversible fixation by a 
cleavable diimido ester was ustd (25). This second 
procedure was performed on virus particles obtained 
from sucrose or Ficoll gradients made in 20 mM so- 
diuni borate, pli 8.0, instead of W rnM l'ris-hydro- 
chloride, pH 8.0. Samples were first reacted with 3 mg 

of methyl-4-mercaptobulyrimidate hydrochloride 
(I'ierce Chemicals Co.. fiockford, III.) per ml for N 
min a t  4OC. E x c e ~  reagent was removed by dialysis 
against phosphate-buffered saline, containing 1fM mM 
Hz02 to provoke disuliide bridge formation. The in- 
duced disulfide cross-bridges were cleaved by 2-mer- 
captoethanot to perform polypeptide analysis on so- 
dium dodecyl sulfate (S1)S)-acrylami(le gels. 

Analytical SDS-polyacrylamide gel electro- 
phoreais. The saniples were dissolved in SDS dena- 
turing mir (62.5 mM Tris-hydrochloride, pH 6.8-4s 
SDS-10% 2-mercaptoethanol-6 M urea) and heated 
for 2 min a t  100°C. The polypeptides were analyzed 
on a 17.5% acrylamide-0.08% bisacrylamide slab gel 
overlayered by a 5% acrylamide-0.13% bisacrylamide 
stacking gel in the discontinuous buffer system of 
Iaemmli (16). Electrophoresis was corried out for 16 
h at  30 V (constant voltage) in a Bio-Rad mode1 220 
apparalus. The gels were stniiied with Coomansie bril- 
lant blue H 250, vacuum-dried, and autoradiographed 
wilh Kodak Kodirex film. 

Electron microscopy. 'l'he different classes of vi- 
rua particies obtained from sucrone or Ficoll gradients 
wcre examined in a Hitachi HU-12 electron micro- 
s c o p  after staining with 1% potassium phosphotungs- 
tate, pH 7.2. They were examined nonfixed or fixed 
with glutaraldehyde (as above). 

Extraction of DNA from virus particles. DNA 
present in mature virions or in IM particles was ana- 
lyzed according to the procedure described by Doefier 
(IO), with the following modification: 10% 2-mercap- 
toethunol was added to the lysis buffer (0.5 M 
NaOH-50 mM sodium EDTA) to cleave the disulfide 
cross-links. 

Cornpar i son  of v i rus -coded  p r o t e i n s  in 
ts112- and WT-infected ce l l s  by pulse-chase 
exper iments .  Preliminary phenotypic charac- 
terization of the  t s  mutants of Ad2 hns shown 
that  ts112 induced normal synthesis of viral 
IINA ancl the niajor soliihle aiitigens a t  the 
restrictive temperature. Moreover, electron mi- 
croscopic controls have revealed tha t  t h e  t.9112- 
infectcd cells maintained a t  39.5OC contained a 
great number of particles with cores less dense 
than those of mature virions. It seemed, there- 
fore, likely thnt the  ts112 lesion was in a late 
function, such a s  precursor protein cleavage. I t  
is knowri thut several adenovirus proteins are  
derived from precursor polypeptides by specific 
processing (1, 11, 14, 17). 

l i eLa  cells infected with h l 1 2  and W T  and 
mnintairierl nt 39.5 or  33°C were pulsc-lribeled 
with ["%]methionine. Chase was performed in a 
fresh medium containing a fivefold excess of cold 
methionine, and incubation was continued for 
vanous lengths of time a t  39.5 o r  33OC. The cells 
were harvested, and  labeled polypeptides were 
analyzed on  SDS-polyacrylamide gels. T h e  pat- 
terns of pulse-labeled poiypeptides in ts112- and 
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WT-infected ceii extracts were almost identical 
at  39.5OC (Fig. 1). However, significant differ- 
ences could be observed in the chase experi- 
ments. The precursor polypeptide P VI (27,000 
daltons [27K]) aeemed to be processed, and a 
weak band of VI (24K) appeared. In contrast, 
the precursor P VI1 scarcely diminished, and its 
cleavage product, virion polypeptide VII, failed 
to appear during the chase in tsll2-infected 
celis. The absence of cleavage P VI1 -, VII, 
which han been shown to be a late event (1,27, 

28). therefore suggested that ts112 was defective 
in virus particle maturation. No structural or 
nonstructural viral polypeptides appeared to be 
thermosensitive at 39.5OC. 

Isolation of tsl l2 particles by density 
centrifugation in CsCl. Since it appeared that 
ts112 was blocked at a late step in viral wembly, 
it was interesting to detemine which classes of 
virus particles were produced in infected cells 
incubated at either the restrictive (39.!!i°C) or  
the permissive (33OC) temperature. ts112 was 

Fic. 1. Autoradwgram of SDS-polyacrylarnide gel of  WT- anri lsl 12-induced polypeptides in HeLa celis. 
HeLa cell monolayers tifeeted with tsJ12 (a-e) and WT (f-jl were pulse-labeled wifh fJLS]methionine for 1 h 
a( 23 h p.i. and 393°C and for 3 h at ô9 h pi. and 33°C and chased for diffcrent lengths of lime at either 39.5 
or 3.ï0C. (a, fi Pulse ut 39.S°C; (b, gi pulse and chase at 35).S0C for 16 h; (c, h) p u k  at 3 ° C ;  (d, i) puise and 
chase at 33OC for 34 h; (e,jl pulse at 33'C, shift-up aber pulse, and chase at 39.5.50C for 24 h. The cleavage of 
P VI1 into VI1 appears altered in tslJ2-infected cells at 39.5OC. Anode is al the buttom. 
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grown a t  39.5 and 33°C in KB cells for 36 and 80 
hl respectively. The particles were extracted as 
described in Materiais and Methods and ana- 
lyzed on a self-generating CsCl gradient with an 
initial density of 1.34 g/cm3. The gradient pat- 
terns showed: (i) a t  33OC1 a major band of virions 
with a buoyant density of 1.345 g/crnJ and a 
minor band in the 1.29- to 1.30-g/crn3 tlensity 
zone; (ii) a t  39.5OC, a minor band of mature 
virions and two major bands at  densities close 
to each other, a t  1.29 and 1.30 g/cm3 (not 
shown). These two latter bands were collected 
separately and furiher urified from each other 
on preforrned 1.23- (o 1.L-g/crn3 CsCl gradients. 

The different bands were collected. dialyzed 
against 10 mM Tris-hydrochloride, pH 8.0-1 
mM sodium EDTA, and heated in SDS dena- 
turing mix, and then the polypeptides of these 
particles were analyzed on SDS-polyacrylamide 
slab geh. The  light particles at  33OC (Fig. 2c) 
and the 1.30-g/crn3 particles at  39.5"C (Fig. 20 
contained the sarne species of polypepticles as 
the empty particles described in the Ad3 systern 
(11). They lacked almost totally the core pro- 
teins V and VI1 and contained instead the poly- 
peptides 27K and 26K, probable precumrs  of 
virion polypeptides VI and VIII. ï'here was a 
relatively greater proportion of 26K. T h e  cleav- 
age products VI and VI11 were also prcwnt in 
srnaii amounts. The 1.29-g/crn3 particles a t  
39.5OC (Fig. 2g) were similar in polypeptide corn- 
position to WT incomplete particles (11, 20), 
except that these ta112 particles contained a 
small arnount of 1' VI1 and alinost no Vlll iind 
that the respective proportions of 27K and 2fiK 
were changed in favor of the 27K. 'l'he light 1.30- 
g/cm3 particles produced at  39.5OC were ana- 
lyzed with regard to their DNA content and 
were found to contain a fragment of DNA sedi- 
rnenting in an  alkaline sucrose gradient as a 
broad peak between 7 and l l S  (Fig. 3). No 
detectable DNA was found in 1.29-g/crn3 parti- 
cles a t  39.5OC. The presence of significant 
arnounts of precursor polypeptide P VII, besides 
the major band of core protein VII. in the 1.345- 
g/crn3 particles produced a t  33OC (Fig. 2b) sug- 
gested that these particles were in sorne way a n  
interrnediate state between young (14) and rna- 
ture virions. Tiiese results suggested that ts112 
was blocked in a step preceding the formation of 
young virions. The occurrence of a large amount 
of light particles, even a t  33OC, irnplied that the 
mutation was still expressed a t  the permissive 
temperature. 

Isolation of the  different classee of hl12 
particles o n  sucrose or Ficoll gradients.  The  
preceding results established that ta112 gown 
a t  39.5OC produced liyht particles boritliiig a t  n 
density of 1.29 to 1.30 g/cm3 in a CsCl gradient. 
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FI~;. 2. I1ol.vl>(ptitlc. conil~osition o f  ~ ( f 2  ts112 par- 

ticles. Particles produced by ts112 a f  the permksiue 
' 

or the rewiricfic)e lernpc*rafure were exlracted from 
infectcd ccll.l..c (11 36 h p.i. «t .?9.5"C and nt RO h p.i. al 
33°C and iwluied on CsCl gra(1ienls u~ithouf prior 
fixation. (ri) Ad2 WT; (h) tsl12particles produced al 
33°C and barirling at 1.345 g/rtn" in CsCl; (c) lighl 
h l  12particles produced ai X?OC and found al 1.29 lo 
1 .:IO g/~.t>i:': (11) lighl txl 12 ~>ro-li~.l~~.l..c prorltr(.t.(l ctt 
.19..ioC (1.29 flo 1.30 g/ctn"). Thr lighi ln1 12 particles 
produ<wI ni .X9..5OC consistc~l r>f f u ~ o  pr~pulnfitrr.s, 
u~hich ulerc ftrrther rrpurificd on prcfvrmed CxCl 
gradients. (e) Cotitrol WT; (fl 1.30-g/cmJ isll2parti-  
cles; (d 1.29-g/cm:' h l12  particles. (a-d) and (e-g.i 
were ~ U M J  separale runs. Slaining: Coomassie bril- 
liani blue. Anode iq at the boltom. 

Since it has been recently shown that a d e n o v i ~ s  
assernhly IM are fragile stnictures, easily dis- 
mpted by purification in a CsCl gradient without 
fixation, the accumulated particles of tsl12 were 
isolateci by a rnild procedure recommended by 
Edvardvson et  al. (11). Suspension cultures of 
KB cells infected with ts112 were incubated at  
39.f1°C and double-labelcd with vH]t.hymidine 
and ["CJvaline from 12 to 20 h p.i. The celis 
were frnctionated into cytoplasm and nuclei. 
Extracts frorn each fraction (2 x ld ceiis) were 
layeretl on top of sucrose or Ficoll gradients. 
Although Ficoll hns been show11 to be less dam- 
aging to adenovirus IM than is sucrose ( I l ) ,  our 
results showed that sucra* and Ficall have the 
wnic effect on ts112 ligtit particles. 1)ouble-la- 
beled, mock-infected ce11 extracts and WT-in- 
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fected ce11 extracta were analyzed in the same 
way and used as controls. In mock-infected ceii 
extracts, the DNA label was found in gradient 
zones corresponding to values lower than IOOS 
and larger than 1,OOOS (not shown). 

The sucrose gradient pattern of tsll2-infected 

troclion numbsr 

FIG. 3. D N A  anafysis of Ad2 tsJ12 light particies. 
The DNA of light, 1.30-g/cm3 tsll2particlesproduced 
a; 39.S0C was analyzed on a 5 to 20W alkaline sucrose 
gradient. The position of WT DNA (34s) is indicated 
by the arrow. The DNA of light 19112 particles be- 
haves as a heterog~nc~ou~ popululiun of molcculear 
with sedimentation coefficients ranging fiom 7 to 1 IS. 
Bottom is at the lefi. 

nucleus extract showed a dow-sedirnenting, 
sharp peak at about 6 W ,  referred to as Cs112 
IM; these IM contained littie DNA label (Fig. 
4b). The extracta from WT-infected nuclei con. 
tained two peaks. One sharp peak sedirnented ari 
intact virions at 750s and was labeled in both 
the DNA and the protein moieties. Another 
broad peak. slower than 750S, contained little 
DNA and had a heterogeneous sedimentation 
rate (Fig. 4a). The analysia of these extracts on 
Ficoil gradients showed the same patterns (not 
shown). The fractions corresponding to each 
peak were pooled, and the virus particles were 
fixed with glutaraldehyde for electron micro- 
scopic analysis and with cleavable diimido ester 
for further biochemical analysis, i.e., density de- 
termination in a CsCl gradient and polypeptide 
analysis on an SDS-poiyacrylamide gel 

Density analysis of the hl12 IM particles. 
Fixed ts112 IM particles were analyzed in a CsCl 
gradient. A single sharp peak was obtained a t  a 
density of 1.315 g/cm3 (Fig. 5). The sharpness of 
this peak suggested a strong homogeneity in the 
population of these IM particles. The value of 
1.315 g/cma and, thus, the ratio of DNA to 
protein content were higher than those previ- 
ously determined for empty and incomplete par- 
ticlea (8, 11, 20). This suggested that the mild 
extraction procedure foilowed by fixation pre- 
served the structure of the ts112 IM. 

f R A C T l O N  N U Y B E R  

Ftc. 4. Sucrose gradient centrifugation analysis of nuckur extracts from WT. and tsll2-infected KB cetLe. 
A& WT- or k112-mfected KB cella were labeled wrth PHfthymidine and p4C]valine fmm 12 to 20 h p.i.. and 
nuclear extracts were analyzed on 25 to 104p sucrose gradients. (a) WT; (b) ts112. The peak at fraction 16 in 
(a) corresponds to adenouirua particles with an apparent sedimenlation coefficient of 7XIS. The pcak at 
fraction 25 ui (b) corresponds to ta112 accwnulated IM sedimenting at 600s. Symbols: e, "C; O, JH. Bottom 
is at the left. 
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Electron microecopy of the  hl12 IM par- 
ticles. The ta112 material, isolated on CsCl gra- 
dient without pnor fixation and banding a t  1.29 
to 1.30 g/cm3, waa found to contain empty par- 
ticles, penetrated by stain, dong with d i s ~ p t e d  

I raction number 
Fic:. 5. I ~ o p y t ~ i c  grutlirtif centrifir~ution O/ lu112 

IM. The ts112 ZM particles, isolafed on a sucrose 
gradient as in Fig. 4, w r e  fixed with diimido ester 
and further analyted in u CsCl gradient. A diarp 
band sedunenting at 1.315 g/cm3 cons obfaineti. Ilof- 
tom i.u al the left. 

capsids, confvming the lability to adenovinis 
intermediates in CsCl (not shown). 

In the ts112 rnaterial isolated on a sucrose 
gradient and nonfixed, a unique class of particles 
was observed (Fig. 6a). These particles appeared 
similar in size and contour to mature vinons, but 
gaps were visible in the outer capsid and the 
icosahedral shape was not discernible. The same 
particles, after fixation with glutarddehyde (Fig. 
6b), appeared .rounder than mature virions and 
the stain penetrated irregularly into the capsids. 

Polypeptide pattern of the k112 IM par- 
ticles. Diimido ester-fixed t.9112 IM particles, 
obtained from Ficoii or sucrose gradients and 
further purified in CsCl gradients. were dissolved 
in SDS denaturing rnix, and their polypeptide 
cornponents were analyzed on SDS-polyacryl- 
amide gels. No significant difference was ob- 
served between the polypeptide patterns of non- 
fixed IM particles obtained from Ficoii or su- 
crose gradients and those of fixed IM particles 
obtained by either method after subsequent pu- 
rification in a CsCl gradient, except for the dis- 
nppearance in the fixed particles of a barely 
visittlc band of P VI1 (Fig. 7). This siiggested an 
effective fixation by the cleavable diimido ester. 
The P VI1 present in the IM peak of the sucrose 
gradient was also foiind in ail the gradient frac- 
tions. and, rnoat likely, it represented contami- 
nntiiiy iiiateriul that was subsequenlly elirni- 

Fic. 6. Electron micmscopy of tx112 IM particlen. The t1112 6005' particles, obfained /rom a rucrore 
gradient (as on Fig. 4), were examined nonfixed (a). The same fs112particles were fixed with glutaraldehyde 
and furfherpurified in a CsClgradient, and the popuiatwn banding af 1.315-g/cm3 was examined in îhe sume 
conditions (6). S î a i n k :  potassium phosphotungstafe. The arrows indicate g a p ~  in the virus capsids. X240,m. 
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Fia. 7. Polypeptide compositwn of tu112 IM par- 
ticles extracted and isolate<i uith different proce- 
dures. (a) tsll2 IM extracted by mnic treatment of 
nuclei and iaolated on Firollgradient befi~re fixation, 
as deucribcd by Edvardsson et al. (Il); (6) the rame 
material after diimido ester fixation and further pu- 
rification in a CsCI gradient; (c) tsIl2 IM particles 
extracted by ammonium sulfate treatment of nuclei 
and isolatcd on a sucmue gradient before fixation; 
(4 the same material after diimido ester fïxation and 
banding in a CxCf gradient; (e) control WT. Traces 
ofprecursor P VI1 presenf in material cosedimenting 
with IM in a Ficofl(4 or sucrono (c) gradient dbap- 
peared upon repurification of the fixcd material by 
banding in CsCl fb, d). The fixedpurifiedparticlen in 
(6) and (d) show sk i lar  polypeptide patterns. Anode 
is at the botfom. 

PVII- ts.ir 

nated by fuation and purification in CsCl (9). 
The virion structural polypeptides II, III, IIIa, 

IV, IVa2, and IX were present in the IM parti- 
cles, Polypeptide V was barely visible on a 
stained gel and on the corresponding autoradie 
ornam. Polypeptides VI and VI1 were completely 
missing. In contrast, the precursor polypeptides 
P VI and P VI11 were strongly labeled. Two 
extra polypeptides, with apparent molecular 
weighta of 50.000 and 39,000, were found in grcat 
amounts. This polypeptide pattern differed sig- 

- 

nificantly from that obtained with CaC1-isolated 
light particles (Fig. 2). confirming the labiiity of 
noniïxed adenovkus IM in high-ionic-strength 
medium (11). The light particles obtained in 
CsCl gradients without pnor fmation probably 
corresponded to breakdown products of assem- 
bly IM. 

Reversibility of the mutation by temper- 
ature shifi-down. The reversibility time of the 
mutation was determined by titrating the infec- 
tious ts112 obtained after shift-down at different 
times p.i. Temperature-shifted cultures were 
harvested at 87 h pi., and infectious virus was 
titrated by fluorescent focus aasay on crude ceU 
lysate. Figure 8 compares the yields of infectious 
ts112 obtained after shift-down with the growth 
curves a t  each temperature. Until18 h p.i.. there 
was little or no effect of the nonpermissive hm- 
perature on the final Wus yield. From 30 to 50 
h, the effect of the mutation could not be re- 
versed by a shift-down to a permissive temper- 
ature. 'i'herefore. the cntical period for the 
expression of the lesion seemed to extend from 
18 to 30 h p.i. at  39.5"C. These data were used 
in the next experiment to choose the proper 
pend9 of labeling and temperature change. 

Evolution of hl12 IM particleil upon tem- 

Fici. 8. Temperatun dependence of 10112 infec. 
tious particle maturation. Duplicale setu of krl lb in-  
fected KB-ce11 cultures wcre incubafed at 33 or 39.S°C 
for diflerent lengths of t h e  and then harvested for 
defermination of the virus yialJ at each tenyxrafure. 
One 39.S°C culture wau shifteà down to 33°C and 
Ulcubated al thin temperature until 87 h p.i The vuus 
production was titrated by Che /Irrorescent focus 
method. and the resulis a n  exprewd au apercentage 
of the virus yield a f  87 h p.i. a( W C .  The x aria 
indicates the time p.i. at which cultureu curre har. 
wsted or shi/(ed down. Symbols: 4 ta112 growfh 
curw al W C ;  @ 18112 growth curve at 39.S°C; O, 
tu1 12 yield after the ~hift-down Co 33OC and further 
incubation until87 h p.i af  33°C. 
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perature shift-down. Temperature shift-down 
experiments after puise-labeling were performed 
to determine whether the hl12 IM particles 
couid evolve into mature virions or other types 
of precursors. The length of the chase at 39.5OCI 
preceding the temperature shift-down, was first 
determined to get a maximum entry of the label 
into the 1M particles and to test the efficiency of 
maturation of the virions. KB ceüs infected with 
ts112 at 39.5OC were labeled with ['4C]valine 
from 15 to 17 h pi.  and then shifted down to 
33°C at 17,20, and 24 h p.i., i.e., after O-, 3-. and 
7-h chase penods. The incubation at 33OC was 
continued until88.80, and 72 h p.i., respectively. 
The particles produced at the ends of these 
incubation penods were extracted with Freon 
and analyzed on CsCl gradients. A 7-h chase 
period at 39.!i°C, preceding the shift-down, re- 

sulted in low recovery of label in mature virions 
(Fig. 9). In contrast, a 3-h chase at 39.5OC, pre- 
ceding the shift-down, did not affect the entry of 
label into virions. Since it has been shown that 
in WT 60 to 90 min is required for appearance of 
maximum radioactivity in intermediates (14). a 
chase period of 2 h at 39.5OC. before shift-down, 
was chosen for the next expenment. 

KB cells infected with ts112 at 39.5OC and 
labeled with ["Clvaline from 15 to 17 h p.i. were 
chased for 2 h at 39.5OC and then shifted down 
to 33OC. Samples of 2 x 1@ celis were withdrawn 
at different times. The cells were fractionated, 
and nuclear and cytoplasmic extracts were ana- 
lyzed on sucrose gradients. The total radioactiv- 
ity was constant throughout the chase. Figure 
10 shows the distribution of nuclear label in the 
sucrose gradients at 17 (a), 19 (b), 20 (c), 21 (d), 

fraction number 
Fia. 9. Isopycnic centrifugatwn of ts112 IM rnatured upon temperature shift-down. tslJ2-infected KB-ce11 

cultures maintaincd at 39S°C were pulse-Cabelcd wiih f4Cfialine for 2 h a& 15 h pi., chared aC 39.5OC for 
varioua lengths of t h e ,  a d  then shifted down to 33OC. The particles were-extracted with Freon at the end of 
the hcubation period and analyzed on CaCI gracfients. (a) O-h chase al 39.5OC; (b) 3-h chase at 39.5OC; (c) 7- 
h chase a& .?9.5"C; (d) cuntrol 7-h chaxe al .?9.5°C without Rhift-(/ouin. Bottortr is at the left. 
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RG. 10. Sucrose gradient centrifugation anal-vsis 
of nuclear ts112 I,\f matured after shift-douln. ts112- 
infected KB-cell cultures maintained at 39.S°C cwre 
labeled with ~ 'C)oa l ine  for 2 h at 15 hp.i. (a), chased 
for 2 h al 39.5"C (&, and ihen shifted down to 3J°C 
(c-fi. Samples were withdrawn at different times, and 
nuclear extracls were analyzed on 25 ta 404b sucrose 
gradients. (a) Control 2-h pulse al 39.5OC; (b) 2-h 
pulse at 39.S°C followed by 2-h chase at 39.5OC; (c) 1- 
h chase al SOC; (d) 2-h chase at SOC; (e) 4-h chase 
al 33OC; Ii) 7-h chase at 33OC. Bottom is at the lefi. 

23 (el, and 26 (1) h p.i. The label in the N- 
particle peak increased during a 2-h chase at 
39.5OC and then decreased during a chase at 
33OC. A peak of nuclear virus appeared at 21 h 
(2 h after shift-down) and increased at 23 and 26 
h p.i. A peak of cytoplasmic virus was detected 
at 23 h pi., i.e., 4 h after temperature shift-down 
(not shown). The ratios of counts per minute in 
the IM peaks to the total label loaded on the 
gradients were (in percentages): (a) 6.64; (b) 8.99; 
(c) 8.74; (d) 6.94; (el 6.58; and (0 6.53. Thus, the 
label in the IM peaks remained almost constant 
from 4 to 7 h of chase after the shift-clown to 
33OC. 

The fact that the label in the IM peaks re- 
mained constant throughout the chase at per- 
missive temj~erature, whereas the label in- 
creased in the virus peak, suggested either a de 
novo assembly of virions after shift-down or both 
a maturation of IM into virions and a formation 
of IM from soluble components at 33OC. How- 
ever, it has to be considered that the rates of 
viral maturation are different at 33 and 39.5OC. 
This rate has been found to be approximately 
threefold higher at 39.5 than at 33OC (unpub- 
lished data). If the time at 33OC is corrected by 
a factor of 3, the peak of nuclear virus appeared 
first at  40 min after shift-down, in corrected 
time. Since it has been shown that in W T  the 
nuclear v in s  peak is labeled a t  1.5 h after pulse 
(Il), it seemed unlikely that the nuclear virus 
label observed in Fig. 10d originated from a de 
novo assembly. 

Effect of cycloheximide on the evolution 
of ts112 IM particles. Since the appearance of 
label in the mature virion peak might be due to 
si de novo assembly from either soluble labeled 
material or IM-breakdown products, it was of 
interest to study the fate of the IM and the 
appearance of mature virions in the presence of 
cycloheximide (20 pg/ml) as a protein synthesis 
inhibitor. 

A KB-ceU culture infected with t s l l2  at 
39.5OC was pulse-labeled with [35S]methionine 
for 15 min at 14.45 h p.i. and divided into 15 
aliquots treated as indicated in Fig. 11. Nuclear 
and cytoplasmic extracts were pooled. to com- 
pensate possible nuclear leaks, and analyzed on 
sucrose gradients. The same amounts of label 
were loaded on the gradients. The radioactivity 
increased in the IM fraction until2 h of chase at 
395°C and then decreased (Table 1). The 
amount of label was lower in the IM peak and 
higher in the virion fraction when the shift-down 
to 33'C was performed at 17 rather than at 19 h 
p.i. 

Addition of cycloheximide just after the pulse 
reduced drastically the assembly of IM particles. 
The same effect has been described for emetine 
(23). In contrast, the radioactivity in the IM and 
virus fractions was more important when cyclo- 
heximide was added at the tirne of shift-down, 
i.e., 2 h after the pulse. Thus, the cycloheximide 
treatment. performed just after the pulse or 2 h 
after the pulse, did not prevent the appearance 
of label in the virions when the culture was 
shifted down to 33OC. 

These results suggested that most of this virus 
label derived from maturation of the IM parti- 
cles accumulated at 39.5OC. and not from a de 
novo assembly of soluble material occumng 
upon the shift-down to 33OC. In addition, if LM- 
breakdown producti were utilized in virion for- 
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mation, the efficiencies of reassembly upon shift- 
down would be similar a t  17 and 19 h p.i. This 
was not the case, a s  shown in Table 1. 

Polypeptide p a t t e r n  of ts112 particles ob- 
tained in pulee-chase experiments.  The frac- 
tions corresponding to the different peaks of the 
sucrose gradients of Fig. 10 were pooled and 
treated with the cleavable cross-linking reagent. 
The different classes of particles were further 
purified by centrifugation in CsCl gradients and 

O 1.. . . . . . . . . . .. . . . .. . . . . . 
FIG. 11. Pulse-chase and shift-down experiments 

in the presence or absence of cycloheximide. K B  cells 
tuvre infecteû with tsl12 at 39.5OC and pulse-labelud 
(P) with PSJmethionine (20 pCi/ml) for 15 min ai 
14.45 h p.i. The culture wns then diuidcd into 15 
aliquots. Solid lines: subculture maintained at 
39S°C; dotted lines: subculturen shifted down to 
33°C; CH: cycloheximide. Figures in circles indicate 
the samples wilhdraurn after a certain period of chase 
to analyre the different classes ofparticles, as in Fig. 
10. Quantitative data are given in Table 1. 

analyzed on ~ ~ ~ - ~ o l ~ a c r ~ l a m i d e  gels. Figure 12 
shows the polypeptide patterns of ts112 nuclear 
IM and virus particles obtained after tempera- 
ture shift-down. The  polypeptide patterns of the 
ts112 IM remained essentiaîiy unchanged 
throughout the chasei a 28K polypeptide visible 
just after the pulse diaapp'eared dunng the chase. 
whereas a 32K polypeptide appeared. Virion 
polypeptide VI1 was absent. and traces of pre- 
cursor P VI1 were scarcely visible. Polypeptides 
VI and VI11 were present in slight amounts as 
well as polypeptide V. The nuclear virus con- 
sisted mainly of young virions, a s  suggested by 
the incomplete processing of P VI and 26K into 
VI and VI11 and of P VI1 into VI1 (11, 14). The 
chase revealed no intermediate pattern between 
ts l l2  IM (containing the 50K and 39K) and the 
ts112 young virions. However, careful analysis of 
CsCl gradients of fixed nuclear particles, ob- 
taihed after 4 and 7 h of shift-down, showed a 
minor but constant particle population banding 
at  1.37 g/cm3. These short-lived 1.37-g/cm3 in- 
termediates were more easily detected in Ad2 
WT (9). 

DISCUSSION 

ts mutant ts112 of human Ad2 induced normal 
synthesis of viral DNA and of vird~structùral  
and nonstructural proteins. It also produced 
more than 1,000 physical particles per cell, for 
an input multiplicity of 20 to 25 PFU per celi. 
However, it did not process the precursor protein 
of major core protein VII, although it cleaved 
the other precumor proteins, P VI and P VIII. 
In that respect it seems different from Ad2 tsl, 
which is blocked in the processing of viral pro- 
tein precursors P VII, P VI, and P VI11 (28). 
Two classes of light particles, banding a t  1.29 

TARI-E 1 .  Emlution of label in tu112 intermediates and virions in pulse-chase and shift-down experiments" 

%S incorporation (cpm) 

Cycloheximide Peak. Chsw period at 39.5°C 
added 

h after pulse IM 16.644 (1) 29.W (2) 25.189 (5) 24.972 (6) 
V O 385 408 210 

Jusc afkr pulse IM 7.851 (10) 5,890 (11) 5.527 (12) 2.1364 (13) 
V O 182 53 32 

Chase periods at 39.5 and 33-C 

2 h/39.5 + 4 h139.5 + 
6 h/33 6 h/33 

19.388 (7) 25.910 (9) 
6.765 4.508 

" KB celh in suspnuion were infeckd with fslI2 and pulac-labelrd i t  39.5'C with [nS]mc~tl~ionine (20 pCi/ml) for 15 min at 
14.45 h p.i. The culture waa divided into 15 aliquot, Gated as indicated in Fig. 11; and particles were analyzed on wcrose 
gradients. Values in tible ire  cainta per minuta found in each particle peak after correction for background. Figurct. in 
puentheam iahr ta the expcriment numbers in Fig. II. 

V, Virion peak (75OS); IM, IM particle peak (6CûS). 
' ND, Not dekrmined. 
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FIG. 12. Polypeptide pattern of fs112 nuckar l M  pulsed and chutied al 39.S°C and uhifted down to 33°C at 
various tUnes.The nuclear IM, isolated on sucrose gradients as in Fig. 10, were anaiyzed before (a-c) or after 
(d-k) diimido ester fhatwn and furtherpurification on a CsCl gradient. (u) Nonfixed IMpeak (6WS) of Fig. 
lOa; (b) nonfied JM of Fig. 106; (c) nonfixed IM of Fig. JOc; (d) fixed IM of Fia. IOu; (e) fixed IM O/ Fig. I O b ;  
(fi fixed IM of Fig. JOc; (4 fixed I M  of Fig. lOd; (h) fîxed IM of Fig. JOe; (i) fixed IM of Fig. IOf ;  Ci) füed virion 
peak (75W) of the gradient of Fig. IOe; (k) fixed t)irions of the grudient of F k .  lof. The polypeptide patterns 
in (j) and (k) rire typical of young virions. As «bni.rueJ in Fig. 7, trace8 ofprecurxor I* VII, pretienf in nonfixed 
material covedimenting with I M  particles (a-c), disappeared in [ixcd und repurified rnaterial (a. Anode ù 
at the bottom. 

and 1.30 g/cmg in a CSCI gradient, were produced 
by ts112 at the restrictive temperature. Their 
polypeptide patterns rescriibled thueo of inconi- 
plete particies (11,  20, 30) and those of empty 
particles, or top components (11, 14), found in 
productive infection with Ad2 WT. 

Because CsCl gradient separation has been 
found to induce the formation of artifactual par- 
ticles fron~ v 'hs  1M ( I l ) ,  a niild niethod of 
extraction and a reversible fixation of particles 
by a cleavable diimido ester were performed 

before further analysis (9). Using thie procedure, 
it was pomihle tm isolate, on a Ficoli or sucrose 
gradierit, tslf2 particles thi t  were accumuiated 
at the nonpermissive temperature. These re- 
versibly fixed ts112 particles constituted a ho- 
mogeneous po ulation of 600s particles banding P at 1.315 g/cin in a CsCl gradient. Analysia on 
an SIIS-polyacrylamide gel after cleavage of the 
cross-links revealed that they lacked core pro- 
tein precurnor P VI1 and its cleavage product, 
VII. The other core protein. V, was also paorly 



represented. In contrast, they contained two ma- 
jor polypeptide species, 50K and 39K. A minor 
band of 32,000 daltons was detccted in the par- 
ticles a t  a late stage after shift-down (Fig. 12). 
They also contained a srnall fragment of DNA, 
with a sedimentation coefficient ranging from 7 
to 11s. Electron microscopy confirmed the ho- 
mogeneity of the fixed ts l l2  particle population: 
it showed round particles containing an inner 
structure different from the core of a mature 
virion. I t  is impossible to assess, from the avail- 
able data, whether the 39K protein corresponds 
to the nuclear phosphorylated 39K descrihed in 
Ad5 (21) or to the early 39,000- to 40,000-dalton 
protein reported a t  early stages of infection by 
Ad2 (7, 22). However, preliminary results indi- 
cate that  both 50K and 39K are phosj)horyiated 
within the ts112 1.315-g/cm3 particles (not 
shown). 

These Cs112 particles banding a t  1.315 g/cm3 
thus differed significantly in morphology and 
polypeptide composition from the empty parti- 
cles obtained in CsCl gradients with WT (30) 
and with ts112 in the absence of fixation (Fig. 
2b). These particles resembled the structures 
described as the prohead for bacteriophage P 22 
(2, 15). They were tentatively termed "light IM." 
This value of 1.315 u/cm3 (and, therefore, the 
ratio of DNA to protein content) was higher 
than that  previously reported for enlpty and 
incomplete particles isolated without prior fixa- 
tion (8, 20). This buoyant density was close to 
that of a class of top components with a buoyant 
density of 1.306 g/cm3 (14) and to that of a class 
of IM particles found a t  1.30 g/cm3 in CsCl after 
glutaraldehyde fixation of nuclear intermediates 
extracted from nuclei by sonic treatment (11). 
Unfortunately, the irreversible nature of glutar- 
aldehyde fixation does not permit any further 
analysis of the protein and DNA content of these 
1.30-~/cm~ particles and renders impossible 
compari.wn with the fs112 IM. 

Because there is  no ideal method available for 
nuclear particle extraction, there might be ob- 
jections that either the 1.315- or the 1.30-g/cm3 
or both classes of particles represent fragmen- 
tation products of true intermediates existing in 
vivo. However, the same light 1.315-g/cm3 par- 
ticles are found in Ad2 WT as precursors of 
heavy IM, containing a normal viral DNA and 
precediiig the young virions (9). In addition, the 
results of pulse-chase experiments in the pres- 
ence of cyclohexiniide indicated thrit a t  least a 
fraction of these ts112 1.315-g/cm3 particles were 
able to evolve into mature vinons upon the shift- 
down to permissive temperature. Al1 these data 
suggest that these light particles represent a real 
intermediate step in the adenovinis assembly 
pathway. 
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It has been shown that Ad2 WT IM (which 
probably consist of several classes of particles of 
different densities) contain major bands of pre- 
cursor P VII, core protein V, and protein 50K. 
This latter protein is released upon maturation 
of intermediates into young virions (11). The  
fact that ts112 IM particles contain two labeled 
nonvirion polypeptides, 50K and 39K, further 
supports the hypothesis that the ts112 IM par- 
ticles may be precursors to the Ad2 WT IM 
previously described ( I l ) .  This hypothesis is 
compatible with Our results showing that. upon 
temperature shift-down, the release of both 39K 
and 50K occurs simultaneously with the entry 
of proteins V and P VI1 and DNA to form young 
virions. This is dlso compatible with the results 
of j)ulse-chuse labeling kinetics of Ad2 WT par- 
ticles. This shows that light, 1.315-g/cmJ parti- 
cles precede "heavy IM" of 1.37 g/cm3 of buoy- 
ant density, which, themselves, precede young 
virions, banding a t  1.345 g/cm3 (9). 

Either 39K or 50K or both might, thus, serve 
as scaffolding protein(s), and the following ten- 
tative nequence of events for the adenovirus 
maturation process is proposed: virus capsid 
componenb -, light IM (p = 1.315 g/cm") -.. 
heavy 1M ( p  = 1.37 g/cm7) -r young virion-(p 
= 1.345 g/cm" 4 matiire virion ( p  = 1.345 
g/cm:'). The ts112 lesion is apparently located 
on the exit of either 3!)K or 50K or both, and/or 
on the encapsidation of virai DNA. The exact 
determination of the nature and position of this 
ts lesion on the adenovirus genome requires 
further genetic and biochemical studies. 

The occurrence of minute amounts of ts112 
IM, similar to the heavy IM observed in WT (91, 
between light IM and young virions upon tem- 
perature shift-down siiggests that packaging of 
viral DNA with the entry of V and P VI1 on the 
one hand and the exit of 39K and 50K on the 
other hand is a rapid process, as already ob- 
servecl (28). It is. thus, impossible to determine 
whether the entry of viral DNA precedes or 
follows the entry of V and P VI1 or if these two 
processes are simultaneous. Experimental data 
obtained with Ad2 WT (9) suggests that DNA 
entry occurs after the release of 39K and 50K 
and before the entry of core protein V and 
precursor P VII. This hypothesis is also sup- 
ported by the recent finding of the absence of P 
VII-VI1 in the corc structures preexisting out- 
side of the virus capsid (13). 
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Dimethyl-4.4'-dithiobisbutyrimidate dihydrochloride waa used as a cleavable 
cross-linking reagent to maintain the structure of labile intermediates in adeno- 
virus type 2 assembly. Analysis on sucrose gradients of nuclear adenovirus 
particles revealed two size classes, with sedimentation rates of 750 and 600s. After 
revenible fixation with diimido ester, the different classes were further separated 
on CsCl gradients and characterized with regard to their buoyant density, DNA 
content, and polypeptide composition. The 750s particles banded at 1.345 g/cm3 
in CsCI, contained a DNA with a sctdimentation coefficient of 34s in alkaline 
sucrose gradients, and had a polypeptide composition similar to that of young 
virions. The 600s population consisted of two types of particlesi with buoyant 
denvities of 1.315 and 1.37 g/cm:'. The 1.315-g/cmJ particles contained a DNA 
fragment of 7-11s and lacked the core proteins V and VII. In their place were 
found precunors P VI and P VI11 and two nonvirion proteins with molecular 
weights of 50,000 (50K) and 39.000 (39K). 34s DNA was present in the 1.37-g/cm3 
particles, which also lacked core proteina V and VII, aa well as the 50K and 39K. 
Pulse-chase labeling kinetics suggested that the 1.315-g/cm3 particles were ante- 
rior to the 1.37-g/crn>articles, themselves preceding the 1.35-g/cm>oung 
vinons. and that the release of both 50K and 39K, possible scaffolding proteins, 
was mquired for entry of viral DNA. 

Incomplete vinin particlea that are copro. labile adenovima type 2 (Ad2) wild-type inter. 
duced with mature adenovùus dunng produc- mediab particles in CsCl gradients and to ana- 
tive infection have been identified as interme- lyze the DNA content and polypeptide compo- 
diates in adenovirus assembly (4, 9, 12). They sition of each class. Through the use of pulse- 
differ from mature virions in DNA content and chase labeling kinetics, identification of some 
polypeptide composition. Centrifugation in CsCl steps in the adenovirus assembly pathway be- 
gradients has been, therefore, widely used for came possible. 
isolation and characterization of the different 
classes of particles, taking advantage of their 
differences in buoyant density. 

MATERLALS AND MEIWODS 

However, it has been recently demonstrated V i ~ a  and celle. Human Ad29 0-y mpplied 
that some of the adenovhs particle ,.lasses cari by J. F. Williams (Canede-Mellon I~t i tut8 ,  Pitts- 

be artifactua"y generated in the of ceil burgh, l'a.), w= grown on KB cella maintained in 
suspension cullure wilh Joklik-modiîied medium F 13 h.actiOnation and '''lrition and fragile (Grand Islrrld Biological Co., Grand Island, N.Y.1 sup. 

mediatea can disintegrata and escape investiga- ,.,lemented ,,,ilh 5% home 
tion (4). The necessity of using a mild isolation Infection end lliheling conditibna. KB celh wem 
procedure and glutaraldehyde fixation before infected at a m~tttiplicity of infection of 25 PFU per 
CsCl gradient centrifugation ha8 been therefore cell. T h e  celln were centrifuged at low y>eed at differ- 
clearly established (4). ent tirnes postinfeclion and wspended ai  a density of 

The major drawback of this glutaraldehyde 10' celis ver mi in cultute medium conteining 2.5% of 
ftxation Tesides in its heversibility, which does the ~iormal methionine concentration. Proteina were 

furthe* analysh of the different laheled wilh ["Slmethionine (20 pCi/ml), end DNA 
was lakled with lJHlthymidine (20 pCi/ml). 

classes of fued particles b~ gra- Radioiaotopea and counting [=SIme- 
dient centrifugation. Using a rnild procedure of thionine (600 to 700 ~ i / ~ ~ ~ l )  ,,,= hr>m 
ceu extraction and a reversible cross-linking of the Ha+ochemieal Centre (Ameraham, England), and 
virus particles by a cleavable diirnido ester (131, [JH]thymidine (30 Ci/mmol) was purchased h m  the 
it was possible to isolate and characterize some Commissariat à I'Energie Atomique (Saclay, France). 
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The radioactive samples were precipitated with cold 
1û% trichloroacetic acid and filtered on Whatman GF- 
C fiters. The filten were washed successively with 
cold 5% trichloroacetic acid and cold ethanol and air- 
dried. They were counted in a toluene scintillation 
fluid [5 g of 2,5-diphenyloxazole-0.3 g of 1.4-bis-(5- 
phenyloxazo1yl)benzene in 1 liter of toluene, scintilla- 
tion grade] with an Intertechnique liquid spectrome- 
ter. 

Virus production a n d  purification. Cells were 
concentrated 100-fold in hypotonie builer (50 mM 
Tris-hydrochloride, pH 8.0-50 mM NaCI-1 mM so- 
dium EDTA) and subjected to three cycles of freezing 
and thawing. and the cell lysate was extracted with an 
equal volume of Freon 113. as previously described 
(1). The aqueous phase of the Freon step was saved, 
layered on top of a CsCl cushion (1.43 g/cm3). and 
centrifuged for 1 h at  20,000 rprn and 4°C in an SW 27 
rotor. The opalescent band of vinas on top of the CsCl 
cushion was collected and purified by equilibrium cen- 
trifugation in a self-generating CsCI. gradient (1.34 
g/cm3) at 30.000 rpm and 4'C for 16 h in an SW 50 
rotor. After dilution in 3 volumes of 50 mM Tris- 
hydrochloride. pH 8.0-1 mM sodium EDTA. the virus 
was layered on top of a linear gradient (9 ml: 25 to 
4û%, wt/vol) made in 50 mM Tris-hydrochloride, pH 
8.0-200 mM NaCl-IO mM sodium EDTA-0.25% T n -  
ton X-100. placed over two cushions of 1 ml each of 
CsCl solutions (1.43 and 1.31 g/cm3). and centrifuged 
for 2 h a t  25,000 rpm and 4OC in an SW 41 rotor. The 
virus band concentrated between the two cushions 
was collected, and an equd volume of glycerol was 
idded to this virus suspension. The virus was stored 
in 1-ml portions at -Mac. 

Infectivity was assayed by the fluorescent focus 
essay technique (11) or the plaque m e t h d  on HeLa 
cells grown as monolayers in petri dishes. The titer 
was expressed as fluorescent focus units or PFU. 

Cell fractionation and extraction of assembly 
intermediates. Infected cells were washed with cold 
phosphate-buffered saline. suspended at 4 x 10' cells 
per ml in reticulocyte standard buffer (10 mM Tris- 
hydrochloride, pH 7.4-10 mM NaCI-1.5 mM MgClz), 
and left for swelling a t  O°C for 10 min. Triton X-100 
was added up to a finai concentration of 0.596, and the 
cells were disrupted by 10 strokes in a tight-fitting 
Dounce homogenizer. NaCl was added up to 100 mM. 
and the cell lysate was centrifuged at  1,000 x g for 5 
min. The supernatant, referred to as the cytoplasmic 
fraction. was adjusted to 20 mM sodium EDTA to 
dissociate the polysomes and centrifuged at 16.000 x 
g for 10 min before anaiysis on sucrose or FicoU 
gradients as dcscribed below. 

The nuclei in the 1,000 x g pellet were lysed by the 
technique described by Wallace and Kates (15). They 
wew suspended in 50 mM Tris-hydrochloride, pH 
8.0-10 mM sodium EDTA (TE buffer) a t  O°C, adjusted 
to 0.3 M (NH,)&O., homogenized in a tight-fitting 
Dounce homogenizer (three strokcs). and immediately 
diluted with 2 volumes of T E  buffer. The nuclear 
lysah was then centrifuged over a 30% (wt/vol) su- 
crose cushion at  16,000 x g for 10 min. The nuclear 
supernatant was further analyzed on a sucrose or a 
Ficoll gradient. 

Sucrose and Ficoll gradient centrifugation. Fi- 

COU (Pharmacia Fine Chemicals AB. Uppsala. Swe- 
den) and sucrose (EL Merck A.G., Darmstadt. West 
Germany) gradients were used for the isolation of 
virus and assernhly intermediate particles from cell 
extracts. The gadients were made of 5 to 12.5% Ficoll 
in 20 mM sodium borate, pH 8.0-150 niM NaCI-10 
mM sodium EDTA or 25 to 40% sucrose in 20 mM 
sodium borate. pH 8.0-200 mM NaCI-10 mM sodium 
EDTA and centrifuged at  85,000 x g for 105 min at  
4°C in an SW 27 rotor (4). A cushion of CsCl (1.43 
g/ml) was placed at the bottom of each gradient. The 
gradients were collected dropwise from the bottoms of 
the tubes. and the fractions were assayed for trichlo- 
roacetic acid-precipitahle radioactivity. The different 
populations of particles thus isolated were fued before 
further electron microscopic and brochemical analyses. 

Reversible fixation of virus particles. Samples 
from Ficoll or sucrose gradients containing complete 
or incomplete virus particles were reacted with 3 mg 
of methyl-4-mercaptobutyrimidate hydrochloride 
(Pierce Chemical Co.. Rockford, 111.) per ml for 30 min 
at 4OC in a medium devoid of primary amine (20 mM 
sodium borate buffer, pH 8 0-200 mM NaCI-IO mM 
sodium EDTA). After amidination of proteins. disul- 
fide bridge formation was induced by dinlysis against 
phosphate-buffered saline coritaining 100 mM HLOZ. 
The reversibly fixed virus particles could then be 
further analyzed by centrifugation on a self-generating 
CsCl gradient (1.34 g/ml, containing 100 mM H10.2). 
by sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis. and by electron microscopy, and the 
nature of their DNA could be determined. The in- 
duced disulfide cross-bridges could be cleaved by re- 
ducing agents, such as 2-mercaptoethanol or dithio- 
threitol, as described in the following section. 

Analytical SDS-polyacrylamide gel electro- 
phoresis. The different diimido ester-fixed virus pop- 
ulations separated in sucrose or Ficoll gradients and 
subsequently in CsCl gradients were precipitated over- 
night a t  4°C with 10% trichloroacetic acid. The precip- 
itate was centrifuged and washed successively with 
cold 5% and 0.5% trichloroacetic acid and then dis- 
solved in SDS denaturing mix (62.5 mM Tris-hydro- 
chloride. pH 6.8-4% SDS-10% 2-mercaptoethanol-6 
M urea) and heated for 2 min at  100°C. The polypep- 
tides were analyzed in a 17.5% acrylamide-0.08% bis- 
acrylamide slab gel overlayered by a 5% acrylamide- 
0.13% bisscrylamide spacer gel in the discontinuous 
buffer system of Laemmli (10). Electrophoresis was 
carried out for 16 h at  30 V (constant voltage) with a 
Bio-Rad mode1220 clectrophoresis unit. The gels were 
fixed and stained with 0.3% Coomassie brilliant blue 
R-250 in 12% acetic acid-30% methanol, destained in 
the same fluid, dried under vacuum, and autoradi- 
ographed on Kodak Kodirex film. 

Analysis of virus DNA. The DNA content of 
reversibly fued mature virions and intermediates iso- 
lated in sucrose or Ficoll gadients and further sepa- 
rated on self-generating CsCl gradients was analyzed 
accordine to a modification of the procedure described 
by ~ o e r n e r  (3). The virus susPenSion was adjusted to  
0.5 M Na0I-I-50 mM sodium EDTA-10% 2-mercap- 
toethanoi and layered on top of a 5 to 20% (wt/vol) 
alkaline sucrose gradient made in 0.3 M NaOH-0.7 M 
NaCl-1 mM sodium EDTA. After standing for 16 h a t  



d°C, the gradient was cantrifuged for 6 h al 35,000 rpln 
and 4°C in an SW 41  rotor. Fractions were collected 
dropwiw from the trottom and amyed fur trichloroa- 
cetic acid-precipitabls radioactivity. 

Electron microocopy. The different classee of 
diimido der-fixed virus puticies obtained fmm a- 
crose or Ficoll gradients and further isolated in %If- 
generating CaCI gradienîa were examined in a Hitachi 
HU-12 electron microscope sher staining with 1% 
potassium phosphotungstata, pH 7.2. 

Isolation and reversible fixation of Ad2 
mature and intermediate partiales. KB ceils 
in suspension culture were infected with wild- 
type Ad2, concentrated to a density of 4 x 10' 
celis per ml, pulse-labeled for 15 min at 16 h 
postinfection with ["Slmethionine and C3H]thy- 
midine, and chased for 1.5 and 2.5 h. The cella 
were fractionated into cytoplasrn and nucleus. 
Mock-infected celis were treated in the same 
way. The nuclei fiom Ad2-infected and mock- 
infected cells were lysed with 0.3 M (NH,)2SOr 
in TE buffer, and the nuclear lysate was ana- 
lyzed on a sucrose gradient. Two distinct peaks 
of virus particles were visible on the sucrose 
gradient pattern of nuclear extract (Fig. 1). A 
first peak of virus particles sedimented in the 
position of mature adenovinon marker at 750s 
(fractions 14 to 17). This peak was scarcely vis- 

traction riumber 

RG. 1. Velocirygradknt analysicr of wild-&pc Ad3 
nuckar particks. Ad2-infected KB-ceU cultures were 
pulse-labcled with fH]thymidUle and pS]melhio- 
nine /or 15 min at 16 h p.i ,  and the lubel wao chased 
f i  1.5 h (4 and 2.5 h (b). The nuclear virus particks 
were extracted with ( N W S O I  a s  in îhe text and 
analyzed on a W to IO<k s u c m  grudient with a CaCl 
cushion ut the bottom (1.43 g/cm3). The arrow indi- 
c a s  Uic position of mature adcmvirus marker, scd- 
Unenting mMrh an apparent sedUnen6ation coefficie~f 
of 75ûS. S~ymbok 9, 39S; O, 'H. bot ton^ is a& the kft. 
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ible at 1.5 h of chase and marked nt 2.5 h of 
c h m .  A second peak (fractions 21 to 25), rela- 
tively homogeneous in shape, contained virus 
particles sedimenting at about 600S, with a ratio 
of DNA to protein lower than that of a normal 
virion. This peak was more important after a 
1.5-h chase than after 2.5 h; it corresponded to 
Ad2 assembly intermediates (9). In mock-in- 
fected celi nucleus ertracts obtained in the same 
way, no peak of nucleoproteinic materiai was 
found in that gradient zone (not shown). Simiiar 
results were obtained with Ficoll gradients (not 
ehown). 

The fractioiis corresponding to each peak were 
paoled, and the virus particles were cross-iinked 
with the cleavable diimido ester dimethyl-4,4'- 
dithiobisbutyrimidate dihydrochlonde, formed 
by oxidation of neighboring thiol groupa carried 
by proteins previously amidinated with methyl- 
4-mercaptobutyrimidate (8. 13). 

Buoyant density analysie of reversibly 
tixed Ad2 particles. The different populations 
of fued virus particles were then analyzed on 
self-generating CsCl gradients (mean density, 
1.34 &cm"). The virus particles sedimenting at 
750s in sucrose gradients were found banding as 
a sharp peak at 1.345 g/cm3, the normal buoyant 
density for mature and young adenovirions (Fig. 
28). The matenal sedimenting at 600s was found 
to consist of two populations of virus pnrticles, 
with densities of 1.37 and 1.315 g/cm3. The latter 
corwtituted the major class and had a lower ratio 
of DNA to protein label than did the 1.37-g/cm3 
species (Fig. 2b). 

DNA analysis of Ad2 particlee. Each pop- 
ulation was analyzed with regard to its DNA 
content. DNA extracted under mild conditions 
was analyzed in alkaline sucrose gradients. Both 
1.345- and 1.37-g/cm"articles containcd a DNA 
sedimenting at 34S, the expected value for de- 
natured complete Ad2 DNA. The 1.315-g/cm3 
particles contained a DNA fragment Miment- 
ing as a broad peak hetween 7 and ils (not 
nhown). 

Polypeptide composition of the different 
claesee of Ad2 particlee. The protein compo- 
sition of the different classes of particles was 
a n a l y d  on SDS-polyacrylamide slab gels after 
cleavage of the disulfide cross-bridges with SDS 
denaturing mix. Figure 3 shows the polwptide 
pattern of each c1a.w of particles, cornparid with 
that of a mature adenovirion isolatcd a t  the end 
of a productive cycle by conventional techniques 
(6). Some differences could ba discerned he- 
tween the nuclear 1.345-g/cm5 particles (Fig. 3e) 
and the mature adenovirions (Fig, 30. The pre- 
cursor probïns (P VI, P VIII, and P VII) were 
preaent, nlong with theù cleavage producta (vir- 
ion proteins VI, VIII, and VII), in the 1.345- 



fraction number 

Fia. 2. Buoyant density anafysis of diimido ester. 
fixed adenouirus particles in CsCl gradients. The 
fractions corresponding to each virus particle penk 
obtained in sucrose gradients, as in Fig. Ib, were 
pooled, fixed with the bifunctional magent climefhyl- 
4,4-dithiobWbuSrhidate dihydrochioride, and fur- 
fher separated in a self-generating CsCl gradient 
(mean density: 1.34 g/cm?. (a) Lower peak of 7505 
particles; (6) upper peak o f  600s particles. Symbols: 
O, ('%]methionine; 0, fHfthymidine. Bottom ir at 
thc left. 

g/cniJ particles. thus suggesting that they were 
young virions (4, 9). The  1.315-g/cm3 particles 
(Fig. 3c) totally lacked core proteins V and VI1 
but possessed the precursors P VI and P VIII. 
In addition they contained two nonvirion pro- 
teins, with molecular weights of 50,000 (50K) 
and 39,000 (39K). Traces of P VI1 were occasion- 
ally visible. P VI1 were found in the intermediate 
peak of the sucrose gradient before fmtion (Fig. 
3a) and seemed to dkappear almost completely 
from the interniediates aftcr fixation and further 
purification in a CsCl gradient (Fig. 3c). P VI1 
was, in fact, present in aU sucrose gradient frac- 
tions (not shownj and, most likely, represented 
contaminating protein bound to particulate 
structures and sedimenting with a broad S. rnnge. 
The absence of P VI1 in the purified 1.315-g/cm3 
particles did not result from an incomplete cleav- 
age of cross-linked P VII, since the same rcduc- 
ing conditions on 1.345-g/crn3 particles released 
P VI1 monomer (Fig. 3e). 

The 1.37-g/cm3 particles also contained pre- 
curson P VI and P VI11 and, occasionally, traces 
of P VI1 but totally lacked core protein VI1 (Fig. 
3d). In contrast to 1.315-g/cm3 particles the 39K 

* @ Y  Y ~ = P Y I ~  
VI- ly * 

Fit:. 3. SIJS-pr>lycirrylamitle gel electrophoretic 
annlysis o/ Ad2 purficles isolated on sucrose and 
CsCl grnùients cifier rewrsihle fixation with a cleuu- 
able diimiùo ester. Virus particles extractecl from 
infecteù ceIl ntrclei after n 15-min pulse with PSI- 
methionine at 16 h pi., followed by a 2.5-h cha.w. 
urere first i.qolaterl in sucrose gradients, reversibly 
fixed, and furlher separafecf in CsCl gradients. (a) 
600S intermerliates isolated in a sucrose gradient, 
h<,/ore fi.rcttion. ris in Fig. Ih; (h) nunfixed 750s uirur 
particles frcm a sucrose gradient; (c) rewrsibly fixed 
intermetliotc~ of 1.315 #/cm\»/ buoyant density, ob- 
tained /rom a (:.dl gradient, as in Fig. 26; (dl reuers- 
ihly fixed intermetlia fer bunding al 1.37 g/cm% 
CsCI1; (r) rc*uersihly fixcd 7.5CAY particles banding al 
1.345 g/cni'' in CSCI, as  in Fig. 2n; (u) control adeno. 
virus. Anode is at the bottom. 

and 50K were absent from the 1.37-g/cm3 spe- 
cies, and the V was premnt only in minute 
amounts. Both 1.315- and 1.37-g/cm3 particles 
lacked core structure sedimenting a t  180-200s 
(7) after 0.5% dcoxycholate treatment a t  56OC 
(not shown). 'I'he 1.345-, 1.315, and 1.37-g/cd 
particles occasionally contained a protein, IOOK, 



previously identificd in Ad2 intermediates and 
young virions (4, 5, 9). 

Pulse-chase labeling kinetic analysis of 
Ad2 particles. Ad2-infected KB cells were 
pulse-labeled at 16 h after infection for 15 min 
with [asIrnethionine and [3H]theymidine and 
chased for 7 h. Ceii samples were withdrawn at 
0.5, 1, 1.5, 2.5, 4, and 7 h after the pulse and 
fractionated into cytoplasm and nucleus. Cyto- 
plasrnic and nuelear extracts were anaiyzed in 
sucrose gradients, and the different classes of 
particles thus obtained were fixed with di- 
methyl-4.4'-dithiobisbutyri~nidate dihydrochlo- 
ride and further separated on self-generating 
CsCl gradients. Figure 4a shows the evolution of 
the 35S label repartition during the chase penod 
between the different subclasses of particles, 
banding at 1.345, 1.315, and 1.37 g/cmJ. As early 
as 0.5 h after the pulse, radioactivity was present 
in 1.315-g/cniJ particles and reached a.maxirnum 
a t  1 to 1.5 h of chase. At this tirne, no label was 
detectable in the 1.37- or in the 1.345-g/cm3 
particles. Radioactivity appeared in 1.37-g/cm3 
particles at 1.5 h of chase, increased until 2.5 h, 
and then progressively decreased. The nuclear 
virus particles of 1.345 g/crnJ of density were 
only labeled a t  2.5 h after the pulse. and the 
iabel reached a plateau at 4 h. Cytoplasmic virus 
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particles (p  = 1.345 g/cm") appeared labeled alao 
a t  1.5 h, with a similar labeling plateau a t  4 h. 
The radioactivity remained constant throughout 
the chase period. These results suggested that 
the 1.315-g/cm3 intermediate particles preceded 
the 1.37-g/cm3 particles, which thernselves were 
antenor to young virions (p  = 1.345 g/crn3). 

The mode of entry of virus DNA into the 
capsid was followed by the same pulse-chase 
labeling kinetics. The DNA label seemed to en- 
ter the virus particle more slowly than protein 
label, with a lag of about 1.5 h between the two 
maxima of incorporation for the 1.37-g/cm3 par- 
ticles (Fig. 4b). These data suggested a relatively 
slow encapsidation of virus DNA. 

Electron rnicroscopic examination of Ad2 
particles. Electron rnicroscopic observations of 
the three classes of diirnido ester-fixed particles 
revealed differences in their structures. The nu- 
clear 1.315-g/cm" intermediates appeared sirni- 
lar in sue to niature virions but did not present 
an icosahedral shape with distinct faces; the 
hexon capsorneres seemed less cohesively bound 
and less regularly arranged than those of a typ- 
icai icosahedron (Fig. 5a). Their structure was 
reminiscent of that of Ad2 19112 light particles 
accurnulated a t  restrictive temperature and 
banding also at 1.315 g/cm3 in CsCl (2). The 
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RG. 4. Pulse-chase labcling kinetics of Ad2particles. A&-Ui/cc&d KB-ce11 cultures pulse-labeled at 16 h 
p.i. for 15 min with f%3]methionine and PHIthymidine were chased for 7 h. and samples were withdrawn ut 
0.5,1.0,1.5, 2.5,4, and 7 h after the pulse. Celis were fiactionated into cytoplasm and nucleus, and cyfoplasmic 
and nuclear extracts ~ r e  analped in suc- gradients to separate the virus particles and assembly 
intemediates. Aper rewrsiblc fixation with a diimkio ester, the diffemnt size c!asses were further separated 
in CsCl gradients. The ordinate giues the oalue of =S (a) and JH (b) label in each particle subclass, of 1.315, 
1.97, and 1.345 g/cmJ, dwing the chaseperioà (abscksa). Symbols: A, nuclear 1.315-g/cm3 intermediates; 
nuckar 1.37-g/cmS intermediates; *, nuclear 1.345-g/cm3 particles. 
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nuclear intermediates of 1.37 g/cm3 of buoyant 
density appeared rounder and less polyhedral in 
shape than mature adenovirions, with vertexes 
hardly distinguishable (Fig. 5b). In contrast. no 
morphological difference could be observed be- 
tween the 1.345-g/cm3 nuclear particles and the 
mature virions: their icosahedral contour was 
clearly visible (Fig. 5c). 

DISCUSSION 

The question raised by the occurrence of in- 
complete particles in adenovirus infection is 
whether these particles are true preexisting in- 
termediates in the assembly pathway or artifac- 
tua1 particles generated hy the isolation pmce- 
dure. Minimizatioq of such artifacts is therefore 
the major requirement of any extraction proce- 
dure for virus assembly study. Purification and 
characterization of adenovirus intermediates by 
means of CsCl density gradient centrifugation 
have been shown to disrupt fragile  leno no virus 
intermediates, and glutaraldehyde fixation has 
been recommended before analysis in CsCl (4). 
Unfortunately, neither DNA nor protein com- 
position can be analyzed on such irreversibly 
fixed particles. 

This major drawback has led us to use di- 
rnethyl-4,4'-dithiobisbutyrirnidate diliydrochlo- 
ride, a diimido ester cleavable under mild reduc- 
ing conditions, which has heen succer;sfully iised 
in neighbor analysis of proteiris (13) and in the 
cross-linking of adenovixus with its cell receptor 
(8). The reversibly fixed virus particles can be 
isolated by density gradient centrifugation in 
CsCl and characterized with regard to their 
buoyant density, DNA content, and protein 
composition. 

The diiniido ester fixation was carried out on 
virus particles extracted h m  isolated nuclei 
with 0.3 M (NH4)$304 and isolated on sucrose 
gradients. A cornpanson between the conditions 
iiwd here and other techniqiies, such es  sonic 
(4) or Freon (1) treatment of nuclei, was made 
witli respect to their cffccts ori the iritegrity of 
labile intermediates. The  ammoriium sulfate 
procedure appeared more reproducible and, ap- 

parently, les! damagirig for adenovinis interme- 
dirites, as controlled by electron microscopy and 
sucrone or Ficoll gradients. In addition, light 
intermecliate particles sirnilar to those observed 
in wild-type Ad2 are also found accumulated in 
an Ag12 temperature-sensitive mutant, ts112, a t  
restrictive temperature (2), and pulse-chase la- 
beling kinetics performed on wild-type Ad2 sug- 
gest a precursor-product relationship between 
the different classes of intermediate particles. 
Al1 these data favor the idea that the different 
classes of Ad2 particles isolated here constitute 
truc intermediates in the adenovirus assembly 
pathway. 

As ~>reviounly described (4), two ~ i z e  classes of 
Ad2 particles were separated by velocity gra- 
dient centrifugation, one sedimenting as infec- 
tious mature or young adenovirions, a t  750S, 
HOCI the otlier one .wdimenting as assembly in- 
termediates, a t  about 600s. After reversible fu- 
ation, the intermediate class could be further 
separated into two subclasses of particles, with 
buoyant densities of 1.315 and 1.37 g/cm3. The 
7WS material consisted of a unique species of 
particles banding at  1.345 g/cm3 in CsCI. Both 
1.345- and 1.37-g/cm~articles contained a DNA 
with a sedimentation coefficient of 34s  in alka- 
line sucrose gradients. The 1.315-g/crnJ particles 
contrtine(l n »NA fragment of 7-11s. which 
might rcprcaserit the beginning of the molecule 
enteririg the capsicl to form the 1.37-g/cm"nler- 
mediate and broken diiring isolation. In this 
case, the light particies containing a piece of 
IINA would be at  a stage intermediate in pack- 
aging. posterior to empty capsids. 

After reduction of the natural and artificial 
disulfide bridges and SDS denaturation, the 
three ciasses of particles were analyzed on SDS- 
polyacrylamide gels. The 1.345-g/cm3 particles 
re.sernbltd in polypeptide composition and elec- 
tron rnicroscopic aspect the young virions al- 
ready cherlicterizeci (4,9), with sorne reeidue of 
preciirsor P VI1 of core protein VII. The 1.315- 
g/crri' ~)t~rlicl<.?i totully Incked core proteins V 
and VI1 but contained precursors P VI and P 
VI11 and two extra proteins (50K and 39K) not 

YIG. 5. Electron niicro.uco/~y of the lhme clnrsev of A112 ~nirîicl<.u. (a) 1..715-g/cm3 intenncrliotes; (b) 1.37- 
g/cmJ intennediates; (c) 1.315-g/cm3 virus particles. X240.000. 



found in mature virions. Roth 50K and 39K were 
absent from the 1.37-g/cmJ particles, which pos- 
sessed a full length of DNA without appreciable 
amounts of core proteins V and P VII-VIX. I'he 
1.37-g/cmJ particles also contained precursors P 
VI and P VIII. A lOOK protein was visible in the 
three classes of particles. It is unlikely that the 
ammonium sulfate extraction of nuclei had re- 
moved some DNA-bound proteins, since the 
72K and 45K (14) remain attached to DNA 
duriiig this extraction (personal observation), 
and since adenovirus cores can be subjected to 
2 M NaCl without detectable loss of DNA-bound 
protein material (7). Moreover, this extraction 
procedure maintains the RNA polymerases ca- 
pable of elongating nascent RNA chains on 
DNA molecules (15). 

Pulse-chase labeling kinetics revealed that 
1.315-g/cm3 particles preceded the 1.37-g/cmJ 
species, which themselves preceded 1.345-g/cm3 
particles. This suggests the foiiowing sequence 
of events: capsid components -. light interme- 
diates (1.315 g/cm3; 7-11s DNA) -r heavy in- 
termediates (1.37 g/cm3; 34s DNA) -. young 
virions (1.345 g/cm3; 34s DNA) -+ mature Wi- 
ons (1.345 g/cmJ; 34s DNA). In this h-ypothetical 
pathway, the 50K and 39K. which are possibly 
scaffolding proteins, are released from the 1.315- 
g/cmJ particles upon e n t l  of 34s DNA to form 
1.37-g/cml paxticles devoid of core protein V and 
P VII-VII. It is possible that other intermediate 
rteps take place between free capsid components 
and light intermediates. 

In another study (2), we describe a tempera- 
ture-sensitive mutant of Ad2 blocked a t  the 
stage of 1.315-g/cm3 particles. Our results con- 
finn recent findings (5) and suggest that Wus 
DNA enters the adenovirus paxticle before core 
protein V and core precursor P VI1 and that 
DNA is not incorporated into the virion as a 
core structure. It remains to be elucidated 
whether the 7-11s DNA fragtnent present in 
the light intermediates corresponds to the same 
genome piece. 
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Morphogenesis of Human Adenovirus Type 2 Studied with 
Fiber- and Fiber and Penton Bgse-Refective Temperature- 

Sensitive ~ b t a n t s  . 
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BOUbANGEH 

Laboratoire de Virologie Moleculaire, Institut National de la Santé et de la Rechqrche Afédicale, 5.W.5 
Lille. France 

'I'he nature, polyl>epti<le coniponition, and antigenic com1)osit ion of the particles 
fornied b.v six hiinian adenovinis type 2 teniperature-sensitive (1s) putants were 
studied. ts115, tsll6, and ts125 were phenotypically fiber-defective butants, and 
ts103, ts104, and ts136 failed to synthesize detectable anlounts of f ibq  plus penton 
base a t  39.5"C. The rnutants helonged to five coinplementation groif1)s. one groul) 
incliiding tsllG arici ts125. Hxcept for ts103 and ls136, the other ffiiitatits wrrr 
capable of l)rodiicirig 1);irticles a t  39.S0C. ts116 and ts125 acciyiiilattd light 
assenibly interniediate particles (or top coniponents) at  nonperniivive tenipera- 
tures, with few virus par4icles. The sodium dodecyl sulfate polypeptide pattern of 
ts116- or 1.425-infected ceils, interniediate particles, and v b s  pafiicles showed 
that polypeptide IV (fiher) a a s  smaller by a molecular weight of 1 , p  than that 
in the wild-type virion and was glycosylated. In fiber plus  ent ton hpse-defective 
tsl04-infected cells, equivalent quantities of top components and >hises with a 
buoyant density ( p )  of 1.345 g/ml ( p  = 1.345 particles) were prodiri:~d at  39.b°C. 
These p = 1.345 particles corresponded to young virions, as evidçnced by the 
presence of uncleaved precursors to proteins VI, VIII, and VII, These yoiing 
virions matured upon a shift down. Virus capsid vertex antigeni(: components 
underwent a phase of eclipse during their incorporation into m a t y ~ e  virus parti- 
cles. No antigenic. petiton hase or lIIa was detected in interniediate >articles of al1 
the ts mutants tested. Only hexon and traces of fiber antigens were i pund in tslO4 
young vinons. Penton base and IIIa appeared as fully antigenically expressed 
capsid suhunits in mature wild-type virions or ts104 virions after p shift down. 
The ts104 lesion is postulated to affect a regulatory function relate$ in some way 
to penton base and fiber overproduction and the maturation processing of 
precursors PVI, PVIII, and PVII. 

T h e  adenovirus assembly pathway proceeds known to be a weak pair)$ in the virus icosahe- 
from soluble capsid components via multiple dron (17). In the present, study, the role of the 
steps involving assembly intermediate (IM) par- vertex subunits in HAda capsid formation a a s  
ticles sepa~able from mature virions in CsCl studied with the aid of cix ts mutants. three 
gradients and identifiable by sodium dodecyl aitered in a single coinpqnent (fiber) and three 
sulfate (SDS)-polyacrylamide gel patterns (5, altered in a pair of two cqpsid c~mponents  (fiber 
12). Among these IM particles, there are those and penton base). 
devoid of 31s virai DNA, the so-called top com- 
ponents, banding at  a buoyant density (p) of 1.30 M A T E P I U  V D  METHODS 
to 1.31 g/ml in CsCi (4,5, 12). heavy IM p~rticles Cells and viruses. Wild-type (WT) HAd2, origi- 
of p = 1.37 g/ml (3), and immature, or "young nally obtained ïronf J. F. yvliams (Carnegie-Mellon 
virions" (YV [5, 121). Institute, I'ittsbilrg, Pa.), w b  grqtyn on KI3 cells cul- 

Temperature-sensitive (t.9) mutants aire inval- tured in suspeusion (?.O x II$  to 9.q x 105 ct.Iis per nd) 
uable toob for deteminiqg the fuiiction of hu- in S~inner mglum s~pphtwnted with 5% herse 

serum. HeLa celk were groqp'ip hjonolayers in Eagle man adenovinis proteins in vinon mer- mininiai essentiai medium yipplpented with 10% cal< phosenesis (11). Sets of f t ~ d  ts mutants have Vhs . , titnted by the asSay or 
been selected and characterized in several labo- the auorescent focus unit ( T F U ~  asSay (25) on H ~ L ~  
ratories and include HAd2 (1,14, 211, HAd5 (7, ceil monolayer at 3 7 0 ~ .  
35), HAd7 (81, HAdl2 (18.27). pnd HAd31 (32). ts mutants of ~ ~ d 2  (blocino ioi to 200 [21]) were 

T h e  HAd2 penton base ppd fiber projection is isolated after nitrous asid (reatn~ent of R W T  stock, 

RA 
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which uiiderwerit two cycles of plaque puriticatioii nt 
37°C. l'hirty-irrite t.s riiulnrits were thus obiairird froiii 
400 clones isoliited at raiidoiii (21). 

Antisera.  1'olysl)ccitic rabbit ariiiseru~ii ngainst 
tIAd2 virion ~>rotciiis was obtuiiied by iiiultiple aub- 
cutaiiroiia iitjcctioiis of HAtl2 pariicles ~~ur i l ied  by two 
cycles of equilil~riuiii ceiitrifiigatioii iii CsCl (20, 21). 
Monospecific antisera agaiiist hexon, peiiton base, fi- 
ber, or IlIa were obtairied by injection of correspond- 
ing antigeri-aiilibocly precipitates freshly foriiied in 
agarose gel iifter two-diiiieiisioiial iriiiriiiiioelectro~)ho- 
resti (" II'. Leiiiay, hl. 1.. Boudiii, M. tvlilleville, aiici P. 
Houlanger. Virology, iii pri.ss). 

Complementution tests. 1lcLa cell iiioiiolayers 
were doubly infected at  an  iiiliut iiiultiplicity of 5 FFU 
of the two t s  iiiutaiits per cell. After 2 h of adsorption 
at  33"C, unadsorbed virus was riilsed off, aiid the cells 
were treated for 30 rniii wrtti an aiiti-HAtl2 virion 
seruiii at  a dilution of 1:lOü. 'l'lie cells were riiised 
again aiid iiicubated at  SY.5"C for ail adilitioital 40 h. 
Coiitrol cultures were siiigly itifected in parallel with 
10 FFIJ of erich iiiutaiit per ct4l. At ttie eiid of the 
ii11~ul)atioii perioil, ttie cells were scraped iiito the 
culture iiiediuiii niid disrupied by ttirec cyclemof freez- 
iirg aiid tliuwiiig, and virils wus titratecl witli the FFU 
assay al 93°C. 'I'l~e coriij)leiiieiitatioii ilidex was given 
as the ratio of yieltl or ttic tloulilc irilci.tioii to tiiat of 
ttie higher of tlie two single iiifectioiis a t  3Y.S0C, 
expr ia~cd aa k'FU per 11iiIl11iter. ( ' i ~ i ~ i ~ ~ l e ~ i i ~ ~ i i t i i t i o i i  is 
ugiially cori.zi<lerrit as j)ositive wtieii thr  conil~leiiien- 
tatioii iiiiirx is ai Ieast 10 (35). 

lminunological character iza t ion of ts mutants .  
HAdZ I S  niutaiils wrre serulogically ch;iriicterized by 
quantitatioii in crossed iriiiiiuiioelectrolihoresis of the 
solut>lc. aritigeiis ~~roiluced by the iiifcctetl cella et  
3!#.5"C corill~iired with 33°C aiid witti [lie W'I'at boih 
tenipcriitiires (20, 2 1). 

Quaiitit;itive aiid qualitative arialyses of hexon, fi- 
ber. peiitoii base, and lIIa aiitigeiis were perforined in 
croiised iniinuiioeIectro~ihoi.esis of deoxycholate 
(U0C)-disrupted virioiis (2, 2it, 24; Lenrüy et al., Vi- 
rology, in prrss). Virus ~ ~ i i r t i c l ~ ~ ~  werc .susl)eiidctl iii 
0.iM);i M 'l'ris-liydroclil~~riilc l>iilt(.r, 1~11 7.8. uiiil tieatc(l 
with 0.5'; .sodiuiii I)OC iit 5ti"C' iiiiiil tli~iilil~eiiriiiiw of 
the opalraceiice (iisually ti0 to $Ml s). 'l'hi3 ti.c;itiiieiit 
did not diiniage the Iiexorr, fiber. end 111;i. but pcritoii 
base was separated froiri the liber projectioii (2; Leniay 
et al., Virology, iii press). 

Pulse-chlise of  infected cells. Pulse-chase label- 
ing experinirnts were perforineti iii KR cells (6 x 10" 
cells per iii1) in iiirtt~iuiiiric-clel~ri\'e<l iiiediuni. L- 
[,':'S]niethioiiiiie (50 pCi/iiiI) waa ridded for 20 iiiin at  
dift'erciit tiiiies postiiikrtioii at 39.5'C (iioiil>eriirissive 
tenil)eratirre) or a l  33°C (~)eriiiissive tciiiperatyre). 
'I'tie cclls were harvestrd just a1'ti.r tlie l~ulse or chased 
by dilutioii to 3 x 1(P cclls 1)er 1111 in iiic 1' iurn pre- 
warnied to the required teiiiperature aiid coiitiiiiiirig 
10 tiiiies ttie iioriiial coiicentraiioii of cold iiiethioiiiiie. 
~-[~'"S]iiirtliioriiiir-labele<1 virus-iiiduced aiid virion 
proteins were aiialyzed in SIIS-coiit;iiiiiiig ~)olyacryl- 
aiiiicle gels. 

Analytical  SDS-polyacrylamide gel electro- 
phoresis. S;iinl)les weïc dissolved iii 1111 eclual voluiiie 
of sanil>le buffer (O.Mi25 M 'I'ris-liydruchloride, pl1 6.8, 
coiitaiiiiiig (i M ureu, 4!( S I H ,  aiici loci 2-iiierc;i~>toet1i- 

anol) liiid lieated for 2 niiii a t  lW°C. 1'olyl)eptides 
were analyzed in an  SDS-coiit ;iiniiig 17.5% polyacryl- 
aiiiide gel (acryianiide/bisacrylaiiiide ratio of 50:0.235) 
overlaid by a 5 9  spacer gel (acryiariiide/i~isacryia~~~ide 
ratio of m1.35) iri the discontinuous butTer systeiii of 
Laeninili (16). l'he gels were staiiied with Cooniassie 
brilliaiit blue H-250, dried uiider vacuuiii, and exposed 
to Kodak Kodirex filni. 

Extract ion a n d  purification of virus par t ic les  
a n d  t o p  componcnts.  Iiifected cells, harvestecl late 
in the infectious cycle (20 to 3U h alter infection), were 
extracted witli Freon 113 a. previously described (3). 
aiid niature or YV ( p  = 1.345 g/rril) aiid light 1M 
particles or top conil>oiients ( p  = 1.:10 to 1.31 g/nil) 
were separated in self-geiieratiiig CsCl gratiieiits (3). 

Ce11 fractionution a n d  extract ion of assenibly 
IM a n d  virus particles. 'l'he nieihod of separatioii of 
cytoj>lasniic and iiuclear fractions and the extraction 
of particles froni nuclei have beeii described iii detail 
elscwhere (3,4). Assembly IM and virus 1)articles were 
isolated on a liiiear (25 to 40'G) sucrose gradient: 
virioiis sediment a t  7MS, and nswiiibly Ihl pitrticles 
se<liiiieiii nt about 600s (3, 4). 

l 'he  (lil'fcrent classes of particles were purifiecl fur- 
ther in self-geiieratiiig Cs(ll graclieiits after tixutiori 
with a cleavable diiniido ester (diiiitathyl-4,4'-tiithio- 
bisl~utyriiiiitlatc [3, 41). 

Extract ion a n d  isolation of  adenovirus  core. 
Virioirs or IM particles were disriil)tctl uitli 0.5ci IIOC 
as ticscribed above. l'lie differeiit subviral eiitities 
were srparitted in a dis~~oritinuous sucrose gradient (40 
to 70%. 3-1111 total volurne; overlaid by a 5 to 204 
gradient, 8-ml total volunie; made in 0.02 M sodium 
borate buffer, pH 8.0, containing 1 M NaCl aird 0.001 
M b:I)'I'Ai. The gratlieiils were ceiitrifuged ai 3S.(Mk) 
rl~iii for 2 h at 4°C iii a Ueckniaii S\V41 rotor. Virus 
cores sedinient a t  180 to 200S, groul~s of iiirie hexoris 
sedinierit at  50 to WS, and isolated ca1)soriiers sedi- 
meiit a t  betweeii 6 and 12s (2a). 

Chernicals a n d  radioisotopes. Sodiuiii 1l)OC wns 
purchasrd froni HUH, I'oole, Iliiited Kiiigdoiii. A 105 
solution (wt/vol) was niade in wiitt?r aiici dialyzed in 
tlie cvl<l agiiirist dislille<l w;iter. 'l'lic t1ialyz;il)lr fractioii 
ohtiiiiicd was lyol)tiilizetl riiitl usecl for virus disruptioii. 

Cyclohexiriii<le (CH) was purcli;isetl froiii Uoetiriii- 
ger, Maiiiiheini, Federal Hepublic uf Gerriiaiiy, aiid 
used at  a coricentration of 20 pg/iiil of ceIl culture. 
l'uroriryciir (Signia Chernical Co., St. Louis, Mo.) was 
used at  10 gg/nil. 

Methyl-4-niercaptobutyrimidate hydrochloride 
(Pierce Clieiiiical Co., Itockford, III.) was used ai a 
coriceiitratioii of 3 nig/ml iii iiiediuiii devoicl of ~>riiiiary 
aiiiiiie. 'l'he reactioii of iiiiiidiiiatioii of proteins was 
nllowed to proceed for 30 inin at 4°C. 1)isultide bridges 
were iii<luccd by diaiysis aguiiisl phosl~liate-t~uf'fercii 
sriliiie c.oiitciiiiiiig 0.1 M t1.0, (3). l 'he iiitluccd disuIlide 
cross bridges could l e  clcaved by aii excess of reducing 
agent (e.g., 2-mercaptoethaiiol or dithiothreitol). 

Bovine seniin albuinin ('LX crystiillized; Sigina 
Cheniical Co.) was usecl as a stiiridnrd fior the protein 
assay (19). 

1.-[,'%$nethionine (700 to 800 Ci/iiiniol) was pur- 
chased li.oni the liadiocheniiçal Ceriire. Aiiiersliaiii, 
United Kingdoni, and ['Hlthyn~idirie (25 Ci/iiiiiiol) 
was froiii the Coiiiiiiissari;it à I'Kiiergie Atoiiiique, 
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The possi1)ility of a defect in the glycosylation 
proces.. of the fiher protein at 39.5OC was ex- 
amined by labeling infected ceiis with [%]glu- 
cosamine for 8 h at 16 h after infection. SDS- 
polyacrylarnide gel analysis revealed that the ts 
mutants studied possessed a glycosylated fiber 
polvpeptide. the same as that of the W'ï (13). In 
ts116 and ts125, the 60,000-moleciilar-weight 
polypeptide replacing polypeptide IV fiber was 
also glyco~yliited (Fig. 3). 

Part icles produced a t  t he  e n d  of t h e  in- 
fectious cycle nt 39.S°C. Crlls iiifectqd at 10 
FFU/cell a t  :?<).5"C were harvested 30 h after 
infection, and virus particles or 1M particles or 
both were extracted with fluorocarbon and sep- 
araterl 1>y 1)iioyiint dciisity in CsCl gradients (4): 
virus particles (YV and niature virions) band at  
p = 1.345 g/ml. and light assembly IM particles 
or top con~ponents devoid of 31s  viral DNA 
band at p = 1.30 to 1.31 g/ml (12). 

As shown in Table 2, mutants ls103 and ts136 
dicl not ~)rotliic.c* n~iy  detectable particles a t  

J 3M°C, iiritlier at p = 1.345 g/iiiI nor at p = '1,30 
g/ml. Only soluble components were overpro- 
duced. consisting essentially of hexon capso- 
mers. I s l l5  prodiireci mainly top components 
ancl fcw vinis ~)nrticles of p = 1.345 g/nil. Thesr 
p = 1.335 g/iiil ~iitrticles hatl a normal 31s IINA 
and the sarne polypeptide pattern as did mature 

W'i' virions (data not shown). l'hese partieles 
might result froni a certaiq degree of leakiness 
of this mulqnt (21). ' 

tsl16 and 1.~125 also prsduced mainly top com- 
ponents at  39.5OC and p hiinor population; pf 
virions of p = 1,.345 p/ml. 'i'liese virions par; 
sessed a 60,000-rnolecular-weight polypeptide iq 
place of the 62,000-molecular-weight (IV) poly- ' 

peptide nt-riiially preseqt in the W T  (see Fig. 
8f). 

In contrast to the other niutants, ts104 pro- 
diiced ecliiivalent qiiantitie~ of top coiii~)otientw 
and p = 1.345 g/nil virils 1)articles. Wheri ana- 
Iyzeci in SDS-1)olyacrylaniide gels, these r1 = 
1.345 g/nil 1)articles shewed uncleaved precur- 
sors l'VI, IIVIII. niid tJVII, with orily trace 
aniounts o f  virioii proteiils VI, VIII, ancl VI1 (see 
Fig. 7b), thereby resenibling the HAd2 tsl iiiu- 
tant (33). These p = 1,345 g/iiil partirles niight, 
therefore, be considercd Y\', accordiiig to the 
generally accepted nomenclature (5, 12). 

Absence of 1)OC & ~ r e  in ts104 YV. l'he 
ts104 YV were purifiecj as follows. The peak 
sedimenting at  750s in sucrose gradients was 
purified further in g qfl to 50% rnetrizaniide' 
gradient made in O,Q2 sodium borate buffqr, 
$1 8.0 (10). Metrisamide was eliniinated bg 
exclusion chronintogrnljhy on Scphadcx (>-f>O. 
The  ts104 YV were suliected to DOC treatment 

a b c d e f g h i  j k l m n o p q  .,, . . 
t 4 1 : :  ! !  

PVI 

VI- - t P",II:..ls'5 . l i .  , ;  

W l l  w œ . w . i . - ~ r r œ - *  
VII- - O i. 

Fir.. 2. SLJS.polyarrylamide gel nulorarfiogram of leniperature shifi experrmepts. 11T-, !s n~irtanf-. or 
rnork infcrteif KB rellt; ri~erepulse~/pbelcd for 1 h at 39S°C al 16 h c~fter tnfectton (b. d, f. h. j .  1, n. and/>) and 
rhnsetl for 24 h nt .'I.Y0C (r, e, fi. i. k, m. o. and q). (a) WT HAd2 r5irion; ( h  and c) WT infccted cells; (d and e) 
tsIû.3; (f and gl tsfO4; (Ji und 4 ts115: ( j  and k) ts116; (1 and nt) ts12.5; (n and O) ts1.36; (p crnd q )  niocl: infectcd 
rd.. I'roressrng of I'VII info YI1 and disappcaranre of an I 1 , W  nioleculay rcleight ( l l i i )  polypepttde occrrr 
trpon a shrft iioicv~ in etrry in/erted-cell sample. 
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Fiü. 3. Clycosylulion pullern of rcdrnoi~irus-in- 
fectecl ce11 pol.vpeptides. KH cells ulere mock Uifect~d 
(b iirid c) or iriiuclrtl i ~ i t l i  Oie 1I'T (if uti<f e), 1~103 (f 
utid &, IsI iA (11 ccn0 i), ts115 (J utid k), 1~116 (1 utcd 
III). und tslZ5 (II und O). Labulittg u:uspc,rfurttird iclitli 
[35S/n~c.thionine (b. d, f, h. j, 1, and ti) or [311/gIu~.o- 
sciniirie (c, e, g, i. k. m. und O) for 8 h rct 16 h «jtc.r 
otfection. (u) C'oritrol 11.4ù2 i ' ir iun. ~'l~!>p<'l,tl<ft' 1 I' 
(f ibrr) lius bcen i i u n d  Io Oa lubelcd ri'illi [ ' t l /g l i rco 
sunitrie (1:)). Note the lociler ntolecitlur uju~glit ufts116 
and tsl.25 liite major glycopolypeptr<Ir: M),U(X) (60K) 
instuatloj6-K. The 9 1  Itrht-1 cilas rr [ . rulei l  . ilrrorog- 
rrc/~hy 111 ['PO ( ~ , 5 ~ < f i l . > h ~ l i y f ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~ - l t 1 ~ ~ ~ ~ t ~ g 1 i ~ t ~ d  
g''1s. 

at  56OC, and the resulting virus lysate was ana- 
Iyzed on a sucrose gradient as described above. 
Groups of nine hexons were visible at 50 to WS, 
and isolate11 capsoiiiers were visible at between 
6 and Ii'S, but no viral cores were obtairied Sroni 
these particles. A peak of ["H]thyriiidiiie-labeled 
viral DNA was fouiid at  31s in the giadieiit (Fig. 
4a). After a shift down to 33OC. the t.sl0-I YV 
maturcd, as evideiiced by the cleavages of PVII 
iiito VI1 ciiid ofIJV1 uiitl IJV1ll iiito VI aiitl V111. 
resl)ectively. 1)OC tieatiiieiit ul' the teriipera- 
turc-shifted ts104 YV rrveiilrd tlir 1)reserice of a 
LINA-cuiitaiiiiiig 1)OC core, witti ari al>pareiit 
sedimentation coefficient of 180 to ?(MIS (Fig. 
4b). 

Antigenicity of capsid proteins within 
t h e  part icles produccd by tu  mutiints. 'l'he 
differeiit cliisses of particles prutluced by riiu- 
taiits ts104, 1~115 ,  ts l lü,  and ts115 were dis- 
rupted with DOC, analyzed in two-cliniensiofial 
ininiunoelectrol)horesis agaiiist atitivirion se- 
rum, and compared with the DOC-disrupted 
W'ï pattern. The results are suniinarized in Ta- 
ble 3 and illustrated in Fig. 5. 'I'lie top conipo- 
nents, or light IM ~>articles, of the iiiutants stud- 
ied and of the W'ï exhibitrd rio antigeriically 
active pentori base and Illa: hexori wus the only 
major detectable capsid aritigen. Fiber antigeii 
was preseiit in a nornial aniount in W'I' top 

coniporients, but was founci oiily iii trace 
aniounts iii top coniponerits of ts104. ts104 YV 
showed no penton base but traces of fiber tinti- 
gen. However, al1 particles possessed the corre- 
spondirig polypeptitles visible in SDS-polyacryl- 
aniide gels, viz., 111, IIIa, and IV (see Fig. 7 and 
8). 

In ts116- and ts125 top components and ma- 
ture virions, no antigenic fiber was detectable, 
arid the SIX ~)olylbel)tide pattern sliowrd the 
absence of the l i l ~ ~ i  l>olypel~ti<le uiiit with a 
molccular weight of li3,W and re~~liiceiiiciit by 
a (i0.(WK)-riiolrciiliir-~eigIit ~)olyl~ej)tiile (see Fig. 
t l l ' ) .  As iii W'I' top coiiiponeiits, liglit pai1ic1t.s of 

10 20 
fraction number 

FIG. 4. Core analysis of tslû4purticles alter u shift 
doun. KB cells ulere infected ufith lsl04 at 39.5"C, 
pirlse-lubeled for 20 min ut 16 h postirifrctioti iuith 
('Hlthynrrdine (50 pCi/nii). and rhusecl ut 39.5"C for 
3 h. One surn~~lc  ulas u~ithdrauln aper the cliiiae; clirus 
pcirticles icDerr extructeil, disrupted i i~ i t l i  DOC, an</ 
analyzed in a discontinuous sui*rosegru(liu~it (a). The 
othrr sancple (b) ufas chasrd for 16 h at 33°C in the 
presence of Cl1 ( 2 0 ~ / m l ) ,  andpcrrticles uwre treattd 
as in (a). The urroul indicutes the position of thr 31s 
ilirus UNA ni(irker. 
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p = 1.316 g/nil ac~.\in~ulateii by t.9 1 12 a t  rest ric- 
tive teiiiperatiires (4) coptainetl only hexon and 
fiber antigens. Antigenia penton base appeared 
only in niature virions produced normally by the 
Lvr or in minor quaptities by ts125 a t  39.5OC 
(Fig. 5). 

Puise-chase and  tomperature-shift ex- 
periments. An inhi$ition of protein synthesis 
in infected cells has been showii to block the 
formation of IM particles from soluble virus 
components (28), but does not prevent the mat- 
uration of IM pqrticles and YV into mature 
virioiis (4). A shift down to 33OC iii the presence 
of CH was thchrcbfore yserl to deteriiiirie whether 
tlie IM part icles or Y V  assenibled at  39.5"C were 
capahle of cvolving into normal mature virions. 
Iiifected cells were piilse-labeled for 20 miri nt 
:I9.5"C nt I t i  h nftrr infection aiid chnst~d with 
c ~ l ( l  nit*tliioiiiiit. for 2 ti nt 39.5OC. 'l'he 1-el1 
ciiltiire was tlieri tlivitied into six portioris. One 
was irniiictiiately processed for virus particle ex- 
traction (saniple 1). One was further chqsed for 
5 h at :39.5"C (saniple 2). One was chgsed at 
39.5"C for 1 h in the presence of CH (sarnple 3). 
A fourth Oi)e was chased for 1 h at  39.5OC with 
CH, then shifted down to 33OC, and incubated 
a t  this terriperattire for an additional period of 
21 h with CH (sarnple 4). Sample 5 was çhased 
at 33°C for 22 h in the presence of CH. and the 
last saniple was chased at  3:1°C for 22 h withoiit 
CH (saiiiple 6). A scheme of this experiment is 
s h o ~  n iri Fig. fi. 

'i'he IM and vinis particles were extrncted 
frorii eacti cell sanil)le and analyzed on sucrose 
(lensity gr:itlients. IM particles sediment as a 
~)ibak of HMS, whereas yirions sediment a t  750s 
(3, 5). 

Table 4 shows the requlk obtained with ts104. 

TAHI.R 3. Antrgenrclty of the niajor capsrdproteins 
of DOC.trented Lurus pprftcles and qsgembly 

tntcrnicvirales of  HAd2 ts,nirttants and the WT 
Calwid proteins" 

' ~ I I Q  of - 
Virus I>ariirles 

analyred tleron Fiber Illa 
-- -- -- - 
Top componenin 
Y 1' 
Top conipoiienta 
Top compoiienin 
Top romponenin 
Mature virions 
Top romlionenin 
Top componenin 
Malure virions 

" +, Same emount of antlgen as in the DOC-treated WT 
virion: i, trace emount; 0. no detectable antigen 

" Presence of a GO.000-molecular-weipht polypeptide in 
11lnrr of the Rl~rr polvpeptide of @2.0(W) ~i~olrrtilnr wecglit. 
' IIAil'L 1s niiitniit il~ket.tive III vinon morlihogrnes~a an11 

nrciiniiilnti~ig It~lit a ~ w ~ n h l y  IM ~~nrtirlen (4). 

In this tiiiitant, the total lal>el in assenihlv I&l 
aiid viriis part icles tlecrtbiised t hroughoilt the 
chase at 39.5 and 33"C, whether CH was addid 
or not, suggesting a significant hreakdown of one 
or hoth types of particles. During the chase at 
39.5"C. t htb rndioactive label seemetl to enter the 
600S IM particles niore rapidly than frotn IM 
particles iiito 750s virions. However. at 3:I0C the 
lat)el tlecreas~d at  a niuch lessrr rate in the 750s 
virus peak tliiiri in the 600s IM particles, espe- 
cially in the presence of CH, which blocks the 
incorporation of soliible coniponenb into 1h.l 
 articles (28), siiggestiiig either a rel;itively 
grclater stahi1it.v of the 750s pnrtic.les at :J:j°C or 
a flow of radioactive lahel from tj(H)S IM particles 
into 7: )S virions, or both. 

tslO:l ;irid ts1:lG sliowed no detectable penk of 
Iiit)tbl(.d IM a~it l  viriis ~)nrticlrs nt :19.5"t1. ts1 15 
sliowc*tl oiily n 1)t.ak of IM piirticl(.s, tvitli iio 
occiirrt>iicc* of 760s virions, evcbn aftcr n sliift 
dowri (data not showri). Hoth t s l l6  and ls125 
arisembled few 750s virions a t  39.5"C, with an  
apparently noriiial riiatiiration a t  either 39.5 or 
33°C. as shown by the polypeptide pattern (see 
Fig. 8). At 33"C, the peak of 750s  articles 
increased. l'he niatiiration process occurred also 
in the presence of CH at 39.5 and 33°C (data not 
shown). 

Pplypeptidc pa t t e rn  of part icles ohtained 
i n  pulse-chlise a n d  temperature-shift ex-  
periments. l 'he 750s and 600s peaks of each of 
the six gradients shown in Fig. 6 were analyaed 
in SDS-~)ol.vacrylaniide gt'ls. The  polypeptide 
compositions of ts104 and ts125 IM aiicl virus 
particles are shown in Fig. 7 and 8. ts104 YV 
accuniulated at  39.5OC were rapat)le of niatura- 
tion iipon a shift down. as evidenred by the  
processing of precursors PVI, l'VIII, and l'\'II 
spd the appearance of polypeptide XI. This 
maturation processing also occurred when in- 
fected cells were shifted down to 33OC in the  
presence of CI-1 or piiroinycin. suggesting that  
the putative virus-coded endopeptidase (33) was 
already synthesiaed but inactivated at  395°C 
(Fig. 7). 

18125, as well as tsll6, showed an abnormal 
polypeptide pattern of assembly IM and virus 
particles, with a 60,000-rnolecular-weight poly- 
peptide in place of the 62,000-molecular-weight 
fiber polypeptide. The ts116 and tsl2S v/npns 
which matured at  33°C in the preseqcp qr ah- 
sence of CH also contained the fN,000-niql,ecu- 
lar-weight polypeptide in place of polypéqtide 
IV (Fin. 8 and 9).  

The present study confums previous reports 
op qderlovin~s (6, 26, 36) or bacteriophage sys- 
terhis (22). sht)wiiig thlit fi0t.r-dc~fc*ctive niiitiirits 
cbn asseiiihle prirticltbs under restrictive condi- 



Fic. 5. Tuw-diniensional immunoelectrophoretic analysis of antigenic cornponents of WT und ts niutunt 
purticles. The purticles uwre rlisruptrd it~iî l i  0.5'C DOC before tiuo.diniensiona1 analysis. (a) 1I'T nitittrre 
i ir ioris; (b) IVT top curtiporients (or u.ssembly IiVIpurlicles of p = 1.315 g/nil); (r) ts114 YV of p = l . : M  g/nt l ;  
(4 tslW top coniponents; (e) tu125 i~crions of p = 1.345 p/ntl. The peaks of ininictne precipitutrs huc,t~ brrn 
rilenti/it,tl prriioctsly ils follotc~s: (1) ht~xori; (2) I ~ t ~ n t o n  brise; (3) protr in I I I u ;  (4) fiber (2a. 20, 21; 1.enco.v et al.. 
\ ' i r u k ~ ~ y ,  if1 prtass). 1)0(' tlissoci(ites t.onil~it,tc pt,litoti into f i t~vr rintf periton biist. (2). 

tions. The fiber-defective niutant ts115 urider- 
went assernbly until the stage of light IM parti- 
cles (or top conipoiients), which accuniulated at  
39.5"C, whereas t s l l 6  aiid tsl25 produced few 
virus part icles at nonperriiissive teiiiperat lires. 
Both ts116 and ts125 synthesized liber which 
was abnormal in antigenic properties and poly- 
peptide structure (molecular weight of 60,000 
iristead of 62,000 for the W T  fiber polypcpti(ie 
unit). llespite the iiltered filwr structure, ts116 
and ts125 1M particles were capable of niatura- 
tion upon a shift down to U°C,  resultirig in the 
production of infectious virions with ii 630,000- 
niolecular-weight protein in place of the 62,000- 
niolecular-weight polypeptide IV (Fig. 8 aiid 9). 
The iiiutation of t s l l 6  aiid ts1% was also ex- 
pressrd at  33OC, and the sanie 60,000-iiiolecular- 

18 23 40h. 

Fi<:. 6 .  Schcnie o/pirlse-chuse und slrr/ i~(loii~ri r.r-  
perinirrits i r i  the presence or absence of( 'H. KU ct,lls 
ic3erc, irijected ulith ts lW or ts125 (11 :IY.5'('. pirlsc,- 
I<ibele(l (P) i t~ i ih  /JSS/ttiethionirir (50 pC'i/rrrl) ftrr 20 
min ut 16 h afler injection (p.i.), unrl chuseù ul  :1Y.SaC 
(soli(! lines) or nt 33OC (dotted lines). Sump1t.s uvrre 
itlith<iriict~n ut dilferent times of the chuse (titrnibers 
ii'irhin circles) and onalyzed in sircruse gru<litn!its to 
sepri ru te nuclt*iir 750s i ir iori s and 600s 1.V p<irti<.lcs. 
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weight protein was svnthesized iti iiifected cells 
a t  33°C (Fig. 2). 

ts116 and ts125, a s  well a s  t h e  other fiber- and 
fiber and pepton base-defective t s  mutants stud- 
ied here, Iiad a n  apparently normal glycosylated 
fiber (Fig. 3). 'l'hese results suggrst that (i) the  
site of glycosylation of fiher polypeptide corre- 
sponds t o  a regiori of the virus genome at which 
it is (liffïciilt t o  incluce mutations o r  (ii) there are  
several sites of glycosylation. T h e  occurrence iii 
ts116 and ts125 of polypeptide IV srnaller in size 

?'AHI.E 4. Pulsr cli«se analysis of assenibly IM and 
i~iruspnrtrclcs of HAd2 ts104 ~11th or u~ithout a shr/t 

doun 

Sniii l~lr  l;cwls lb, 7SOS vi- 
( A l  nis (10 

l'otnl rn- 
tlioil<.liv- 

i t v  (A + 
13 

fK(.li(WJ 
45,000 
38..500 
37.300 
24,7110 
:l2,llM) 

"The niiirihcrs correnl>ond Io the radioactivity of the a m -  
plrs ticlitierl i t i  thr I r ~ r n d  I o  FiK. 6. 

*(:Il ridOr~tl <Iiiriiig the îhnse. 

I I -  

I l l -  

I l l i  
IV - 

V- 

hy a nioieci~liir weight of 2.000 thnn the W'I' 
polypeptide IV led tb  the  following hypotheses: 
(i) t h e  ts116 o r  ts125 or  both niutittions can  
generate a new iiiitiation or ternlination codon 
on the  fiber mIINA, with a polyl~eptidr 'chain 
shortened at  its N or C end; (ii) the  niutations 
niight have crepted a new pyefereritial cleavape 
s i te  for a celliilar oy virils-coded rndopeptirlüse: 
(iii) whichever end of the ts l l l i  o r  1 ~ 1 2 5  fitwr 
~>olypcl)ti(le chair1 is iiiodified, the  ~>rociiict ion of 
iiifectio~is ts l  lfi aiid tsl25 a t  :WC with iiorniiil 
infectivity and nornial moiphology siiggests iha t  
the  first 20 or  t h e  last 20 ariiino acids of t h e  
polypeptide IV cliain were not indisl)ensnble for 
assembly of t h e  nornial fiber trinier structure 
(29) or for penton base and fiber assenibly. a t  
least iit 33°C. 

ts104. s\liivli is ~~lieriotyl)icall,v fitjer niid ~)rii- 

ton hiist. dcft.c.tivtx, ncriiiii~ilatt~ti c<liiivnl(~rit 
cl~i;uititios of top c.olill~t~iir~its aii(l YV :it rioiilltbr- 
riiissiv~ tt~i~il)t>r;itiirt*s. 111 thcl prestbnctl of CI[,  
wtiicti tins I)c,cw s h r ~ ~ n  t o  iritiil)it th(& tl(1 novo 
forriiiition of IM particles from the  pool of solu- 
ble conil~onents (28). the YV evolved into nia- 
ture  irilrctious viriolis nfter a shift rlown t o  :I.J°C, 
a s  evitlence(l hy the  processing of l'VI, I'VIII. 
and I'VII. 'l'his ~ i i i~ ta i i t  reseint)led, t herefore, t h e  
k1At12 ts l  niutant of Weber, which is blocked a t  
39,ti°C ,t a stage of imliiature virions with un- 

a b c d e f g h i  1 k a 

PVI- 
P v l l : - = ' œ  * P.-m-g-M#mm. 
VI- 

VIII- 

I X- 

Fic. 7. Polyprptide pattern of tsJû4 nuclear 750s YV (h, c. d. e, and f )  nnd 600s Ihl partrcles (fi h, i, J .  and 
k) protlucrti <iirring pitlse-chase and shift-down experiments, ris schernaîizcd rn Frg. 6. (a) Contra1 HAti2 
itirion; (h and g) sample 1 o/ Fig. 6; (c and h) samj~lc -7. (cl and 1) snrnplr 4: (r aod j )  sarnple 6: (f and h) ssnniple 
5. The, nint~rratron of YV is ei*itlenccd by (heprocrssing of PVll oito \'II iipon a shift rlorcvi (11. r. tint1 f). ci rn 
in the prrsencr of CH (d ancl f ) .  
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VIII- 

IX-  . 
*" 

Fiü. 8. Polypeptide pattern of tsl25 nuslenr 750s 
~ ~ i r i o n s  (b, C, d. e. linil f )  untl 600S Ihl purtit.les (g, h, 
i. J .  unil k) produccil lluring pulsc..chrrsr linû shift. 
d o u v ~  c..tpt*ri»ients, us schrr~iiitixd iri h'rg. 6. (11) ('on- 
trol If.4~12 iiriori; (b und& suniple 1 of fig. 6; (c  und 
h) slimple 2; (d und 9 slinrj~le 3; (e und J)  .surtiple 5; 
(f und /() suniple 6. Note thcit uftrr 11 7.h chuae ut 
99.S0(', the polypeptille plittern of ta125 750s cirus 
pcirticlt*~ resc.ttibl<~s thut of n IVT, ri,ith iisihlr rrilrtu- 
rution c l t ~ ~ i i ~ ~ i g r  of l'VI, l'\'III, uni1 l 'L ' I l  (1.). 

cleaved precursors (33). 'I'tiese resiilts witli ts104 
further siipport the hypothesis of a virus-coded 
or virus-induced cellular endopeptidase resl)ori- 
sible for the cleavage niaturation of precursors 
to virion proteiiis VI, VIII. uiit! VI1 (:NI, 31; ser 
Addrii(!iiiii in l'roof). Iii ariotlirr stiidy, data 
whiïli siiggcst a siiiiilnr iii:itiir;it ion ~)rucessii~g of 
polypel)tide lIIa in YV were rq~or ted  (M. 1,. 
Ho~idiii, J. C. L)'Halliiiii, C. Colisin, üiid 1'. Boii- 
langer, Virology, in press). tslO.1 YV were foiind 
to be devoid of a I)OC core, coriliiiiiing the low 
affiriity of precursor t'VI1 for viral IJNA at  low 
ionic strength, as previously observet! (10, 23). 

l'lie antigenic properties of the riiajor capsid 
subuiiits incorporiited iiito the viral capsid can 
be studied qiialitutively and quaiititatively I)y 
two-(liiiierisiorial iriiniurioelectro~)horesis of 
DOC-disrupteti particles (2,20,21; Houdin et al., 
Virology, in press). 'I'his technique was al)plied 
to the virus antigens prrsent in the different 
classes of particles accuniulated by the ts niu- 
tants at  39.5OC. In light IM particles (or top 
coiiil)oiients; p = 1.30 to 1.31 g/nil), surh as tliose 

acciiriiiilnted by fslOl, Is104, tsl 12, iiiid Isl'LO, 
and the p = 1.315 g/iiil 1M  articles of the W'1' 
(3), only hexon and fiber antigeiis foriiied a11 
imniune precipitate peak in two-diniensional ini- 
niunoelectrol>horetic analysis (Fig. 5). In DOC- 
tlisru~tecl YV, those prodiiced at  395°C by 
Is104, orily hexon and fiber aiitigeris were (le- 
tectable (Fig. 5). In çoritrast, hexon, priiton base, 
fiber, and Illa antigens were found in DOC- 
treuted W'I' mature virions, as weil as in tslO4 
intiture virions obtainetl lifter a sliift <lowii. I'en- 
ton base ii1)lteaietl aiitigeriiciilly active i i i  the 
= 1.:1.15 g/iiiI virioiis pro(liiced in iiiiiiiite 
aitioi~nts by tsl'L5 at 3!).5'C (k'ig. 5). 

'l'hese (liita siiggested a niotliliclitioii of' the 
virus antigens witliin the capsid diiriiig virion 
niorphogenesis, with an  eclipse philse aftècting 
the antigenicity of the vertex structures (9). Only 
hexoii antigen seemed to reniaiii constant in 
antigenicit; throughout the asseriibly pathway 

. (l'al~le 5). 'I'he absence of a detectnble aritirren - 
in two-diiireiisional imniunoelectrol)horetic 
aiialysis does not necessarily signify a total nl)- 
seiice of antigenic sites. As reported elseuhere 
(Houdiii et al., Virology, in press), iiiodilied virus 

a b c  d 

-2-, - I I I .  - - IV 
. L a  i 

ri. Y- .* y - v  

Fi<;. Y. Polypeptr,le pattern of IiAi12 Ozfectious ili- 
rus prrrticles (p = 1.3.1.5 g/nil) prodirci~il ut 39°C 6.v (11) 

tslO3, (b)  ts115, (c) ts125, i~til i  (cl) the 1\'T. T/it* niulrc 
irlar u~tvghts ifpolypeptilfe Il'present in tsl25 c.Oiuri 
(0 cind of polypeptide VI  present i ~ i  ts115 cirion (6)  
ure lo i~ur  thun tiiose of the corresporiding polypep. 
tirles of the IVT (arroic~s). Staining: <'oo»iirssie bril- 
liloit blue H.250. 
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'I'AHI.E 5. Antigentc  p rope r t t e s  of HA& n ia jo r  rn/>htdprolr in  (if tliffrrenf s teps  of t h e  tlirion m(trphogrnesis  
in M'T u n d  1s niittnnls - 

Anttgenic properties" of f<illov.ing virus particles or subbiral entities 
- - - - -- --- - - -- - - - - -- 

Ccbniponent Soluble components 1 315 ~ / m l  IM\ 37 R,ml YV - 
-- - - - - - -- -- Mature viri- 

WT 1b136 ts107 WT 19112 
IMh ((WT) WT ,s104 ons (WT) 

- - - . -- . - - - -- -- - - - - . . -- - -- - - - -- - - 
Il(8uon + + + + + + + + + 
I'riitoii bahe + O + O 0 NI)' NI) O + 
12iti(.r + O + + + NI)  + f + 
Il  la*' + O + O O NI )  I) O + 

- 
" +. S n t n r  ti,iiiiuiic ~>reci l>i ta tc  pcak in two-dirnei~siorial in imunoel t~ctrophoresis  as wt lh  WT; f, t r ace  aniourit  

of aiitigcSit. O. iio ;tritige11 dctcctable  
"llata froni rt.fert~iiccs 3 a n d  4. 

NI). Not  deteriiiilied 
'' D a t a  from Boudin e t  a l ,  Virology. in  press. 

aiitigchtis ret;iiiied enough niitigeiiic deter~iii- 
niiiita to I)e sc*lc.ctt~(l or1 Sl«p/iyloc~or[.rrs nlrrt*rrs 
~~rote i i i  A through their specific antil)o(ly (15). 
l>iit not enottgh to forni an iprnune precipitate 
lattice within the agarose gel. 

Serologicnl and SIN-polyacrylariljde gel elec- 
trophoretic analyses have shown thet a nurnber 
of 1s mutants of HAdl2 (27), HAd31 (32), anci 
tIAd2 (34)  fail to synthesize pairs 'or groiips of 
c*nl)sitl coiiil)oti~~nts. e.g., hexoii-ilenton Ii;ise, 
Iicxoii-fil>cr, fiber-l)<*nton base, or 1)olyl)cl)titlcs 
IIIa-V-R)K (34). Three of the ts niutants pre- 
senteti htxre (ts103, ls104, and 19136) appeared 
fil~er and pentori base defective and fell into 
threib coriil)lernenttl.tion groiips (Table 1). Al- 
though douhle mutations cannot be totally ex- 
cliided in sorne of these niutants, the data ob- 
tained with ts104 suggested a lesion of a regula- 
tory hinction affecting several apparently non- 
liiiked events, such as the antigenicity of periton 
base. fiber, and IIIa and the cleavage of precur- 
sors to virion proteins VI, VIII, and VII. As the 
accuracy of the cornplernentation tests for 
grouping the ts niutants and deterrnining the 
functions altered is obvioudy lirnited, physical 
nia;)l)ing of the mutations appears necessary for 
defining the role of different genes in virus as- 
senibly. 
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I 1. Maturation and Encapsidation 
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Evidence is presented that a HAd2 protein IIIa precursor (PlIIai of 6i.000 daltons exists 
in assembly intermediates and Young vinons and is processed into protein IIIa (66,000 
daltons). This cleavage is euggested to occur at the N terminus, and at a late stage of virus 
maturation, between young and mature vinons. Sixty copies of IIIa were found t o  be 
present per mature virion or assembly intermediate particle. viz. one molecule per penton 
base subunit. The PIIIa polypeptide was antigenically different from IIIa. with a weaker 
antigenic reactivity toward anti-IIIa serum. This tlifference in antigenicity might reflect 
a variation in three-dimensional structure between the PIIIa polypeptide and IIIa. result- 
ing from proteolytic cleavage. Immunoprecipitation of deoxycholate-disrupted HAd2 
tirions using anti-IIIa serum suggests sorne interaction between IIla and the core protein 
VI1 in mature vinons. Four Is mutants defective in virion assembly and accumulating 
empty particles at  39.5' were studied with regard to the occurrence of IIIa antigen in the 
ceIl pool of soluble antigens: H5 ts 58, H2 ts 1, H2 ts 113. and H2 t s  101 were shown to 
be phenotypically IIIa defective. and to belong to three different complementation 
groups. H2 ts J and H2 t s  112 were in the same complementation group, whereas H5 
t s  58 and H2 t s  101 fell into two separate groups. Only the H5 Is 58 lesion has been 
located in the IIIa gene (E. Frost and J. F. Williams. 1978. Virology 91. 39-50). The 
lIIa antigen appears, therefore. to be a serologicai marker for denovirus assembly. 

INTRODUCTION 1968; Prage et al., 1970; Russell et  al., 

Protein IIIa from human adenovirus type 
2 (HAd2) constitutes one of the major struc- 
tural eomponents of the virus capsicl (An- 
derson et al., 1973; Everitt et al., 19'73). 
In a preceding paper (Lemay et al., 1980). 
it has been shown that this protein can be 
detected at  a late stage after infection as one 
of the major soluble antigenic cornponents in 
the excess pool of virus material, as are 
hexon, penton base, complete penton, and 
fiber. Some of the physieal, biochemical. 
and immunologicai characteristics of IIIa 
have been reported (Lemay et al., 1980). 

The topography of IIIa and of the other - -  - 
virion componen-ts has been tentatively 
determinecl bv seauential disintemation of 

1971; ~ v e r i t t  et al.. 19'73). or by chemical 
crosslinking and enzymatic iodination of the 
virion subunits (Everitt et al., 1975). 

The present study deals with the stoichi- 
ometry and topology of protein IIIa within 
the adenovirion ancl its modification during 
the virus maturation process. This analysis 
was aidecl by the use of temperature- 
sensitive mutants defective in late events 
involvecl in capsid morphogenesis: H2 t s  112 
(D'Halluin et al., 1978b). H2 ts 4 (Khittoo 
and Weber, 1977), H I  ts 101 (Martin et al., 
1978). and Ho ts 58 (Frost and Williams, 
1978; Edvardsson et al.,  1978). 

MATERIALS AND METHODS - - 
the virion ( ~ a i z e l  d al.,  1968 Laver et al., Vincses 

l .Author to whom reprint requests should be Hurnan adenovirus type 3 (HAcl2), wild 
addressed. type (WT), originally obtainecl from J. F. 
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Williams (Carnegie - 3lellon Institute, 
Pittsburgn, Pa.) \vas propagatecl at  3 7  on 
KB cells maintaiiietl in siispension culture. 

The HAtl2 temperature-sensitive mutant 
H2 ts 112 \\-as isolatecl after nitrous acicl 
treatment of a iVT stock and phenotypi- 
cally characterized (Martin et  al., 1978; 
D'Halluin et al., 1978b). H2 ts 4, a mutant 
clefective for DNA encapsidation (Weber 
et al., 1975; Khittoo ancl Weber, 1975), 
was a generous gift from J. Weber (Sher- 
brooke, Québec). The adenovirus 5 mutant 
Ha ts 58 was originally isolatecl by J. F. 
Williams (Williams et al.. 1971) and \vas 
obtainecl from W. C. Russell (Mill, Lon- 
don, U. K.). 

Virus was titratecl by the plaque assay 
or by the fluorescent focus unit assay 
(FFU; Philipson et al., 1968) at  37' for the 
WT ancl 33" for the ts mutants. The 
restrictive temperature was 39.5' for the ts 
mutants. 

Cells 

KB cells were grown in spinner culture 
in Eagle's basal medium supplemented with 
5% horse serum. HeLa cells were grown as 
monolayers in Eagle's minimum essential 
metlium supplemeiitetl with 10% calf serum. 
HeLa cells were used for plaque assays. 
The cells were infected at a multiplicity of 
infection of 25 to 50 PFU per cell. 

Radioactive Labeling 

Aclenovirus particles were labeled by 
adding [14C]valine (250-300 mCi/mmol, 
Amersham. England) from 18 to 30 hr 
p.i. at 0.5 pCi/ml in a valine-deprived 
culture medium (10% of the concentration of 
valine in normal medium). Adenovirions 
used as controls were extractecl with fluoro- 
carbon and purifiecl by conventional tech- 
niques (Green and P i h ,  1963). 

Pulse-chase labeling experiments were 
performed in KB cells (6 x 106 cellslml) in 
methionine-cleprived medium. L-$S]methi- 
onine (50 pCi/ml, 700-800 Cilmmol, Xmer- 
sham, U. K.) \\*as added for 30 min at  differ- 
ent times p.i. Cells were harvested just 
after the pulse or chasetl by tlilution to 
3 x 10S cells/inl in normal metlium. 

Infected cells were labeled with V2P]or- 
thophosphate as follows: Cells were taken 

at 18 hr p.i.. centrifugecl, and washecl two 
times in phosphate-free culture medium. 
The original culture metlium was süved. 
The cells were resuspentletl at 6 x 1 P  cells/ 
ml in phosphate-free metlium ancl labelecl 
for 1 hr with .j0 &i/ml of Na-[32P]ortho- 
phosphate (200 mCi/mmol, Amersham, 
U. K.). The chase was performecl by clilut- 
ing the cells in the original culture meclium 
at 3 x IO3 cells/ml. 3*P-Labeletl virus and 
assembly intermediate particles tvere ex- 
tracted and purifiecl as describecl below. 

Puriificntio)t of Ade)iovincs Particles and of 
Assetttbly 1nten)tetCintes (1.l.I) 

Three major species of HAd2-LVT par- 
ticles constituting the successive steps in 
virion assembly have been characterized in 
the followingsequence: 1.315-IM. 1.370-IN, 
1.345 young virions (Y  VI, antl 1.345 mature 
virions (MV), with reference to their 
buoyant densities (giml = p )  in CsCl 
(D'Halluin et ai., 1978a). The method of 
extraction of the particles from infectecl 
ce11 nuclei. ancl of particle isolation on 
sucrose ciensity gi'aciients and CsCl gra- 
dients after reversible fixation, has been 
describetl in iletail elsewhere (D'Halluin 
et al., 1978a, b). 

For rapid isolation of the bulk of 151 
particies or top components of p = 1.30- 
1.31 (Ishibashi and Maizel, 1974) another 
procedure was used. The IM and virion 
particles were extracted with Buorocarbon 
and separated on a preformetl cliscontinu- 
ous CsCl-glycerol gradient made as fol- 
lows: 0.8 ml of p = 1.45 CsCl in 40% 
glycerol, 1.4 ml of p = 1.33 CsCl in 36% 
ylycerol. ancl 1.4 ml of p = 1.25 CsCl in 
0.02 .l4 Tris-HCI buffer, pH 7.4. The ceIl 
lysate (1.5 ml) was loacled on top of the 
gradient and the gradient was centrifuged 
for 3 hr at 35,000 rpm in a Beckman SW 50 
rotor. Mature and young virions, p = 1.345, 
banded at  the top of the p = 1.45 layer. A 
banc1 of light IM particles was obtained on 
top of the p = 1.33 layer and the virus 
soluble componeiits remained in the top 
zone at the limit of the p = 1.25 layer. 

Antisera. Rabbit polyspecific anti-HAd2 
virion protein component senim and rabbit 



monospecific anti-IIIa serum were obtained 
as clescribed in the preceding paper (Lemay 
et al., 1980). 

Two-dimensional (BD) im)nztnoelectro- 
phoresis. Two-climensional immunoelectro- 
phoresis was carried out according to a 
moclification of the basic technique of 
Laurel1 (1965). and has been describecl 
in detail elsewhere (Martin et al., 1978). 

I)~onlotoprecipitatioiL. Aliquots, 10-20 
pl, of [3sS]methionine- or [14C Jvaline- 
labeled antigen solutions were mixed with 
15 pl of preimmune or immune rabbit 
serum and 60 pl of NET-N buffer (50 mCI 
Tris-HC1, pH 7.5. 150 m , C l  NaCl, 5 ml1 
Na EDTX, 0.059 Nonidet-P40, 0.02% Na 
azide) supplemented with 0.02% bovine 
serum albumin, and incubated at  4" for 
18 hr. Immune complexes were adsorbed 
to inactivated Staphylococcus aureus cells 
(Cowan 1 strain, Kessler, 1975). An aliquot 
(10 pl) of a 30% (w:v) washed S. aureus 
ce11 suspension in NET-,\S buffer was added 
to the immune precipitation mixture and 
incubated for 30 min at room temperature. 
S. aurezts cells \trere pelleted by centrifu- 
gation and labeled antigens were extracted 
by heating the ce11 pellet in 25 pl of SDS- 
urea sample buffer for 2 min at  100" and ana- 
lyzed directly on SDS-polyacrylamide gel. 

Analytical SDS-Polyacrytamide Gel Elec- 
trophoresis 

Samples were dissolvecl in an equal vol- 
ume of sample buffer (0.0625 AM Tris- HCl, 
pH 6.8, containing 6 ,M urea, 4% SDS, ancl 
10% 2-mercaptoethanol) and heated for 2 
min a t  100". Polypeptides were analyzed 
in an SDS-containing 15.5% polyacrylamide 
gel (acrylamide: bysacrylamide, 50:0.235) 
overlaid by a 5% spacer gel (acrylamicle: 
bisacrylamide, 00:1.33) in the cliscontinuous 
buffer system of Laemmli (1970). The gels 
were stained with Coomassie brilliant blue 
R-230. clried uncler vacuum, and exposed 
to Kodak Kodirex film. 

Complementatio?~ Tests 

HeLa ceIl monolayers were doubly 
infected at  an input multiplicity of 5 PFU 
of each of two ts mutants per cell. Xfter 
2 hr adsorption at 33'. unadsorbed virus 
was rinsed off and the cells were treated 

for 30 min with an antiserum against 
HAtl2 virion, at  c( clilution of 1:100-1:200. 
The cells were rinsecl again and further 
incubated a t  39.5' for an aclclitional period 
of 40 hr. Control ce11 cultures ivere singly 
infected in parallel with 10 PFU of each 
mutant per cell. At the end of the incu- 
bation period, the cells were scrapecl from 
the dishes into the culture medium, dis- 
ruptecl by three cycles of freezing and 
thaiving, and the virus production was 
titrated using the fluorescent focus as- 
say at 33". 

Complementation iiitlex (CI) \\.as given as 
the ratio of yielcl of the double infection 
to that of the higher of the two single 
infections at  39.5' expressed as PFUJml. 
Complementation was consiclered as posi- 
tive when the CI was at least 10 (Wil- 
liams et al. ,  1971; Martin et al., 1978). 

Co7nparative Fin gerprint ing 

Comparative fingerprinting of 67,000 
(67K) precursor (PIIIa) and the 66K 
protluct (IIIa) were carriecl out on protein 
bands isolated from SDS-polyacrylamicle 
gel and pai-tially hydrolyzetl with increas- 
ing amounts of protease (Cleveland et al., 
1977). 

Proteasea 

Stnphylococcus aztrezts protease V8 was 
purchased from Miles Laboratories (Slough, 
U. K.). Aminopeptidase N and leucine 
aminopeptidase were purchased from Boeh- 
ringer (Mannheim, BDR). Labelecl protein 
samples were hydrolyzed with 0.02, 0.05, 
0.10, and 0.20 pg of enzyme, respec- 
tively. Sorne samples were hydrolyzed with 
a mixture of the three enzymes in the 
same amounts. 

Protein 

Protein concentration was assayed by the 
methocl of Lowry et al. (1951), using bo- 
vine serum albumin as the standard. 

It should be notecl that the clistinction 
between cytoplasmic and nuclear extracts 
was purely strategic, and that nuclear leaks 
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FIG. 1. Autoradiogram of SDS-polyacrylamide 
gel of WT-HAd2 induced polypeptides in KB cells. 
Cells were pulselabeled with [JsS]rnethionine for 
1 hr at 18 hr p.i. and chased for 20 hr. (a, d, g) Pulse 
in mwk-infected celis: (b. e. h) pulse in HAd2- 
infected cells; (c. f, i) chase in HAd2-infected 
cells. (a-c) Whole ceIl extracts; (d-f) cytoplasmic 
extracts: (g-i) nuclear extracts. Anode is at the 
bottorn. The arrows indicate the change in migra- 
tion of IIIa polypeptide. 

were not considered. Nuclei were prepared 
as follows; cells were swollen in hypotonie 
reticulocyte standard buffer for 10 min a t  
O". and disrupted by three strokes of a 
tight-fitting glass Dounce homogenizer. A 
pellet was obtained by centrifugation at  
1000 g for 15 min, referred to as the nu- 
clear extract, whereas the supernatant was 
referrecl to as the cytoplasmic extract. 
Both nuclear and cytoplasmic extracts 
were dissolved, with heating, in an equal 
volume of SDS-sarnple buffer and ana- 
lyzed in SDS-polyacrylamide gel. 

RESULTS 

The stoichiometry of protein IIIa in 
mature adenovirions was studietl by two 
clifferent methods: (i) scanning of the auto- 
radiograms of several gel tracks of freahly 
prepared. SDS-urea- mercaptoethaiiol-dis- 
sociatetl, [i4C]valine-labeled HAd2 particles 
as shown in Figs. 2b anti c. The arnount of 
IIIa was determined in relation to protein 
IV (IV being the polypeptide subunit of 
the Aber). This gave an average value of 

1.88 +: 0.05 for the ratio of label in bands 
IIIa: IV. Assuming a rnolecular weight of 
66K for the IIIa polypptitle unit. ancl of 
62K for the IV polypeptide unit (Antler- 
son et al.. 1973), n value of 61.6 2 1.8 
copies of IIIa per virion was calculated. 
No correction was made for the cliffering 
valine content of IIIa (Lemay et al., 
1980) ancl the other virion components. 
but valine seems to be evenly distributed 
among the virion proteins, when compari- 
son is made between amino acicl composi- 
tion of total HAclZ virion and major cap- 
sid proteins (Philipson and Pettersson, 
1973). 

(ii) The seconcl method was quantitative 
estimation by 2D immunoelectrophoresis of 
IIIa and fiber polypeptides contained in 
aclenovirions clissociatecl with 0.5% Na- 
cleoxycholate (DOC) for 90 sec at 56". 
The 2D immunoelectrophoresis technique 
has been shotvn to be a useful method 
for quantification of HAd2 soluble com- 
ponents (Martin et al., 1973, and to quan- 
titate antigenic components of the adeno- 
virion, such as the penton base (Bouclin 
et al., 1979). Using clifferent concentra- 
tions of virion-extracted, DOC-treated IIIa 
as stanclarcls. reactetl against a polyspecific 
anti-HAtl2 virion serum, it was possible to 
obtain calibration curves giving the amount 
of protein IIIa in a given immune pre- 
cipitate peak. The protein content of the 
standard samples was cleterrnined by the 
method of Lowry et al. (1951) and the 
encloseci surface area of the precipitates, 
expressed as square millimeters, obtained 
by autornatic quantitative image analysis 
(Boudin et al.,  1979). Sirnilar calibration 
curves were obtaineti with purified. DOC- 
treatecl fiber reacted against the same 
antiserum as that used for IIIa calibra- 
tion. This immunological methocl of assay- 
ing the antigenic content of HAdZ virions 
gave a value of 1.90 2 0.07 for the ratio of 
IlIa: fiber in DOC-treated virus particles, 
viz. a value of 62.3 2 2.5 copies of IIIa 
per virion. For immunological reasons given 
below, a stoichiometric study of IIIa in 
IitI particles was only possible with the 
gel scanriing method. This method gave a 
ratio of IIIa: IV of 1.78 r 0.05 for the 1.315- 
IN particie. corresponcling to a nurpber of 
about 5 IIIa subunits per apex projection 
(4.85 rc 0.15). 
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FIG. 2. Polypeptide analysie of WT-HAd2 and H2 ts 112 particles labeled with r2P]orthophosphate (a) 
or [3SS]methionine (b-j). (a. b) 1.315-IhI particle of H2ta Il?: (c, d) WT-HAd2 mature virion; (e, 1) 1.37- 
IM particle of IVT-HAd2: (g) 1.345-young virion of HZ ts 112 after 1-hr pulse-labeling a t  39.5' and 2-hr 
chase a t  33"; (h) HZ ts 112 1.315-IM; (i) 1.25-young virion of Hz ts 112 after 1-hr pulse at 39.5" and &hr 
chase at  33': ( j )  H2 ts 112 1.315IM obtained a t  39.3. Slot (f) is the same a.9 (e) with a prolonge4 time of 
exposure on hlm. Slots (g) and (i) represent two (liîferent stages of young virion maturation. as shown by 
the different degree of processing of P-VI1 into VII. Slots 4-f have been PPO impregnated. 

Evi&nce f m  Processing of Protein I I Ia  
during the HAd2 Infectious Cycle 

As shown in Fig. lb,  SDS-gel analysis 
of extracts of whole KB cells infected with 
HAd2 and pulse-labeled with [35S]methio- 
nine for 30 min at 18 hr p.i. revealed 
the presence of the well-defined HAd2 
virion components II, III,  IIIa, IV, V, IX 
(Everitt et al., 1973), virion component 
precursors P-VI, P-VI11 (Ishibashi and 
Xaizel. 1974; Oberg et al.. 1975). and P-VI1 
(Anderson et al., 1973). and nonvirion 
proteins such as the lOOK species and 
the 72K DNA-binding protein (Van der 
Vliet and Levine, 1970; Anderson et al., 
1973; Linnb et al., 1977; Van der Vliet 
et al.. 1978). 

After a chase of 20 hr, the cleavage prod- 
ucts appeared, viz. VI, VIII, and VII, 
whereas the apparent molecular weight of 
the 72K protein shiftecl to 75K (Fig. lc). An 
increase in incorporation of label into the 

major bands II (hexon polypeptide), I I I  
(penton base), IV (fiber), V (core-1 protein), 
and IX was also observed. 

The increase of radioactivity in bancl IV 
masked a slight change in the migration 
of IIIa, which superimposed with band IV 
in the chase pattern. This decrease in 
apparent molecular weight of IIIa, chang- 
ing from 67K to 66K, was clearly visible 
in the chase pattern of cytoplasmic and, 
especially, nuclear extracts (Fig. li), in 
which the bands IIIa and IV were better 
resolvecl. 

Molecz~lar Weight of the IIIa Polypeptide 
in HAd2 Virion 

The apparent molecuiar weight of the 
IIIa polypeptide unit was compared in the 
mature virion (MV) and IM particles. Two 
classes of IN particles were extracted 
from WT-infected ce11 nuclei and isolated 
on sucrose and CsCl gradients after re- 



versible fixation: light IM banding at  
p = 1.315, and heavy IM at p = 1.370 
(D'Halluin et al., 1978a). The 1.315-IM 
accumulated in H2 ts 112-infected cells 
maintained at nonpern~issive temperature 
(D'Halluin et al..  1978b). Young virions 
(YV) \rrere obtained by pulse-labeling cells 
infected with HI  ts 112 for 30 min at 
18 hr p.i. a t  39.5" and chasing a t  33" for 
2 hr. The peak of raclioactivity at  p = 1.345 
in CsCI corresponds mainly to young virions 
containing partially cleaved precursors 
(Eclvardsson et al . ,  1976; D'Halluin et al., 
1978a). 

Figure 2b shows that the 1.315-131 par- 
ticles contained a polypeptide of 67K in 
place of polypeptide IIIa (66K) present in 
mature virions (Fig. 2c). The 1.370-IM 
particles also possessed a 67K species 
(Figs. 2e, f). YV particles of Hf? ts 112 
obtainecl after a 2-hr chase at 33* showed 
a partial cleavage of the precursors P-VI. 
P-VIII, and P-VI1 (30-50% of P-VI1 was 
cleaved into eore protein VIX), the disap- 
pearance of a 50K species, possibly a 
maturation protein (D'Halluin et al., 1978a, 
b; Persson et al., 1979), and the appear- 
ance of core protein V. In addition to 
these modifications, some 67K was still 
visible, whereas a 66K polypepticle cor- 
responding to I l  Ia aypeared (Fiy. 2g). 

At a later stage of evolution of the YV 
particles into MV particles, when 70-80% 
of the P-VI1 was cleaved into VI1 (8-hr 
chase at 33"). no trace of 67 K polypep- 
tide remained visible (Fig. 29. The appar- 
ent processing of 67K into 66K seemed, 
therefore, to occur at  a faster rate than 
that of P-VI1 into VII. 

Phosphorytation of I I I a  in IiM and MV 
particles 

The change in apparent molecular weight 
of 67K into 66K might represent either 
proteolytic cleavage or a modification, 
such as phosphorylation, of IIIa between 
the stage of IN and MV particles. 32P 
labeling of H2 ts 112 IM particles showed 
that the 1.319-IM particles which accumu- 
lated at 39.5". and which evolverl into 
mature virions upon shift-down (D'Halluin 
et al., 1978b), contain four major phos- 
phoproteins migrating as polypeptides of 
apparent molecular weights 67K. 50K, 39K, 

and 28K. and two minor species of 90K ancl 
%K. respectively (Fig. 3 4 .  This suggested 
that protein IIIa, a major phosphorylateti 
protein in the mature virion (Russell and 
Blair, 19'77) aiid present in phosphorylatetl 
form in 1.315-131 particles, was phospho~y- 
Latecl at an early stage possibly preceding 
its entry into ISI particles. However, 
adclitional phosphorylation might not be 
excludeii. 

The G7K polypeptitle from ["S]inethio- 
nine-labeled H2 WT 1.315-IN particles 
electrophoresetl in SDS-polyacrylamicle 
gel and band IIIa frorn mature virions 
were cut off a stained gel and hydrolyzed 
with different concentrations of S. aureus 
protease V8, and the peptides resulting 
frorn the partial proteolysis analyzed in 
SDS-polyacrylamicie gel (Cleveland et al., 
1977). Figure 3 shows that the peptide 
patterns were similar for 67K and IIIa with 
minor differences in the 20K-21K ancl the 
48K-52K zones of the SDS-gel. These 
pepticle fingerprints hacl no relationship 
with the other major virion proteins such 
as hexon, penton base (not shown), or 
fiber (Figs. 3k-m). 

Antigewicit y of l l l a  i n  IiU Particles 

When 1.315-IM particles of WT. H2 ts 
112, and H2 ts 101 were disrupted with 
DOC and analyzed in 2D imrnunoelectro- 
phoresis. only two antigen peaks were 
found: hexon and fiber (Fig. 4). Neither 
IIIa, penton base, nor complete penton 
were visible. However, polypeptides III 
(penton base) and IIIa were present in 
these particles ancl were cletected in SDS- 
poiyacrylamicle gels (Fig. 2b), apparently in 
the same stoichiometric ratio to hexon and 
fiber polypeptides as in the mature virion 
(Fig. 2c). Similarly, penton base and IIIa 
were not cletected in DOC-treated IM 
particles in double diffusion tests (not 
shown). 

The absence of antigenic reactivity might 
reflect a change in conformational state 
of 67K in the IM, or the masking of 
antigenic cleterminants by other viral corn- 
ponent(s). ["C]Valine-labeled WT 1.315- 
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Frc. 3. Comparative Angerprints in SDS-polyacrylamide gel of 67K from 1.315-IM particle and of 
IIIa from HAd2 mature virion. Gel slices were hydrolyzed in gel with O.OO(a. b), 0 . M  (c, g). 0.05 (d, hl. 
0.10 (e. i). 0.25 pg (f. j) of S. aureus protease V8 for 30 min. (b-f) IIIa: (a. g-j) 67K band: (v) 
control HAd3 virion. For comparison, S. aureus proteaçe V8 fingerprints of HAd2 fiber poly- 
peptide are presented (k-m). Fiber was hydrolyzed with 0.00 (k), 0.05 (1). and 0.20 pg (m) of pro- 
tease V8 in the same conditions.as above. (a-j) and (k-m) are separate gels. Note that the cross- 
linking of the polyacrylamide gel (aerylamide:bisacrylamide, 50:1.33) is used to separate low molec- 
ular weight peptides but is not adequate to resolve the 67K and IIIa bands. 

IM. 1.345 YV. and MV particles were 
therefore disrupted with DOC, then in- 
cubated with anti-IIIa serum and the 
antigen -antibody complexes collected by 
adsorption ont0 S. aureus celis. YV par- 
ticles were obtained by labeling WT- 
infected cells for 1 hr  at a late stage 
after infection (24 hr) and chasing for 6 hr. 
Particles obtained a t  p = 1.345 in CsCI 
contained mainly YV as evidenced by the 
incomplete processing of P-VI1 into VI1 
(Fig. 5f). 

As shown in Fig. Sc, a 6ïK polppep- 
tide was the major antigenic component 
selected from the DOC-clisrupted 131 by 
the IIIa antibodp, along with another 
component of lower molecular weight (56K) 
which migrated in SDS-polyacrylamide 
gel eiectrophoresis as polypeptide IVa2 of 
the mature aclenovirion (Anderson et al. ,  
1973). Traces of hexon polypeptide were 
often visible, and likely corresponcled to 
nonspecific trapping, as suggested by the 
precipitation of similar amounts of poly- 

peptide II with a preimmune rabbit serum 
(Figs. 5cl, i). In YV, IIIa also coprecipi- 
tated with a 56K protein and with discrete 
protein species migrating as virion pro- 
teins II,  III,  V, and as immature virus 
protein 100K, 39K, and P-VI11 (Fig. se). 
Most of these polypepticles were also pre- 
cipitatecl by a preimmune serum (Fig. 5d). 
Anti-IIIa antibody precipitation of corn- 
ponents of DOC-ciisrupted mature virions 
showed three major species corresponding 
to IIIa, V. ancl VII, along with significant 
amounts of 5GK (Fig. 5h). Stoichiometric 
analysis performetl by gel scanning re- 
vealetl that 8-10 copies of VI1 were 
precipitated per copy of IIIa. 

Te?nperntu?.e-Se?~.sitire ,lZi~tants of' HAd2 
atad HAd.5 Plter~ot ypically Illa !Vega- 
tive and Blocked in Virion Morpho- 
genesis 

HZ ts 58 has been ahown to map in the 
region of the HAd5 genome corresponding 
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FE. 4. Two-dimensional immunoelectrophoresis 
pattern of 1.315-151 of H2 t s  101 disrupted with 0.5% 
deoxycholate (DOC). Peak 1 corresponds to hexon 
antigen. peak 5 to fiber antigen. No penton base. 
complete penton. nor IIIa peak was visible. The 1.315- 
131 ivere purified without fixation. The same pattern 
was obtained wvith 1.31S.IY of HZ h 112. 

to IIIa gene (Frost and Williams, 1978). 
The mutant is blocked in virion morpho- 
genesis and accumulates empty particles at  
nonpermissive temperatures (Edvartlsson 
et al., 1978). Three other mutants of HAd2 
accumulating the same type of empty par- 
ticles were stuclied in cornplementation 
tests with the H6 ts 58: H2 ts 112 (D'Hal- 
luin et al., 1978b), H2 ts 101 (Martin 
et al., 1978), and H2 ts 4 (Khittoo and 
Weber, 1977). As shown in Table 1, these 
four mutants fell into three complementa- 
tion groups, H2 Cs 4 and HZ ts 112 
belonging to the same group. 

Extracts of cells infected with each of 
these mutants at permissive (33") or non- 
permissive temperatures (39.5") were stud- 
ied antigenicaliy in 2D immunoelectro- 
phoresis. Figure 6 shows that for these 
mutants the amount of soluble IIIa anti- 
genic component was reduced. and was 
almost totally absent in extracts of Hz ts 4 
cultured at 39.5'. The serological pheno- 
type was therefore IIIa negative for these 
four ts mutants blocked at  a late stage of 
virion morphogenesis. 

virions, as calcuiatetl from data obtained 
by t ~ v o  different methocls: (i) scanning of 
[14C]valine-labeiecl virioii polypeptitles elec- 
trophoresed in SDS-polyacrylamide gel 
and estimation of the arnount of I I Ia  
relative to fiber; (ii) 3D immunoelectro- 
phoretic quantitation of IIIa antigen in 
DOC-clisrupted virions. Both methocls gave 
similar results. In the topographical moclel 
of the HAcl2 virion proposecl by Everitt 
et al. (19751, IIIa was placed at each of 
the 12 vertices of the virus icosahedron, 
having contacts with both penton base ancl 
peripentonal hexona. and iras outwardly 
accessible. The number of 60 IIIa copies 
per HAd2 virion suggests that there is one 
molecule of IIIa per each of the five penton 
base subunits (Bouclin et al., 1959). In the 
prececling paper (Lemay et al . ,  1980) it has 
been shown that IIIa is a sphericaf mole- 
cule consisting of one polypeptide unit of 
65,500 daltons. No disulficle bond \vas 
formecl between IIIa and either the hexon 
or pentoii base polypeptide units. A diag- 
onal migration of polypeptide spots $vas 
obtained in two-dimensional SDS-poly- 
acrylamicie gel when HAd2 virion was 
dissociated with SDS-urea sample buffer 
in the first dimension gel and with or 
without 2-mercaptoethanol in the second 
dimension (data not shotvn). 

Pulse-chase experiments of KB cells in- 
fected with WT-HAcl2 suggested a rnoclifica- 
of the IIIa poiypepticle, with a change in 
apparent molecular weight from 67K to 
66K. This modification was tlifficult to see, 
due to the chase of label into the neighbor- 
ing major fiber polypeptide (Fig. 1). The 
same moclification \vas observed at a late 
stage in the assernbly pathway of HAcl2 
virions when a 67K polypeptide resent in 
131 particles of p = 1.316 and 5.3'7 dis- 
appeared during the maturation of YV 
particles ( p  = 1.345) to MV particles. The 
following sequeiice of events has been sug- 
gested: 1.31.5-IM -. 1.37-IN1 4 1.345-YV 
-. 1.345-&IV (D'Halluin et al., 1978a). 

The 1.315 IM particles of HZ ts  112 
accumulating at 39.5' evolve into mature 
virions upon shift-down to 33' (D'Halluin 
et al.. 1978b).Vhoi H2 t.9 112-infectecl 

DISCUSSION cells were pulse-laoeled at 39.5" and chased 
at 33", label appeared in 1.345-YV, and 

Xpproximately 60 copies of component the change in appareiit molecular weight of 
II la were estirnated to occur in HA& IIIa became even more visible, with the 
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Frc. 5. Anti-IIIa immunoselection on S. aureus cells of capsid antigens from DOC-clisrupted 
particles, (a) Top components of WT-HAdL; (b) control HAdl virion: (c) DOC-treated top components 
of WT-HAd2 incubated with anti-IIIa serum; id) DOC-treated young virions (YV) incubatecl with a 
preimmune serum; (ei DOC-treated YV-incubated with anti-IIIa; (f) control YV; (g) control mature 
virions; (h) DOC-treated mature virion incubated with anti-IlIa; (i) DOC-treated mature virion incu- 
bated Mth preimmune serum. 

simultaneous presence of the 67K precursor 
ancl 66K product in some YV particles 
(Fig. 2). The precursor -, product relation- 
ship between the 67K and 66K (IIIa) 
polypepticles \vas demonstrated by finger- 
printing iii SDS-polyacrylamide gel (Fig. 
3). In the HAd2 ts 3 mutant in which'the 
mutation affects the group of proteins 
II la-V-80K, it has been already observed 
that IIIa resolved into severai bands mi- 
grating between 6ûK and 66K (Weber et al., 
1977). 

The possibility of a modification such as 
phosphorylation 'of 67K to explain this 
molecular weight change is unlikely since 
the 67K species was already phosphoryi- 
ated in the 1.315-134 (Fig. 2a). In addition, 
phosphorylation of the 72K single-strand 
DNA-binding protein (Linné et al., 19'77) 
resulted in an apparent increase in rnolec- 
ular weight, from 73K to 75K. However, 
a difference in the clegree of phosphoryla- 

tion between the 67K and 66K species or 
some other motlification might provoke the 
migration shift observed (Fig. 1). A pro- 
teolytic cleavage, removing 10- 15 amino 
acid resiclues, might be an alternate ex- 
planation. Since glycine has been found at  

TABLE 1 

COMPLEMENTATION INDlCES BETWEEN Hia-DE- 
F E ~ V E  ts MUTANTS OF H2 AND H5 ADEND. 
VIRUSESa 
- 

Mutant H5 ts 58 HZ 1s 4 H2 1s 101 H2 1s 112 

H5Is 58 - 3235 96 30 
H2 ta 4 - - 382 3 
H2 t~ 101 - - - 35 
H2t8113 - - - - 

Complementation indices (CI) werecalculated from 
the virus yields. As indieated under Materials and 
Jlethods. complementation was considered as positive 
when the CI was 210. 



J FIG. 6. Two-dimensional immunoelectrophoretic pattern of cells infected with differents ts  mutants 
type 2 and 5 adenoviruses. at permissive (33") or nonpermissive (39.5') temperatures. Peak 1. 
hexon antigen: peak 2, kee penton base: peak 3, complete penton with both Aber and penton base 
antigenic determinants; peak 1. antigen IIIa: peak 5, free fiber antigen. The decrease of IIIa peak 
between the 33 and 39.3 patterns is obvious. Note that the anti-HAd2 serum reveals only group- 
specific antigens heron. penton base. and IIIa in HAd5 pattern. 



the N terminus of virion-estractecl IIIa 
(Lemay et al., 1980) this cleavage would 
occur at  the 3-terminal end of the 67K 
polypepticle chain, as in the case of P-VI1 
(Sung et al., 1977) and of P-VI (Sung 
et al., 1958). However, some proteolysis 
at the C-end could not be exclucled. 
The precursor to IIIa woulcl be proc- 
essed cluring the maturation of YV par- 
ticles at  a faster rate than P-VI1 (Fig. 2), 
possibly by a virus-coded, or virus-induced- 
protease (Weber, 1976; Bhatti and Weber, 
1978). 

Although polypeptide 67K [vas present in 
131 particles (Fig. 3, no IIIa antigen was 
detectable in ZD immunoelectrophoresis of 
DOC-disrupted IX particles (Fig. 4). It 
should be noted that these particles were 
not fixed prior to purification and DOC 
treatment and that a modification of the 
antigenicity due to the fixation prweclure 
cannot be invoked. Several explanations 
might be proposed: (il The 67K precursor 
to IIIa had an antigenicity different from 
that of the IIIa product; (ii) the anti- 
genic sites canied by the 6'iK species dici 
not resist the DOC treatment of the IM 
particles; (iii) some or al1 of the anti- 
genic determinants of the IIIa precursor 
were masked by another virus component, 
the linkage of which resisted DOC; (iv) 
t hese different hypot heses are not mutually 
exclusive. 

It was found that IIIa antigenic com- 
ponent present in the ce11 pool of HAd2 
capsid components resisted DOC treatment 
(not shown). rvhich excludes the second 
hypothesis. The possibility of another viral 
component binding to IIIa, with the re- 
sultant masking of IIIa antigenic sites, 
was explored by immunoprecipitation of 
DOC-disrupted virion and IM particles by 
anti-IIIa serum. A major protein of 56K 
daltons was always found coprecipitated 
with IIIa when immunoprecipitation was 
performed with DOC-treated IM particles 
(Fig. 5). The migration of this protein 
in SDS- polyacryiamide gel corresponcled 
roughly to that of IVa2, a minor poly- 
peptide of mature virions (Anderson et al., 
1973). The possible presence of contaminat- 
ing anti-IVd antibody in the antiserum 
was unlikely since IVa2 was never co- 
precipitated with IIIa from infected ce11 
extracts. The same 56K species was found 

coprecipitated with IIIa from DOC-clis- 
rupted YV and >IV particles (Fig. -5). Since 
IIIa is antigenically fully expressed in 
mature virions (Lemay et al . .  1980), the . 
hypothesis of antigenic determinant mask- 
ing by the 56K polypeptide might be 
rulecl out. However the possibility of 
proteolytic breakclown of IIIa generating 
a major 56K species cannot be esclucled. 

These results suggest that some of the 
antigenic cleterminants present in IIIa are 
absent from the 6 f K  precursor. Never- 
theless, sufficient antigenic sites remained 
available on the 67K precursor to produce 
soluble complexes trith anti-IIIa antibody 
selected by adsorption ont0 S. aureus 
cells, although insufficient to generate an 
antigen-antibocly lattice within the agarose 
gel. This change in antigenicity might 
reflect a clifference in three-climensional 
structure between 67K and IIIa relative 
to the proteolytic cleavage. Similar mocli- 
fications of penton base antigenicity upon 
maturation have been observed and studied 
in detail elsewhere (D'Halluin et al., 1980). 

Coprecipitation of significant amounts of 
VI1 ancl V ~ 4 t h  IIIa antiserum suggests 
a neighbor relationship between IIIa and 
the core proteiti VI1 in MV particle, 
conlkming previous results of chemicat 
crosslinking of IIIa ancl VI1 within the 
virion of HAd2 (Everitt et al., 1975). 
In acldition, the data indicate a major 
difference in the structure of capsid vertices 
between YV and MV particles. Although 
results of immunoprecipitation have to be 
interpreted carefully, stoichiometric analy- 
sis by gel scanning revealed that 8-10 
copies of VI1 were coprecipitated per 
copy of IIIa. 

As IIIa might be irnplicatecl in capsid 
morphogenesis, several adenovirus ts mu- 
tants clefective in virion morphogenesis 
(Hi5 ts .58, H2 ts 4, HZ ts 101. and H2 ts 112) 
were studied: al1 apparently phenotypically 
IIIa defective at 39.5" (Fig. 6). The mu- 
tants fell into three complementation 
groups, one containing both HZ ts 4 and H2 
ts  112. Only H5 t s  58 has been mappecl 
precisely in the IIIa region (Frost and 
Williams, 1978). The H2 ts 4 mutation has 
been locatecl in the IIIa-V gene region, 
and a mutation in core protein V has been 
suggested (Khittoo and Weber, 1977). All 
these mutants accumulate empty particles 



at 139.5" and. for Hf! ts 101 and H2 ts  I l? ,  
these particles have been shown to be as- 
sembly intermetliates evolving into mature 
virions upon shift-down to 33" (D'Halluin 
et al . ,  1978b; Martin et al., 19'78). 

The absence or clecrease of the antigenic 
component peak in 2D immunoelectropho- 
resis patterns woulcl reflect, therefore, a 
block in the maturation process of acleno- 
virus I>I particles. with no maturation 
cleavage of the precursor (PIIIa) to IIIa,  
and PIIIa  remaining in the ce11 pool and 
in the 131 particle as  a weakly antigenic 
67K protein species. Thus the absence of 
detectable IIIa antigen in 2D immuno- 
electrophoresis woulcl be equivalent to the 
absence of cleavage of P-VI1 to  VII, as  
observed in SDS-polyacrylamide gel for 
assembly-defective ts mutants (D'Halluin 
et al., 19'78b), or for systems inhibiting 
the virion assembly (Warocquier and 
Boulanger, 1976). 
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EFFECTS OF N O V O B l O C l N  ON ADENOVIHUS 

DNA SYNTHESIS AND E N C A P S I D A T I O N  

Jean-Claude D'HALLUIN, M i c h è l e  MILLEVILLE 

a n d  P i e r r e  BOULANGER 

ABSTRACT 

Novob ioc in ,  an  i n h i b i t o r  o f  [)NA gyrclse imp l  i c a t e d  i n  b d c t e -  
r i a l ,  and I i k e l y  mammal iitn, chronlosome r e p l  i c a t i o n ,  i n h i b i t e d  
t h e  i n i t i a t i o n ,  b u t  n o t  t h e  e Iongc \ t  i o n  o f  human adenov i r u s  DNA 
r e p l i c a t i v e  s y n t h e s i s .  The i n h i b i t i o n  was p a r t i a l l y  r e v e r s i b l e ,  
even i n  t h e  p resence  o f  p r o t e  i r r  syn t t \ es  i s i r ~ h  i b i  tor .  Novob ioc  i n  
i n h i b i t e d  a l s o  t he  e n c a p s i d a t i o n  o f  v i r c i l  !)NA, and  t h i s  e f f e c t  
was i ndependent o f  t h e  b l  ock  i n  DNA r e p l  i c a t  i o n .  i t was sugges- 
t e d  t h a t  n o v o b i o c i n  a c t e d  on  t w o  d i l . f 'c rc .nt  i u n c t i o n s ,  one i n v o l -  
ved  i n  v i r a l  DNA r e p l i c a t i o n  i n i t i a t i o n ,  t h e  o t h e r  i n  DNA 
e n c a p s i d a t i o n .  



enzymat i c  systeni  s ini i  I d r  t o  blic-t ei. I '1 1 :jyi.cr3ib c- i>i iver*ts t h e  DNA ' 
temp l a t e  t o  a  negot  i v e  1 y superco  i l e d  cor\ t 'ormat i o n  necessar  y For 1 

t h e  i n i t i a t i o n  o f  new DNA s t r a n d s  ( 6 ,  7 ) .  Comparison o f  novob io -  ~ 
c i n  e f f e c t s  on UV- and X- ray- induced darriac~e i n  e u c a r y o t  i c  DNA 

Novub i oc i n h<ia buc i i  I'oi,iii1 t o  i iili I 1, i + t lii* i 11 i t i 'it i o r i  01. IJNA ! 

a l s o  s u p p o r t s  t h i s  assumpt ion  ( 8 ) .  

r e p l i c a t i o n  i n  b a c t e r i a  (1, 2 )  and i n  marnnial i a n  c e l l s  ( 3 ) .  
Genet i c  and b i ochem i c a  1 ev i dence i nd i c ù t  e s  t h a t  novob i oc i n  

b l o c k s  t h e  b a c t e r i a l  DNA gy rùse  ( 2 ,  41, ù r r  crizyme wh ich  yencra-  

t e s  n e y a t  i ve  superco  i 1 s i r i t o  t r a r r s  i c h r i t  l y  r.e l ùxed  DNA. t t seemed 

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

c o i  l i n g  was r e q u i r e d  f o r  t h e  i r i i t i ù t  ior i  ol '  I I N A  r c p l  i c a t i o n  ( 5 ) .  

P r e l i m i n a r y  r e s u l t s  of' temperat i l r* t? s h i f ' t - u p  w i t h  a d e n o v i r u s  

tempera ture-sens  i t i v e  (ts) fnuta i i ts  dpl 'c>ct t ve  i n  v 1rù1 DNA syn the -  

s i s  a t  r e s t r i c t i v e  ternper-atur-e ( 9 )  I~~ivca s u y y e s t e d  t h a t  v i r i o n  

morphogenes i s  and v  i r a  l DNA s y n t h e s  i s ~ir .c~ r.ch l <itc.d ~>ti(:riornc~ric,. Ttic 

aim o f  t h e  p r e s e n t  s t u d y  W ~ S  t o  analyzc. t t i c .  cbl't'ects 0 1 '  novob io -  

c i n  on t h e  s y n t h e s i s  O F  a d e n o v i r u s  DNA, RNA and p r o t e i n s ,  and t o  

de te rm ine ,  w i t h  t h e  a i d  ol' ts-lr iutcir i ts b l o c k c t l  iii v i r - i o r \  mor.ptioye- 

nes i s,  and of '  DNA-r\cyùt i vc  t s - r i i u t ~ i \ t s ,  wl ie t l \er  i t i s  the  i n i t  i a- 

t i o n  s t e p  o f  DNA r e p l  i c a t  i o r ~ ,  o r  a  novob ioc  i r i -sens i t i v e  conformù-  

t i o n a l  s t a t e  o f  t h e  DNA n io lecu le  w t ~ i c t i  i s i n d i s p e n s a b l e  l 'or  

v i r a l  DNA e n c a p s i d a t i o n .  

, 

Recent exper  i ment s us i n g  novoh i oc i 11 c ~ r i t l  i iit cbr-cd l ù t  i ny  dye e t h  i - 
diuni  bromi de I 'avor t t i e  tiypot1ic.s i s t li.rt III III~II~IIII,I l i ,II\ 1-tb I I [)NA, ùrl 1 



MATERIALS AND METHODS 

Cel 1s - 
KB ce1 1s were c u l t u r e t l  i r r  suspcr is ior i  ù t  2 . 5  - 5.0 x  10 5 

ce1 Is /mI  i n  s p i n r l e r  mcdiutn F 13 (Gr-cirici I s I t i r i d  B i o I o c ~ i c c i l  CO.,  
Grand I s l a n d ,  N .Y . )  supplemented w i t h  5 p e r  c e n t  horst? serurn. 
HeLa ce1 l s  were grown as mono layers  i n  E d g l e t s  min ima!  e s s e n t  i a l  
medi um, c o n t a  i n  i n g  10 p c r  cecit C J  l l' stbi-uiii. 
d t  

V I ' r u s  

W i l d - t y p e  (WT) huinan a d e n o v i r u s  t y p e  2 ( H L )  was p r o p a g a t e d  
o n  KB ce  l l sp i n n e r  C U  l t u r e s  a t  37°C. Ttir t  H2 t c i i i pe ra tu re -sens i  t i- 
ve  m u t a n t s  used i n  t h i s  work, H 2 t s I I 1 ,  112, and 114 were 
i s o l a t e d  i n  our  l a b o r d t o r y  a f t e r  r l i t r -o i i s  ~ C - I L ~  t r e ~ t m e n t  O F  a  WT 
s t o c k ,  and c h a r a c t e r - i z e d  ( Y  - 1 1 ) .  Ili(. NSts30 wàs k i n d l y  sup- 
p l i e d  b y  J.F. W i l l i a m s  ( 1 2 ) .  The t s  rriutririts were p r o p a g a t e d  on 
HeLa ce1 l mono layers  a t  3 3 O C .  I r i l ' e c t c v i t y  wùs assayed by  t h e  
p l a q u e ,  method on HeLa c e l l s ,  a t  37°C I 'or t h e  WT, a t  3 3 O C  f o r  t h e  
t s  mu tan ts .  The n o n p e r m i s s i v e  temperc i tu re  wùs 3 Y . S ° C .  A v i r u s  
c y c l e  o f  40 h a t  37 o r  39.S°C corrcsponcts a p p r o x i m a t e l y  t o  a  
p e r i o d  o f  96 h a t  3 3 O C  ( I I ) .  
-2 

R a d i o i  so topes  and l a b e l  i ng c o n d i  t io r is  

( 3 5 ~ )  m e t h i o n i n e  (O00 t o  700 Ci/ i i i i i io l )  w j a  purchased  f r o m  
t e  l iad iochemica  I Ceritrci (Arnersticini, I1 .K .  ) .  ( H )  t t i yn i i d i  rie and tr ( H ) - U r  i d  i ne ( 30 C i /ninio l ) wcr-c! pui.clrùsctd 1'1-ci111 t l i e  Corrimi sscir i rit à 
I ' Energ i e  Atom i que (Sac I cty , Frdric-e) . Labr! l i n o  wàs p e r  f'orrned i n  
HeLa c e l l  monolayers,  i r i l ' e c t c d  w i t t i  WT o r  t s  m u t a n t s  a t  a  
m u l t i p l i c i t y  o f  i n f e c t i o n  ot' 50 t o  100. 

3 3 V i r a l  DNA o r  RNA wos I a b e l e d  w i t t i  ( ' H )  t t ,ymid i i ie  o r  ( - y )  
u r i d i n e  a t  5 kCi /mi  . I n  p u I s t ~ - c I i t i s t ~  c x ~ ~ ~ ~ i ~ i ~ i i ~ : r ~ t s ,  5 X 10 M 
c o l d  t h y m i d i n e  (Sicinid Ct\c~trii(.ùIs C o . ,  S t  Lou is ,  M o . ) ,  wc)s ddded 
t o  t h e  ce  l 1 CU l t u r e .  mat ut-e v  i r i o n s  ùnd assernb I y  i nterrned jtte p a r t  i c l e s  were p u l s e - I ù b e  1r!c1 t r i  pt-otcbiris w t  t t i  5 p C i / m l  01' ( S )  
m e t h i o n i n e ,  i n  a medium co r l t c i i r i i ny  2 . 5  p c r  c-ent oF t he  c o n c e n t r a -  
t i o n  o f  m e t h i o n i n e  i n  nornicil riic!diurn. 

i t  
i s o l a t  i o n  o f  ma tu re  v  ir io r is  (MV) .rritf cissernbly i n t e r m e d i a t e  

p a r t i c l e s  ( I M ) .  

l n f e c t e d  ce1 l s  were w st ied w I t h  c o l d  p h o s p h a t e - b u f f e r e d  3 sa1 ine,  suspended a t  5 X 10 c c I  Is / rs l  i n  r - c ? t i c u l o c y t e  s t a n d a r d  
b u f f e r  (0 .01  M T r i s -HCI ,  pH 7.4, 0.01 M N ù C I ,  0.0015 M My C l Z )  
and l e f t  f o r  10 m in  a t  O°C. T r i t o ~ i  X - 100 was added u p  t o  a  
f i  na I c o n c e n t r a t  i o n  o f  0. 5 p e t *  c.c.irt , e i i r t i  ttic? ce  l l s were d i  s r u p -  
t e d  by 10 s t r o k e s  o f  a t i y t i t l ' i  t t  iiicl I)ouncc g l a s s  homogeni z e r .  
NaC l was added up t o  0.1 M, ùiid t l i t .  c-c l l l y s d t e  was c e r i t r  i t'uged 
a t  1,000 x g f o r  5 min .  The MV arrd I M  c -on ta ined  i n  t h e  p e l l e t  o f  
nuc l e i  were e x t r a c t e d  a s  f'o l l ows ( Il ) . The nuc l e  i were resuspen-  
ded i n  0.05 M Tr i s -HCI  but't'ev, pH 8.0, c -o r \ t ù i r i i ny  0.01 M N ù  E O T A  
(TE b u f f e r ) ,  and m a i n t a  i iietil a t  0°C. Tlic suspens i o r i  was a d j u s t e d  
t o  0.3 M (NH4)2S04, h ~ m o y r n i r r J  In t i ~ t i t - r i t t  i r i y  Dounçe homoyr- 



n i z e r  ( 3  s t r o k e s ) ,  ùrid i r r i r n e t l i ù t e l y  t f i  l r i t e d  w i t h  2 volumes o f  T E  
b u f f e r .  The n u c l e a r  l y s a t e  w d s  t h e r i  c e i i t t - i  f'uyed on a 30 p e r  c e n t  
(w t  : v o l )  suc rose  c u s h i o r i  ~t 10,000 xy I r  10 r n i n .  The v i r u s  
p a r t  i c I es  c o n t a  i  ned i in t l i e !  sui ,or*r i~i t  ,~iit w r    in^ l y z e d  on I i nedr 
s u c r o s e  g r a d i e n t s .  T i  cjr.id i ( % r i t  s ( 2 5  - 40 1rt.t- c e n t  suc-rose, i r i  
0.02 M Na b o r a t e ,  p H  8.0, 0.2 M N ù C I ,  0.01 M N d  EDTA) w e r e  
c e n t r  i f u g e d  a t  85,000 x y ùrid d°C f o r  m in  i n  an  SW 27 
r o t o r ,  over  a cush i o n  O F  C s C  l ( 1.43 9/cir1'?.~ They w e r r  c o l  l r c t c t d  
d r o p w i s e  f r o m  t h e  b o t t o n i  ot' t l i e  tubt!s,  and t t i e  t ' r a c t  ions dssayed 
f o r  a c i d - p r e c i p i t a b l e  r ù d i o d c t  i v i t y  o n  Whùtmcan GF-C f i  l t e r - S .  
M a t u r e  v i r i o n s  s e d ~ r n e n t  a t  700 S, and ùssembly i nterrnedi  a t e  
p a r t i c l e s  a t  600 S ( I l ) .  
+t 

A n a l y s i s  o f  DNA by  zona1  s e ~ i i m e n t ù t i o n  

( b) Cen t r  i f u 9 a t  i ~ ? n  i n a 1 h ù  1 i rie suc:roscb c r d d  I e r i t  . 5 x 10' t o  
1  x 10 c e l l s  susoeirdetl il) 0.1 1111 ol' T r i s - s c i I i r \ e  ---7- 0.15 M NaCl + 
0.01 M Tr is -HCI ,  . p ~  7 . 5 )  w e r e  l oaded  on t o p  o f  ci 5 - t o  20 p e r  
c e n t  a l k a l i n e  s u c r o s e  g r a d i e n t  ( 1 2  m l  t o t a l  volurne) i n  0.3 M 
NaOH, 0.7 M NaCI, 0.01 M Na EDTA, o v e r - l a i d  w i t h  0.4 m l  o f  l y s i s  
b u f f e r  ( 1  M NaOH, 0.05 M Ncj EIITA). A I  ter st,~ibcfii io f o r  16 h a t  
4OC, t h e  g r a d i e n t s  were  c e n t r i f u g e d  a t  4 O C  i n  anSW 41 r o t o r  a t  
35,000 r p m  f o r  5 h .  

( i  i )  C e n t r i f u g a t i o n  i n  r i t ? u t r a I  c o n d i t i o n s .  -.--- A t o t a l  o f  10 6 
c e l l s  were suspendeci i r i  0.01 M F i s ,  0.001 M N d  EDTA,  0.3 M 
NaCI, 0.03 M t r i s o d i u m  c i t r d t e  (pH 7 .4 )  c o n t a i n i n 9  0.5 p e r  c e n t  
Sarkosy  l (C i ba-Ge i y y  ) cind 1 ni?) ot' yraoiit3se (Rocli i-  i r i ye r ,  p r e d  i yes- 
t e d  a t  37OC f o r  3 h  and h e d t e d  f o r  2 m i n  tlt 8S°C b e f o r e  use )  p e r  
m l  and  l y s e d  f o r  3 h  a t  37°C. Lysattbs w e r e  y e r i t l y  p i p e t t e d  On 
t o p  o f  a  5 t o  20 p e r  c e r i t  r l e u t r ù l  sucrose y i - ' id ier i t  ( 1 M NaCI, 
0.01 M Na EDTA, 0.05 M T r i s -HCI ,  O. 1 pc?r c . c h r r t  Sdrkosy 1 ,  p H  7.4)  
and c e n t r  i f u g e d  f o r  5 h  cjt 35,000 rpiii c t t  4 ° C  i r r  an SW 41  r o t o r .  
The g r a d  i e n t  s were co I I c c  t <:cl c i t . o p w  i sc I I  t tie b o t  torii o f  t h e  
tubes ,  and t h e  f r a c t  io r is  w e r e  dssùyed ['or- ac i d - p r e c  i p i t a b l e  
r a d i o a c t i v i t y .  
3t 

E t h i  d i  um bromide t i t r à t  i o n  ol' supcbr-c-oi l s  t i r  v ~ r ù l  IJNA 

WT- in fec ted  c r l l s  urr*e ~ > i i l s c * - I . i l > < ~ I c ? c i  t o r s  2 Ii w i t t i  ( 3 ~ )  
t h y m i d i n e  at 16 h  pos t  i n l ' e c t  i o n ,  ,iii~l t l i e  Icibe l w ù s  chased t'or. 1 
h  i n t h e  absence o r  t h e  preserrc-t? oI' trovobioc i n  c t t  p a r t  i ù I I y 
i n h i b i t i n g  c o n c e n t r a t i o n  (0 .1  rny/ml). 
The ce1 ls were h a r v e s t e d  ùrid 1'1-ùct i ond ted  i n t o  c y t o p l à s m  ùrrd 
n u c l e i  as d e s c r  i b e d  above. The. nuc-1t.i w e r e  r*es\isperrded i n  8 M 
g u a n i d i n e  i n  0.01 M T r i s - H C I ,  p H  7 .5 ,  0 .01 M Nci EDTA, 0.002 M 
2-mercaptoe thano l  ( T E M  bu f ' i ' e r )  for. 30 m i  r i  c i t  0°C w i t h  i n c r e a s  i ng 
amounts o f  e t h i d i u m  b romide  (O to 3 0 p ~ j / r n l ) .  The n u c l e a r  l y s a t e s  
were d i l u t e d  t o  4  M yuan ic j i r ie  w i t h  1 E M  hul'l 'er and nuclear  v i r ù l  
DNA a n a l y z e d  w i t h  adenov i r u s  [)NA ~ i r  ori 5 - 20 p e r  c e r i t  
n e u t r a l  suc rose  g r a d i e n t ,  p r e f o r m e d  i r i  TEM b u f f e r  c o n t a i n i n y  4  M 
g u a n i d i n e  and t h e  same c o i i c e n t r ~ 3 t i u r r  ol' e t h i d i u m  b romide  a s  i n  
t h e  i n c u b a t i o n  m i x t u r e .  The y r - ù d i e n t s  were  c e n t r i f u g e d  f o r  16 h  
a t  25,000 r p m  and 4OC i n  an  SW 41  r o t o r .  



9 
I n h i b i t o r s  

Cyc I ohex i m  i de ( RoeIir* i ctgc?r*, M I ~  i ,  GFH) was u s e d  àt a  
c o n c e n t r a t  i on o f  20 p9/iii 1 , .ir>d tiydr.oxyiir.eir ( S e r v d  L a b o r a t o  i r e ,  
He i de 1 be rg ,  G F N )  d t  10 IIIM. Novol>  i oc i II ( Ro i * l i~*  i 1rric!r* ) w ù s  usc!J C ~ S  

f r e s h l y  p r e p a r e d  s o l u t  i o n s .  Ur\ l e s s  o the rw  i s e  s t a t e d  i n  t h e  t e x t ,  
t h e  usual i n h i b i t i n g  c o n c e n t r à t i o n  wàs 0 . 2  m y / m l .  

RESULTS 

1. l n h i b i t i o n  o f  ce1 1ul.r ciiid v i r - d l  IJNA syrr t t ic?s is  b y  n o v o b i o c i n  

WT- and mock- i n f e c t e d  HeLd  ci? I 1 s wcrse pu I se- I ~ i b e  i ed w i t h  
3 ( H l - t h y m i d i n e  f o r  2 h a t  1 0  II ~ 1 t c . t .  i i i l ' e c t i o r l  i n  t h e  p resence  

o f  i n c r e a s  i n y  c o n c e n t r a t  i o r ~ s  ol' rrovob I oc i n .  F i  9 . 1  shows t h a t  
3 novob i o c  i n  i nh i b i t e d  t h e  I riCor*pol-cit i oti of' ( H ) thy rn id i  rie I abe i 

i n t o  v i r a l  DNA, w i t h  50 pur- c . c : r l t  i r i i 111> i t io r r  ù t  0.09 rn9/ml dr\d 

l e s e  t h o n  10 p e r  c e n t  r e s i d u ù l  [)NA s y t t t l ~ c s i s  a t  0.2 m y / r n l .  A t  

t h i s  l a t t e r  c o n c e n t r a t i o n ,  cc1 l u l d r  DNA w ~ ~ s  i n h i b i t e d  o n l y  t o  70 

p e r  c e n t .  0 .2  ms/m l  ( v i r .  3 .2  X L O - ~ M )  was t h e r e f o r e  t h e  

novob i oc i n  c o n c e n t r a t  i o n  most f r e q u e n t  l y used i n  e x p e r  iments  

where i nh i b i t i on o f  adenov i r u s  DNA r.ep 1 i c a t  i ve s y n t h e s  i s was 

d e s i r e d .  

I n h i b i t i o n  o f  v i r a l  DNA and p r o t e i r i  s y i i t h e s i s  b y  n o v o b i o c i n  

A t  t h e  l a t e  t i m e s  o f  t h e  a d e n o v l r u s  c-yc lc  (24-36 h p o s t  

i n f e c t i o n )  t h e  macromolecu lar  syn theses  d r e  e s s e n t i a l l y  o f  v i r a l  

o r  i g i n .  As p r e v  i o u s  l y  obse rve4  i n  othcr .  systems ( 8 ) ,  adenov i r u s  

RNA and p r o t e i n  s y n t h e s i s  was i n h i b i t c d  b y  n o v o b i o c i n  a t  çoncen- 

t r a t i o n s  t h r e e  t o  f o u r  t imes h i y h e r  t t i ù r ~  i r i  t h e  cdse  o f  DNA. For  

RNA, 95 p e r  c e n t  i n h i b i t i o n  was o b t c r i r ~ c d  w i t h  0.5 mg /m l  o f  

n o v o b i o c i n  ; f o r  p r o t e i r i ,  t he  sdme d c g r e r  o f  i n h i b i t  i o n  was 

o b t a i n e d  w i t h  1 m y / m l   FI^.^). 



novobiocin ( ~ 9 / m ' )  

F i g u r e  1 

Dose vs response o f  t h e  inhibition o f  cellular and viral DNA 
synthes i s by novobioc in in HeLa ce l l S .  The ddtd are expresse4 a s  

the percentage of DNA synthesi s in ur\tr*eatod cc l ls after a 2 h 
3 pulse-labeling with ( H)-thymidine dt 16 t i  ai'ter infection. (O - 

1 - 0) mock- i nfected c e  l i s ; (m-e) W 1 -  i i 1 l ' t . c . t  t . ~ l  c .6 -  1 1 S .  
, J 

\ 



F i g u r e  2 

Dose vs response o f  t h e  i n h i b i t i o n  o f  acierrovirus 2 RNA and 

p r o t e i n  s y n t h e s i s  by n o v o b i o c i n  iri  H e L ù  ce1 1s.  The d a t a  are  

expressed  as  t h e  p e r c e n t a g e  o f  syntlicbs i s i rr u r r t reà ted  i n f e c t e d  
3 c e l i s  a f t e r  a 2 h p u l s e - I a b e l i n y  wit.ti ( ' H ) - u r i d i n e  (a) o r  

35  ( S) -meth ion ine  (A) a t  16 h a f t e r  in f 'ec t  i o n .  



3. K i t re t  i c s  oi '  i r i t i i b i t  i o i i  ol' v  i r - ù l  I INA ciitd p r - o t e i t i  s y r i t h e s i  s 

n o v o b i o c i n .  

A k i n e t i c  s t u d y  o f  t h e  e l ' f e c t  ol '  r l o v o b i o c i n  on v i r a l  DNA 

s y n t h e s i s  a t  d i  f f e r e n t  c o n c e r ~ t r a t  i orrs o f  i n h  i b i  t o r  stiowed t h ù t  

t h e  i n h i b i t i o n  was r a p i d ,  ancf thctt a p l à t e d u  was reached  w i t h i n  

30 rnin a f t e r  a d d i t l o t i  o I '  t h e  di.ug : 0 5  per8 c c t i t  ~ r i t i i b i t i o r i  wùs 

o b t a i n e d  a t  0.1 m9/inl 01' tiovc,bioc I r i ,  <irid OH p c r  c e n t  d t  1 my/rn l  

(Fi9.3a). 

15 15 75 105 135 60 120 180 

t i m e  (mn) 

F i g u r e  3 

K i  n e t  i cs o f  i nh i b i t i o n  o f  adenov i r u s  [)NA cirid p r o t e  i n  s y n t h e s  i s 

by  n o v o b i o c i n ,  The d a t a  àre e x p r e s s c d  ùs t h e  p e r c e n t a g e  o f  

s y n t h e s i s  i n  u n t r e a t e d  i n t ' e c t c d  c e  l I s ~ t l ' t c t .  ' 3  pu  I se- Idbe I i n y  
3 3 5 wi th  ( H ) - t h y m i d i n e  f o r  1 5  min.  ( a ) ,  r ( S ) - i ne th ion ine  f o r  1 h 

( b ) .  The X-ax is  i n d i c a t e s  t h e  t i n ~ e  ol' ~ i i c t i b ~ i t i o r ~  w i t t i  n o v o b i o c i n  

a t  0.1 m g / m l  (e) o r  1 m y / m l  (A), 



The i n h i b i t i o n  of' v i r d l  s y i i t l i e s i s  ùppearecl t o  be  s l o w e r  t h a n  

t h a t  o f  DNA s y n t h e s i s  : o r i l y  5 5  pctr c . c : i ~ t  i r i t i i b i  t i o i l  wris o b t ù i n e d  

a f t e r  1 h exposure  t o  n o v o b i o c i n  at 1 m y / m l ,  and  7 5  p e r  c e n t  

a f t e r  3 h ( F i g . 3 b ) .  

4. Reversa l o f  t h e  e f f e c t s  01' rrovol>ioc. i i i  i r ~  t h e  prescrite oF 
p r o t e i n  s y n t h e s i s  i n h i b i t o r  

I n  o r d e r  t o  examine à p o s s i b l e  r e v e r s a l  o f  t h e  n o v o b i o c i n  

i n h i b i t i o n ,  WT- in fec ted  ce  l l mor1olciyc.r~ wcrc exposed t o  n o v o b i o -  

c i II d t  1 mg/m l f o r  1 h c i t  17 II c i l  t c * t .  i t  1 '  i 1 ,  t t1t:rl w~>sl.ic!d kbnc4 

I o v e r l a i d  w i t h  normal  prewarmed rriedium w i t t i  o r  w i t h o u t  c y c l o h e x i -  

mide as p r o t e i n  s y n t h e s  i s  i nti i b i  tor* .  I l i c :  ce  l l wcrc pulsc-l dboled 
3 w i t h  ( H ) - t h y m i d i n e  f o r  1 h a t  clif'f'erc!rlt t i t r ~ e s  a f t e r  remova l  o f  

novob i oc i n. Each c e  l I sdmp I e w ~ i s  ~ l5s~ lyc :d  I 'or  i n c o r p o r a t  i on oi '  

( 3 ~ )  l a b e l  i n t o  DNA. F i 9 . 4  shows t h a t  t h e  e f ' f ec t  o f  n o v o b i o c i n  

was p a r t i a l l y  r e v e r s i b l e  : a t ' t e r  r~erriovùl 01. t t i e  i n h i b i t o r ,  t h e  

DNA s y n t h e s i s  was r e s t o r e d  t o  35 p e r  cer i t  of' t h e  l e v e l  i n  

u n t r e a t e d  i n f e c t e d  ce1 1s. T h i s  [>NA s y r l t l i e s i s  o c c u r r e d  a t  t h e  

same l eve l i n  t h e  preser lce ol '  cyc  I olic?x i r i i  i de, w h  i c h  sugges ted  

t h a t  a  de novo p r o t e i n  s y r l t h e s i s  wais t io t  r lequired f o r  t h e  

r e v e r s a l  o f  t h e  n o v o b i o c i n  e f f e c t .  However, i t  m i g h t  n o t  be 

e x c l u d e d  t h a t  t h e  i n c o m p l e t e  r e v e r s a 1  o f  t h e  i n h i b i t i o n  was due 

t o  a  g e n e r a l  c y t o t o x i c  e f f e c t  of' t t i e  Jr-uy, as p r e v i o u s l  y  sug- 

g e s t e d  ( 8 ) .  

5. I n h i b i t i o n  o f  v i r a l  DNA s y r l t h e s i s  i i i i t i a t i o n  i n  r ~ o v o b i o c i n -  

t r e a t e d  HeLa c e l l s  

To d e t e r m i n e  wh ich  s t e p  o f  v i r a l  DNA s y n t h e s i s  was i r i h i b i -  

t e d  p r e f e r e n t i a l l y  by  n o v o b i o c i n  ( e . 9 .  i n i t i a t i o n ,  e l o n y a t i o n ,  

I i g a t  ion ,  e t c .  . ) ,  a d e n o v i r u s  t s  m u t a n t s  b l o c k e d  i n  DNA s y n t h e s i s  

i n i t i a t i o n  were used.  H 2 t s 1 1 4 - o r  H5ts30- i r i t ' ec ted  ce1  l mono ldye rs  

m a i n t a i n e d  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  f o r  17 h a f t e r  i n f e c -  

t ion,  were sh  i f t e d  down t o  t h e  p e r m i s s i v e  te inpe ra tu re  and  pu1 se- 
3 l a b e l e d  w i t h  ( H ) t h y m i d i n e  f o r  30 rniri. N o v o b i o c i n  wùs added t o  



1 2 3 
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( a )  P a r t i a l  r e v e r s a l  oE t h e  e f f ' e c t  ot' r r o v o b i o c i r ~  on  a d e n o v i r u s  

ONA s y n t h e s  i S .  WT- i n f e c t e d  H e L ù  c c  l l s w c b r c b  cbxposcd t o  novob i  oc i n  

( 1  m g / m I )  f o r  1 h a t  i 7  h a f ' t e r  v i r u s  i r i i ' e c t i o n .  The c e l I  

C U  l t u r e s  were washed f r e e  01' t t i c  novob i oc i r i  (ind p u  l se- l abe l e d  

3 w i t h  ( H ) t h y m i d i n e  f o r  1 h cit d i  e t  t inles a f t c r  reir iovi l l  o f  

t h e  drug,  i n  t h e  preset lcc  ( A )  or  t l re  ùbscrrce (B)  o f  cycloheximi- 

de ( C H ) .  
Data a r e  exp ressed  as t h e  pc?i-ceritctc_)c. 01' LINA s y r ~ t t i e s i s  i r i  u r ~ t r e a -  

t e d  i n f e c t e d  ce  l i s .  The X-c ix i  s i n d i c c \ t c s  t h e  i r i cuba t  i o n  p e r i o d  

a f t e r  removai  o f  t h e  n o v o b i o c i i i .  

( b )  C o n t r o l  WT- in fec ted  HeLa c e I I  c u l t u r e s  were p u l s e - I a b e l e d  

3 wi th  ( H ) - t h y m i d i n e  f o r  1 h a t  18 t~ d l ' t e r  v i r u s  i n f e c t i o n  i n  t h e  

presence o f  CH (A) or of' ~ ~ o v o b i o c : i t ,  ( a ) ,  ~ ~ 1 r t 1  i i \ c u L > ~ t e d  w i  t h  the  

i n h i b i t o r  f o r  d i i ' f e r e n t  p e r i o d s .  



t h e  ce1 l c u l t u r e  a t  t h e  t irnc of' s l t i  l ' t-dowri o r  a t  d i  Ft 'ercr i t  t itses , 

a f t e r  s h i f t - d o w n  ( 5 ,  10, 15 m i n )  drid v i r a l  DNA a n a l y z e d  on 

suc rose  g r a d  i e n t  . 

F i g . 5  shows t h a t  d e s p i t e  ari o v e r - ù l l  r e d u c t i o n  o f  t h y m i d i n e  

i n c o r p o r a t  ion, whenever t hc  t i riie ol' cidcl i t i ori o  1' rrovob i oc i ri t tic 
3 ( H ) - t h y m i d i n e  l a b e l  a l w a y s  sedirnented a t  34 S, t h e  c o e f f i c i e n t  

f o r  i n t a c t  v i r a l  DNA, and r iever dt: l owc r  s e d i m e n t a t i o n  c o e f f i -  

c i e n t  va l u e s .  T h i s  r e s u l  t s u y y e s t e d  t t i ù t  t t i c  e l o n g a t  i o n  p r o c e s s  

rema i ned una l t e r e d  b y  novob i oc i n t  r d  t l i ù t ,  once s t a r t e d ,  t h e  

s y n t h e s i s  o f  t h e  new DNA s t r d r i d  pur.suc.d t o  i t s  r iormal l e n y t h .  

6. I n h i b i t i o n  o f  v i r a l  DNA e n c c i p s i ~ î ~ i t  io11 I,y i \ o v o b i o c i r i  

Another  e f f e c t  o f  n o v o b i o c i  II oti ùdeiiov i r u s  metabol  i sm i s  

shown i n  F i g. 6. Novob i oc i n  prcvctr i t t-ci v  t r a c i  I IJNA i n c o r p o r à t  i o n  

i n t o  ma tu re  v  i r u s  p a r t  i c l e .  Wheri rrovoi> I oc i n  wc3s cidded j u s t  à f t e r  
3 a p u l s e - l a b e l  i n g  w i t h  ( H ) - t t i y r r i i c l i ~ ~ c ~ ~  ~ i l r r i o s t  no l a b e l  was f o u n d  

t o  sed iment  a t  750 S ,  t h e  s e d i m e n t ù t i o n  c o e f f i c i e n t  f o r  m a t u r e  

v i r i o n .  However, i t  c o u l d  n o t  be exc luc ied t h l i t  t h i s  i n h i b i t i o n  

o f  DNA e n c a p s i d a t  i o n  was due t o  d st:c:oriciùr*y a l t e r a t i o n  o f  t h e  

s y n t h e s  i s o f  some v  i r à  l p r o t e  i n ( s )  I r i  S I S  f o r  DNA ma tu rà -  

t i o n  and e n c a p s i d a t i o n .  

A l t h o u g h  t h e  r e v e r s a  l of  t h e .  r iovob ioc  i r ~  e f l ' e c t  i n  t h e  

p resence  o f  c y c l o h e x i m i d e  ( F i y . 4 d )  seeelnecj t o  r u l e  o u t  t h i s  

e x p l a n a t  ion ,  t h e  f o l  l o w i n g  exper imer i t  was d e s i ~ n e d  t o  t e s t  t h i s  

h y p o t h e s i s .  

7. N o v o b i o c i n  i n h i  b i  t i o i i  ol' v i r ù  l DNA eiiCdpS i ddt i o n  dppedrs  às  a 

p r - i  niary even t  i r~cleperideii t  o l '  prqotc! i ii s y t i t t i c : ~  i S .  

Asvembl y int t . rmediùt,c? p ' i r t  i c - l e s  t IM),  i11' 1 . 315  i c i  ~ ic?irs i t y ,  

accumu la ted  by H 2 t s l l Z  a t  39.5"C have beeri stic~wri t o  be  a b l e  t o  

evolve i n t o  inàture v i t - i o n s  (MV,  1 . 3 4 5  i t i  r l c r i s i t y )  upori s l i i1 . t -  

down t o  3 3 O C  (11). T h i s  mci turat  i o n  ccin occ-ur i r l  t h e  preser icc  o f  

p r o t e i n  s y n t h e s i s  i n h i b i t o r  (11,  and F i g .  7 d ) .  C o n t r a s t i v e l y ,  
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E f  f e c t s  o f  novob i oc i n  on a ~ i c n o v  i r u s  IJNA syr i t  l 1 4 . s  i s i r\ i t i dt i or\ and 

e l o n y a t i o n .  HZ t s  1 1 4 - i r \ l e c t r d  c - i . I I  î u I t i i i . c .s  n i i i i r i t o i r \ ad  d t  

39.S0C (0) f o r  17 h a r t e r  i n f e c t  io11 wi:i.i! s l i i  l . tud down t c >  3 3 O C  
3 

( - - 0 )  and p u l s e - l a b e l e d  (-) w i t t i  ( . H ) - t h y n i i J ~ r > e  f o r  30 n i in .  

- N o v o b i o c i n  ( a r r o w s ,  1 my / rn I )  was added a t  0, 5, 10, 1 5  m i n  

a f t e r  t h e  s h i f t d o w n  as schemat i z e d  i n  p a n e l  ( a ) .  Ce1 1s were 

h a r v e s t e d  a f t e r  a 60 min-chùse pci-iod a i t  3 J ° C  arid v t r a l  DNA 

a n a l y z e d  o n  a l k a l i n e  s u c r o s a  g r a d i e n t .  Dd ta  ar-u e x p r e s s r d  i n  ( b )  

a s  t h e  p e r c e n t a g e  o f  DNA s y n t h r s i s  i n  HZ t s  1 1 4 - i n f s c t e d  ce1 1s. 

u n t r e a t e d  w i t h  n o v o b i o c i n .  V i r ù l  LJNA l a b e l  scdirr iented c i t  34 S ,  

whenever t h e  t i m e  o f  a d d i t i o n  oi' t h e  dt-uti. (<.) O m i r > .  ; ( d )  10 

min. Bar r e p r e s e n t s  t h e  p e r  i o d  o f  l a b e l  incl. 
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F i g u r e  6 

Novob i oc i n i nh i b i t i on 01' W T  cidcbrlov i r u s  DNA crlcaps i J a t  i on. WT- 
3 i n f e c t e d  KB ce1 l c u l t u r e  werscb pulse.-lcil>eled w i t t i  ( H ) - t h y m i d i n e  

f o r  20 min .  a t  17 h a f t e r  i r r l ' t ~ c - t ~ o r r .  O r i t :  c -e l1  c u l t u r e  w ~ s  chosed 

i n  t h e  presence o f  (ci) h y t l r ~ o x y u ~ . e ~ i  ( 1 0  rnM), t h e  o t h e r  i n  t h e  

p resence  o f  ( b )  novob ioc  i n  0 . 2  r l  . Ttre v i r u s  p a r t  i c  l e s  were 

e x t r a c t e d  a t  21 h aircl ~ r i r ~ r  l yzc-ti oir stic.r.oscb c~r*dd i e n t  . Ttre o r r o w  

i n d i c a t e s  t h e  p o s i t i o n  o f  t h e  750 S i r r l ' e c t i u u s  v i r i o n s  ( f r d c t i o n  

20) .  



when novobliocin was added a t  t he  t imc ol' shil't-down, no v i r a l  

DNA encepskaation occurred, and no n a t u r e  v i r i o n s  appeared a t  

750 S i n  sucrose g r a d i e n t  (F ig .7c) .  Th is  sugyested t h a t  t h e  

i n h i b i t i o n '  o f  DNA encaps ida t ion  by novob ioc in  was a prirnary 
-- 

ef;fë=t Ghieh could be Bi$ressad w i thout  p r o t e i n  aynthesis.  

8 ,  Absencac of  r e q u i r m m e ~ t  o f !  P M A  syr i thcs is  i n i g i a t i o n  f o r  v i r a l  

; DNA encaps i d r t  ion, 
, 

I 

I n h i b i t i o n  o f  v i r a  D N ~  bncapaiJbt ior i  b y  novob ioc in  n i g h t  

b& an i n d i r e c t  e f f a c t ,  s ~ ~ o t i d ~ ~ ~  t o  ait: i n h i b i t  iiq@ o f  DNA synthe- 
1 1  

IP ixe i n i t  i dt ion. Wowevee, f h i  fo I l g w  i ri9 observat. isns argued 

a& i n s t  t h  i s hypothes i s .: ( i j VT- i n l . e b i a ~  Ki3 ci? l l s . were pu l se- 
35 L I abe led  w i t h  ( S)-meth i ln i f ie  'for 20' min dt 16 h a f t e r  i n fec -  

t ibn, and hydroxyurea (HU) acideci jus t ;  ;l'ter* the p u l s e .  The ce1 l s  

ware f~~<rva ts ted  90 ni n s ~ e r  pu Ise- l ebe 1 i 1 1 9  rtiid t he  ; i rus  p a r t  i - 
wmw 

ina  ~ ~ - t r ~ ~ t , ~ . ~ . p q d  --..a !Ir? b ,.#, h t r e a t e d  , cc I IS,~' ,&uy"itiny t h a t  v i r u s  

i ~ o k ~ b ~  . B. d$d- ii%L6%i@ir&--a ner ruriid t i f  n i "  syn thes i s  (see a l s o  1 
Fi9 .6a) .  ( i i )  It  ha* b e n  t h a t  H2ts112  c u l t u r e d  a t  39.S°C 
accumu 1 a ted 1 i g h t  I M vo i  d o f  DNA, wh ic t i  dre  capable o f  matur in9 

upon shi f t -down i n t o  i n f e c t i o u s  v i r i o n s  c o n t a i n i n g  a f u l l  l eng th  

of DNA (11). When H Z t s l l Z - i n f e c t e d  c e l l s  were pu lse- labe led  w i t h  
3 ( Hl - thymid ine before t h e  shift-down, the  p o p u l a t i o n  0*f 750 S 

, sdenovirus p a r t i c l e s  ob ts ined  a t  t h e  end of  t h e  v i r u s  c y c l e  

con ta  ined 4 abel eQ 31 Si DHA, i m p !  Y irty,, !fyt "y!Q:#, *v,@a 1 
, l *  4 - - , j t ,  I I ,  < i ' 1 '  . , r .  , L 

DbJA 
syntpes  i Tsd ' s t '  39,. 5 @ C  cou I d be n i > r m o  I ! y encapc i +t,ed ( n o t  

7 ( ?  i l . *  , # .  I I  3 I 
, ,  > ,  , 
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Figure 7 

Novobiocin block of H2ts112 maturation. H2tsll2-infected KB cell 
cul turee mainta i nad at 39.5"C w<?rcb piil se.-I.>hr lad wi th ( 3 5 ~ ) -  
methionine for 20 min. at 17 h dl'tc:~. inlcctic)r\, ànd hcirvested 

after a 2 h-chaae at 39 .5 "C  ( d )  i t i  tliv ctbsc-ti<:e, or (b) in tlir 

presence of novobiocin (0.2 m g / i n l ) .  A tlkird cell sample ( c )  wris 

harvested after a 2 h-chase at 3 9 . 5 " C ,  1-01 lowcd b y  a 18 h chase 

at 33OC ; novobiocin was added at ttlc time of shift-down. A 

fourth ce1 l sample ( d )  served r s  ii cot,trol of t h e  samplr (c), 

cyc l ohex i m i de be i ng added at the t i iric. ol' sh i i't-down i n p l ace of 

novobiocin. 
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Adenov i rus  DNA encaps i d a t  i on i rl t l r o  c~l,scr\cc ot' DNA s y n t h e s  i s 

i n i t  i a t  ion .  WT- i n f e c t e d  KB ce l l CU l t i r r - t -s wcrc! p u  i se- l abe l e d  w i t h  
35  ( S ) - m e t h i o n i n e  f o r  20 m i n  a t  16 II ù t ' t e r  i r r l ' ec t i o r i ,  and chased 

f o r  90 m i n  ( a )  i n  t h e  presence,  or- ( b )  i r l  t h e  absence o f  

hyd roxyu rea  (HU, 10 mM). V i r u s  pdr- t  i c l e s  wcre e x t r a c t e d  and  

ana Iyzed o n  suc rose  g r a d i e n t .  F r d c t  i o n s  12-13 c o r r e s p o n d  t o  

v i r u s  p a r t i c l e s  s e d i m e n t i n g  w i t h  a  s c t l i i r i c i \ t d t i o n  c o e f f i c i e n t  o f  

750 S ,  ( m a t u r e  v i r i o n s )  f ' r a c t i o r i s  20-21 t c ,  600 S ùssembly 

i n t e r m e d i a t e s .  Bar r e p r e s e n t s  t h e  per - io t l  ot' I * ~ b e  1 i iry. 



9. Novobi oc i n  and adenov i r u s  DNA con l'ormùt i orr 

I t  has  been shown t t r ù t  CI bi rno~f~ i l  scdi rner i ta t  i o n  p r o f ' i  l e  o f  

e t h  i d i u m  b r o m i d e - t r e a t e d  DNA r e f  lect s t i re r e  l a x a t  i o n  o f  n e y a t  i ve 

superco  i 1 s a t  l ow c o n c e n t r a t  i ons  of '  t t i c '  i n t e r c a  l a t  i ng  drug ,  and 

t h e  i n t r o d u c t  i o n  o f  pos  i t i v e  supet.<.o I 1 s c i t  li i gti concentrcrlt  i o n s  

( 7 ,  1 5 ) .  At tempts  were t t i e r e  t 'ore nicide to d e t e r m i n e  whether  

n o v o b i o c i n  m o d i f i e d  t h e  s e c l i ~ i e n t a t i o r i  b e h ù v i o r  o f  e t h i d i u m  

b romi  d e - t r e a t e d  adenov i r u s  DNA.  I l l r I 'or- tur iùte l y ,  i t was irnposs i b l  e  

t o  d e t e c t  any d i  f f e r e n c e  i n  t t i c  secil r i icr i tùt i c i r i  p a t t e r n  o f  c o n t r o  I 
v i r a l  DNA i n  t h e  p resence  or* t h e  abserice of' e t h i d i u m  b romide .  

T h i s  r e n d e r e d  i m p o s s i b l e  t t i e  e v ~ i  I i icit lo r i  o f  t h e  degree o f  DNA 

r e  I a x a t  i on w i t h  o r  w i t h o u t  r iovob I oc: i r i .  However, t h e  absence of' 

e t h  i d i u m  bromide-  induced modi l'i c a t  i o n  01'  v i r a l  DNA c o n f o r m a t i o n  

suggested  t h a t  t h e  t e r m i n a l  p r o t e i n  wh ich  c i r c u l a r i z e s  t h e  adeno- 

v i r u s  DNA m o l e c u l e  ( 1 6 )  wcis n o t  cùpùt> le ol '  m ù i n t a i n i n g  p o s s i b l e  

DNA s u p e r c o i l s  i n  v i t r o .  



t 
I .  

> +  - The b e s u l t s  p resen ted  here  i ndi6'ate t h a t  nbvobioc i n  i nh i- 

. . d;>> ., t - b i t s  sdenov i rus  ONA r e p l i c a t i v e  syn th t i s i s ,  and t o  a l e s s e r  

. ri t dsQrée, v i r u s  RNA and p r o t c i n  sytrtl1c:si S.  7hoy a l s o  s t r o n g l y  
I r- . c 

J yV t. suggest  thk t  i n i t i a t i o n  01' DNA r e p l  i c a t  io r i  àncl no t  e l o n g a t  i o n  i s  
' $*Gd*%: & * 
%-.A :.-J b l o c k e d  ( F  ig.5). T h i s  i s  coos i s te r r t  w i  t l r  p r c v  ious r e p o r t s  t lwt  
:$, 

novob ioc in  a f f e c t s  DNA & p l i c a t i o n  v i s  i t s  a c t i o n  on gyrase-  

i nduced negat  i v e  ' superco i I i r\rl ( 2, 4, 7 ) ,  a superco i I e d  DNA 

con fo rAa t  i o n  be i ng  requ  i r e d  f o r  i A i t i ùt i o n  of DNA r e p  i i c a t  i o n  

( 2 ,  lf, 18). I n h i b i t i o n  o f  adenov i rus  r e p l i c a t i o n  i s  p a r t i a l l y  

r e v e r s i  b le ,  even i n  t h e  presence o f  pr -o t t t in  synthes i s  i n h  i b i  t o r  

( F i g . 4 ) .  A s t r i k i n g  e f f e c t  o f  novob ioc in  appears t o  be t h e  

i n h i b i t i o n  o f  v i r a l  ONA encaps ida t ion ,  and t h e r e f o r e  assenbly  o f  

i n f e c t j o u i  v i r u s e s  (F ig .b  and 7 ) ,u t t i ï l t  ir i t t u t  t h e  ' r r r u l t  01. t h e  

l o c k  v i r a l  ONA s y n t h e s i s .  
.,!,tj,x: 4,s $v:<:4<5j";s*2+'.t ;y, : ,*'$.; ' 7.: . -' . > " f :  

mutants  have demonstrated t h a t  i n i t i a t i o n  ol' DNA r e p l i c a t i o n  i s  

n o t  i tid i rpenroib 1 u I'ol* DHA U I I ~ ~ ~ ~ ~ L L  i dt)( i 01) r ~ t t r l  v i I *  i o f \  t~~st*t t t l>  1 y ,  J I I C ~  

t h a t  "o ld "  DNA can be incorpora tec i  i n t o  v i r u s  c a p s i d  t o  form 

mature  i n f e c t i o u s  v i r i o n  (11, 13 and Fie .  6'3 and 8 ) .  Those data 

and t h e  r e s u l t s  ob ta ined  w i t h  n o v o b i o c i n  suggest t h a t  a novobio-  

c i  n-sens i t i ve, poss i b I e  gyr-osedependerit, s t c p  o f  v i r a l  DNA mdtu- 

r a t i o n  would be requ i rec i  f o r  d e n o v i r u s  DNA e n c a p s i d a t i o n  and 

v i r i o n  assembly : e n t r y  01' v i r a l  IJNA i r r to  t h e  c a p s i d  would 

depend upon a  negat i ve I y superco i l ed  con Format i o n  o f  t h e  DNA 

molecu le .  

- T h i s  hypo thes i s  i s  Cavored b y  t he  o b s e r v a t i o n  t h a t ,  i n  t h e  

DNA-nsgat i v e  t s  mutants  o f  adenov ir-us b l o c k e d  i n  DNA syn thes i  s 

i n i t i a t i o n  (e.9. HSts36,  H 2 t s l l 1 ,  and H 2 t s l l 4 )  t h e r e  was no OMA 

encaps ida t i on  and i n f e c t i o u o  v i r u s  ùssenbiy  upon s h i f t - u p  t o  t h e  

nonpermisc ive temperature,  even a f t c r *  a pro lor ryed per i o d  o f  

i n c u b a t i o n  et t h e  p e r m i s s i v e  tempera tu re  t o  p e r m i t  a normal 

synthesis  o f  v i r a l  OAlA and p r o t e i n v  (F i9 .9 ) .  Adenovirus-coded, 

o r  adenov i rus- induced f a c t o r ( s ) ,  i rapl icat t5d i n  t h e  ONA s y n t h e s i s  

i n i t i . a t i o n  complex, wouId tltert.t'or*u a l s o  y  a key  r a l e  i n  

v i r a l  DNA encapoidcl t ion.  Ar1 cnrylwc w i t l ,  trtr c r c t i v i t y  simildr t o  

t h a t  o f  t h e  b a c t e r i a l  o r  e u c a r y o t i c  yyraue ,  r e s p o n s i b t e  f o r  t h e  
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B l o c k  o f  v i r u s  p a r t i c l r  f o r m a t i o n  III ts i i i u t r r ~ ~ t s  d e f e ç t  i v e  i n  DNA 

s y n t h e s i  s ini t i a t  i o n  a t  ooi ipermi s s  i v r  tc~ i ipc* r -~ i tu r<+.  H 2 t s l l  l - i n f e c -  

t e d  ce1 l c u l t u r e s  m a i n t o i n e d  a t  pcrSlii i a s  i v c  t r i n p e r o t u r e  ( 3 3 O C )  
f o r  40 h a f t e r  i n f e c t  i o n  were s t i i I . t i : J  up  t o  3 9 . 5 O C ,  30 m i n  

b e f o r e  o r  immed ia te l y  b e f o r e  p u l ~ e - l ~ ~ b c ~ l  i n y  w i t h  ( 3 5 ~ ) - n r t h i o n i -  

ne f o r  20 m in  a t  t h e  i>oiipc?r*~~ii  s s i v e  t c ~ ~ i i p e r ~ i t u r c .  They w e r r  chased 

a t  t h i s  t e m p e r a t u r e  f o r  90 niir), o r  s l i i t t a d  down t o  3 3 O C  f o r  3 h, 

as  schemat i zed i n  ( a ) .  V i r u s  p a r t  i c  l o s  .ilid i~ssen~b l  y  i n t r r r n e d i a -  

t e s  were e x t r a c t e d  arid and l y  zed or> su<:r*osr yrrid i e n t  s (b-e)  . 
F r a c t i o n s  19-21 c o r r e s p o n d  t o  750 S v i r i o r > s ,  i ' r o ç t i o n s  25-27 t o  

600 S assembly i n t e r m e d i a t a s .  S i m i  l a r  p a t t ï r n s  o f  p d r t  i c  l e s  were 

o b t a i n e d  w i t h  H2ts114 atid HSts30. R d r  i,upr.osc!r>ts t h e  p r r i o d  o f  

l a b e l  i n g .  
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i n t r o d u c t i o n  o f  negat  i v e  supercoi l s  t i i t o  v i r c + l  DNA, would be a 

good cand ida te  f o r  such d double I 'unct ion.  
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1) Ce1 lules 

HeLa 

H E K  

HEK-293 

AGMK 

s i rc  

NIL 

cellule humaine en lignée contfnue, provenant d ' u n  carcf nome 
du plancher buccal 

cellule humaine en lignée continue, provenant d'un carcinome 
du col utérin 

cellule humaine embryonnaire de rein 

ce1 lule H E K ,  transforinéepar de 1 'adénovirus type 5 

ce1 lule de rein de singe vert d'Afrique 

1 cl one de ce1 1 ul es AGMK 

cellule de cornée de 1 a p i n  

ce1 lule de hamster 

2 )  Virus 

'"40 papovavirus, son hôte naturel e s t  l e  singe 

Ad 2 ND hybride Ad2-, SVgo possèdant u n  plus ou moins grand  fragment de 

( l  a 4,  SV^^ sel on 1 e cl one. Ces hybrides se mu1 t i  pl i ent efficacement 

sur ce1 lules de singe. 

4 29 bacteriophage de Baci 1 lus Subti l i  s ii DMA bicatenaire circula- 

r ise par une proteinejde forme icosaPdra1 e 

. Deoxyribonucleases ---- ------a------ 

DNAse 1 (pancreas de boeuf) digére les DNA mono e t  bicaténaires mBme 

dans 1 es nucï éosomes 



Nuclease $1 Iso16edJAspergil lus  oryzae, el1 e e s t  spéci flque des acides 

nucléiques simple chaine. Elle u t i l i s e  1 e znC+ comme cofacteur. 

Nucl ease i sol eede Staphyl ococcus aureus ; di gere préférentiel lement 

micrococcale l e  DNA en dehors des nucléosomes 

Eco R 1 endonuclease de r e s t r i c t ion  tsol&de Escherichia Coli portant 
l e  plssmide de résistance RI : CE. Coli R Y 13) s i t e  de 

coupure : &TTC 
CTThpî, 

(pour l e s  autres  endonucleases vz : Zabeau and Roberts (1979) 

4 )  Inhibiteurs 

H.U. hydroxyuri5e:inhibiteur de l a  synthèse du DNA par reduction de 

1 a concentration des deoxynucl éo t i  des t r i  phosphates 

Ara C arabinoside-cytosine : inhibe la  synthèse du DNA par compétition 
avec 1 a deoxycytosi ne 

Aphidicoline inhibe préférentiellement la  DNA polymérase a ( i n  v i t ro  e t  

in vivo) 

dd TTP di deoxpthymidine triphosphate : inhibe l a  synthese du DNA 

par compétition avec l a  thymidine triphosphate, in v i t ro ,  ou 
dans l e s  noyaux f solés 

cycl oheximide inhl be l a  synthèse protéique en empéchant 1 a f ixat ion du 

t - R N A  in1 t i a t e u r  e t  1 e rel achement du t-RNA deacétylé du 
s i t e  A de.lla sous uni t é  60 S. 
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