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A nalysis o f 35S-m ethionine-labeled extracts o f adenovirus 2-infected K B cells 

revealed 22 virus-induced polypeptide com ponents. M ost proteins of the virion  

were easily detected in extracts of whole cells labeled for short periods between 15 

and 30 h after infection; however, several virion com ponents were conspicuously  

absent. R adioactivity appeared in two of these virion com ponents during a chase 

in nonradioactive m edium , and this appearance was paralleled by a decrease in 

the radioactivity associated with two nonvirion adenovirus-induced proteins, 

results which im ply precursor-product relationships for these com ponents. 

Comparison of one of the chasable adenovirus-induced com ponents (designated  

P-VII; m ass of 20,000 daltons) and the major core protein (VII; m ass of 18,500 

daltons) of the virion showed th at they have four comm on m ethionine-containing  

tryptic peptides; P-VII has an additional m ethionine residue which is not found  

in the major core protein. We propose th at at least two of the adenovirus 2 virion 

com ponents are derived by the cleavage of higher molecular weight precursor 

polypeptides.

Adenovirus 2, a nononcogenic mem ber of the  

hum an adenoviruses, has been shown to contain  

at least 10 d istinct virion polypeptides and a 

linear double-stranded D N A  m olecule with  

mass of 23 x  10# daltons (5, 14, 18). The virus 

particle consists of an icosahedral shell (capsid) 

with projecting spikes and an inner core of 

protein and D N A . The major protein com po 

nents of the capsid (hexon, II; penton base, HI; 

and fiber, IV) and the core (VO) have been  

isolated and characterized (see review, 20). 

Analysis of viral-specific m acrom olecular syn 

thesis in productively infected K B and HeLa  

hum an tissue culture cells is aided by the fact 

th at host cell D N A, RNA, and protein synthesis 

are progressively inhibited (3, 21, 23). Early 

viral m essage, representing 10 to 20% of the  

viral genom e, can be detected in K B cells 2 to 6 

h after infection (8). At least one virus-induced  

antigen is m ade before, and in the absence of, 

viral D N A  replication (7). The late phase of 

virus m ultiplication begins approxim ately 6 to 8 

h after infection with the onset of viral D N A  

synthesis (8). Capsid antigens can be detected  

shortly thereafter, and their appearance seem s  

to be contingent upon viral D N A  synthesis (6, 

7). T he virion proteins are transported to the  

nucleus, where virion assem bly takes place. 

N ew ly synthesized virus can be detected by 24 h 

after infection; virus assem bly occurs relatively  

slowly, and a large fraction of the capsid pro

teins and viral D N A  apparently never assem ble  

into virus particles.

The adenovirus 2 genome could theoretically  

code for 1.1 x  10® daltons of polypeptide or 20 to  

50 average-sized proteins. Several species of 

adenovirus-specific RNA, ranging in size from  

10 to 29 s, can be found in polysom es during 

the late stages of virus replication (13, 16). 

Because the largest of these species could code 

for a polypeptide nearly twice as large as the  

largest know n cap sid  com p onen t (hexon,

120,000 daltons), it has been postulated that 

som e of the adenovirus virion com ponents 

m ight be derived from high-m olecular-weight 

precursor polypeptides as are the poliovirus 

capsid com ponents (16).

We have analyzed extracts o f whole and 

partially fractionated cells which had been  

labeled with 35S-m ethionine at various tim es  

after infection. After electrophoresis on sodium  

dodecyl sulfate (SD S)-polyacrylam ide gels, 22 

virus-induced polypeptide bands were found by 

autoradiography. W hereas m ost o f the virion  

proteins were observed in extracts from 1-h 

pulse-labeled cells, several, notably the major 

core protein (VII) and a hexon-associated pro

tein  (VI), were conspicuously absent. Further

more, at least two of the nonvirion polypeptides  

from infected cell extracts were found to be 

unstable. One of these was shown to be related  

to the major core protein by tryptic fingerprint
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in g . A n a ly s is  o f  th e  s y n th e s i s  o f  th e  m a jo r  co re  

p r o te in  a n d  c a p s id  c o m p o n e n t  V I h a s  le d  u s  to  

th e  c o n c lu s io n  t h a t  t h e s e  v ir io n  c o m p o n e n ts ,  

a n d  p o s s ib ly  o th e r s  a s  w e ll ,  are d e r iv e d  fro m  

a d e n o v ir u s - in d u c e d  p r e c u r s o r  p o ly p e p t id e s .  

U n lik e  t h e  p o lio v ir u s  p recu r sor , h o w e v e r , th e s e  

p r e c u r so r s  are o n ly  s l ig h t ly  la r g e r  th a n  th e  f in a l  

p r o d u c t . W e  s u s p e c t  t h a t  t h is  p r o c e s s in g  m e c h 

a n is m  is  r e la te d  to  a s s e m b ly  o f  t h e  v ir u s  p a r t ic le  

r a th e r  t h a n  b e in g  a w a y  o f  s e p a r a t in g  d iffe r e n t  

g e n e  p r o d u c ts .

M A T E R IA L S  A N D  M E T H O D S

C ells  an d  v ir u s . K B  cells (obta in ed  from L. 

Prague, R utgers U niversity , N ew  Brunw sick, N .J .)  

ad apted  to growth in p lastic  petri d ishes (N u n c, 

4-Shore, La Jolla , C alif.) were grown in D u lbecco  

m odified  E agle  (D M E ) m ed ium  (Grand Island B io 

logical Co.) su p p lem en ted  w ith 10% calf serum , p en i 

c illin  (100 U /m l), and streptom ycin  (100 Mg/ml). 

M y costatin  at 20 Mg/ml was routinely added to the  

m ed ium  after virus in fection . T h e adenovirus 2 stocks  

had titers o f 1010 to 5 x  1010 P F U /m l and were 

generously provided by U lf  P ettersson . Im m ed iately  

before in fection , a sam p le o f the stock  was in cu bated  

for 30 m in at 37 C w ith  100 Mg of trypsin  per m l.

P r e p a r a tio n  o f  35S -m e th io n in e -la b e le d  c e ll  e x 

t r a c ts . C onfluent 60- or 90-m m  p lates o f K B  cells  

were in fected  by the addition of ca. 100 P F U  of virus 

per cell (ca. 107 ce lls per 90-m m  p late) in 0.5 m l of 

p hosp hate-b uffered  salin e (P B S ). M ock infection s 

were w ith  0.5 m l o f P B S  only. A fter 30-m in in cu b ation  

at 37 C to allow  adsorption, 5 ml (60-m m  p lates) or 10 
ml (90-m m  p lates) o f fresh D M E  su p p lem en ted  w ith  

10% ca lf serum  was added to each p late . Im m ed iately  

before lab eling , th e m ed ium  was rem oved and th e  

p lates were w ashed w ith 2 to 3 m l o f m ethion in e-free  

D M E . A sam p le (1-5 m l) o f m ethion in e-free D M E  

con tain ing  10% calf serum  was th en  added to each  

p late , follow ed im m ed iately  by on e-ten th  volu m e of 

norm al D M E  su pp lem en ted  w ith th e d esired am ount 

of 35S -m eth ion in e. 35S -lab eled  m ethion ine was pre 

pared from 35S 0 4-grown E s c h e r i c h i a  c o l i  as p reviously  

described (4). In general, 20 to 200 n C i  at 2.5 to 25 

C i/m m ol (3 /xg o f m ethion in e per ml) was added per 

plate; under th ese cond itions, the uptake of 35S -m ethi-  

on ine was linear for a t least 6 h.

C ells were harvested from th e p lates by vigorous 

washing and were collected  by centrifugation at 1,000 
x  §  for 5 m in at 4 C. T h e cell p ellets were w ashed two  

to three tim es by suspension  in cold P B S  and, after 

th e ad dition  of p henylm eth yl su lfonyl fluoride to 300 

Mg/ml, were frozen at - 2 0  C or processed as described  

below . N u c lei were prepared from th e w ashed cell 

p ellets after resuspension in reticu locyte su sp en sion  

buffer (10 m M  Tris, pH  7.4; 10 m M  KC1; 1.5 m M  

M gC l2) by th e ad dition of on e-ten th  vo lu m e of 10% 

Triton  X -100 (in w ater), gen tle vortexing, and in cu b a 

tion  for 15 m in at 0 C (17). N u c lei were separated  from  

the cytop lasm  by centrifugation at 2,000 x  g  for 5 m in  

at 4 C. O bservation by p hase-contrast m icroscopy

con sisten tly  in d icated  th at greater th an  90% of th e  

cells lysed after th e ad dition of th e n onion ic d eter 

gent.

P r e p a r a tio n  o f  35S -m e th io n in e -la b e le d  a d en o v i 

ru s 2. Infected  cultures o f K B  cells were labeled  w ith  

35S -m ethion in e essen tia lly  as described above from 18 

to 30 h after in fection . At 30 h, each p late was 

su p p lem ented  with ad ditional D M E  to give a m eth io 

n ine concentration  of 15 Mg/ml (100 f i M ) .  At 48 h after  

infection , the cells were harvested and washed by  

centrifugation; virus was purified from the son ica lly  

d isru p ted , Freon 113 (D u p o n t C h e m ic a l C o .)-  

extracted  cells by two b andings in CsCl as described  

by P ettersson  and Sam brook (19).

S D S -p o ly a c r y la m id e  g e l e le c tr o p h o r e s is . T h e  

p olyacrylam ide gel system  w as b asica lly  th a t d e 

scribed by L aem m li (10), excep t th a t th e gels were 

form ed as slab s 1.3 m m  th ick  and 110 m m  long  

betw een glass p la tes. For an alytica l p urposes, a s ta ck 

ing gel o f  5% acrylam ide and 0.13% b isacrylam id e, 

conta in in g  up to  25 sam ple slo ts, was cast above the  

separatin g gel. T h e stack ing  gel for preparative se p a 

rations w as cast w ith one long sam ple w ell flank ed  on  

eith er side by an alytica l-sized  w ells in to  w hich su ita 

b le m arker su bstan ces could  be run. T h e acrylam ide  

and b isacry lam ide concentrations in th e separatin g  

gel were chosen to give op tim al separation  of  particu 

lar com p onen ts and are listed  in th e appropriate  

figure legen ds.

S am p les were prepared for electroph oresis by d is 

ruption in S D S  sam ple buffer (0.0625 M  Tris, pH  6.8; 

2% S D S , Serva; 10% glycerol; 0.001% brom phenol 

blue; 0.1 M d ith ioth reito l), as p reviously described  

( 1). O ccasionally , cell p ellets or fractions were in 

cub ated  w ith  R N ase and D N a se  (1 -5  f i g / m \ )  for 10 

m in at 20 C to reduce their v iscosity ; th is  treatm en t  

did n ot affect th e q u ality  o f th e separation and was 

u sually  u nn ecessary. A nalytica l gels were load ed  w ith  

2 to 20 ^ liters o f  sam ple per slo t (2 to 20 n g  o f  protein; 

50,000 to 200,000 cou n ts/m in ). T h e center well of  

p reparative gels was loaded w ith 200 to 1,000 f i g  o f cell 

protein in 0.5 m l o f sam p le buffer. A fter electroph ore 

s is , th e gels were sta in ed  w ith  0.25% C oom assie 

b rillian t b lue (in 5% m ethan ol, 7.5% acetic acid ). 

A nalytica l gels were dried under vacuu m  and au tora 

d iographed w ith K odak sin g le-sid ed  m ed ica l X -ray  

film  (S B 54T ). S id e strips were cut from preparative  

gels and autoradiographed briefly to locate  th e rad io 

active  band s. T h e desired b ands were then  cu t from  

th e  rem ainder o f th e gel by u sing th e sta in ed  b and s as 

a v isua l guide. T h e protein was e lu ted  from th e gel by 

electrophoresis at 100 V for 6 to 12 h in T ris-g lycin e- 

S D S  electrophoresis buffer (am ou nts per liter: 12.2 g 

of Tris, 57.7 g o f glycine, and 4 g o f  S D S ). E lu tion  was 

con ven iently  accom p lished  by p ack ing  th e gel slice  

b etw een  cellu lose p lugs in a d isposab le 10-m l p lastic  

p ip ette  which was capped at the anode end w ith a 

d ia lysis bag. B y this technique, 80 to 100% of the ra

d ioactiv ity  could be eluted, and m ost bands e luted  in 

th is m anner had m ob ilities on S D S -p olyacry lam id e  

gels th at were in distin gu ish ab le  from th e original 

bands.

T ry p tic  f in g e r p r in tin g . 35S -m ethion ine-lab eled  

sam ples were prepared for fingerprinting on M N 300
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ce llu lose  th in -lay er sh eets (B rink m ann  In stru m ents, 

In c., W estbury, N .Y .)  as p rev iously describ ed  (1). T h e  

prep aration  in clu d ed  trichloroacetic  acid p rec ip ita 

tion  in  th e  presen ce o f carrier b ov ine serum  a lb um in , 

w ashin g w ith  aceton e to  rem ove S D S , ox id ation  w ith  

perform ic acid , and d igestion  w ith  tryp sin . T h e recov 

ery o f p roteins e lu ted  from  S D S -p olya cry lam id e gels  

by trichloroacetic acid  p recip ita tion  w as variable; at  

low  protein  con cen tration s (e .g ., less th an  20 Mg/ml), 

u su a lly  le ss  th an  50% of th e rad ioactiv ity  p recip ita ted  

in 15% trichloroacetic acid . T w o-d im en sion al separa 

tion s were perform ed b y  sp ottin g  5 to  20 ^ liters o f  th e  

d ig ested  sam p le d isso lved  in 0.15 M  N H 4O H  in a 1-cm  

strip  near on e com er of th e cellu lose  th in -layer sh ee t  

(20 by 20 cm ). T h e sh eets were d evelop ed  first by  

chrom atograp hy in n -b u tan ol, pyridine, ace tic  acid, 

w ater (3 0 0 :6 0 :2 0 0 :2 4 0 ), and th en  at right an gles to  

th e first d im ension  b y electroph oresis in pyridine, 

acetic  acid , w ater (1 :1 0 :1 8 9 , p H  3.5) a t 50 V /cm  for 

35 m in. T h e m eth ion in e-con ta in in g  p ep tid es were 

d etected  b y  autoradiography.

R E S U L T S

P r o tein s  in d u ced  by  ad en o viru s 2 in fection  

o f  K B  c e lls . Adenovirus 2, purified by the  

procedure of Pettersson and Sambrook (19) 

from infected K B cells which had been labeled  

during infection w ith 35S-m ethionine, consist 

ently yielded th e band pattern shown in Fig. lb  

when analyzed on SD S-polyacrylam ide gels as 

described above. Thirteen labeled bands ap 

peared to correspond to com ponents which have 

previously been described by M aizel et al. (14) 

and E veritt et al. (5). Two additional bands can 

be seen which are very sm all (X I, 6,000 daltons; 

XII, 5,000 daltons) and difficult to resolve from  

polypeptide X  (6,500 d altons). A comparison of 

a purified virus preparation by autoradiography  

and by C oom assie-blue staining of th e polyac 

rylam ide gel indicated th at each of the stained  

bands was detectable by autoradiography. 

Therefore, each of the known capsid com po 

nents of adenovirus 2 contains at least one 

m ethionine residue (20). T hat th e incorporated  

label was in fact 35S-m ethionine and not 35S- 

cysteine was shown by acid hydrolysis of the  

acid-precipitable proteins from an adenovirus 

preparation and by identification of the 35S- 

containing am ino acids by thin-layer chrom a

tography and electrophoresis (data not shown). 

More than 95% of the label was recovered as 

m ethionine or one of its oxidation products, and  

less than 1% of  the label appeared in cysteine, 

cystine, or cysteic acid.

W hen whole cell extracts o f adenovirus 2- 

infected K B cells, labeled late in infection with  

35S-m ethionine, were analyzed on S D S-polya 

crylam ide gels, 22 bands were observed which  

were not obviously present in extracts from

uninfected cells (Fig. lc , d). Fourteen of these  

bands have apparent m olecular weights which  

are indistinguishable from corresponding com 

ponents found in purified virions. One virion- 

associated com ponent (IVai) was not observed  

in extracts of infected cells. There is, however, a 

prom inent cell com ponent with th e sam e m obil 

ity as IVai. Each virus particle would contain  

only one or two copies of com ponent IVai, and  

thus it m ay not be a true virion com ponent (5). 

For sim plic ity, we have not distinguished by 

nom enclature virion-like proteins found in 

whole cell extracts and those from purified 

virions. N ine additional adenovirus-induced  

bands have been consistently observed which do 

not correspond to any of th e virion com ponents. 

W ith the exception of band P-VII, which is 

described in detail below, each of these bands 

has been given a designation which corresponds 

to its approxim ate m olecular weight (Table 1).

Four of the nonvirion adenovirus 2-induced  

com ponents, designated 100K, 71K, 27K, and  

P-VII, are rather prom inent bands and were 

readily seen in extracts from infected cells  

labeled late after infection (i.e ., after 15 h). 

B and 27K is som etim es resolved into two com 

ponents (Fig. 3), and the faster-m igrating of 

these bands has been designated 26K. Com po

nents 27K and 26K can also be distinguished by 

the fact th at 27K is apparently transported into  

nuclei less efficiently than is 26K; therefore 27K  

can be isolated from cytoplasm ic extracts (un 

published data). A sixth prom inent band in 

infected whole cell extracts (designated 11.5K) 

is only partially resolved from virion com ponent 

IX . Acetic acid extraction of infected cell pellets 

preferentially removes virion com ponent IX  

(unpublished data).

At least three additional adenovirus 2- 

induced bands (50K, 14K, and 13.5K) have  

been consistently detected in 35S-m ethionine- 

lab e led  cell ex tracts. B and 50K m igrates  

slightly more slowly than does the virion core 

com ponent V; band 13.5K m igrates ju st behind  

virion com ponent VIII, but unlike VIE it ap 

pears in extracts from cells labeled for short 

periods. Band 14K, which m igrates about half 

way between com ponents VII and VIE, is found  

in extracts from cells labeled for short periods, 

appears to be stable, and has about the sam e  

intensity by autoradiography as band 13.5K.

If each of th e observed virus-induced bands 

represented a single, unique, virus-coded poly 

peptide, together they would account for about 

80% of the coding capacity of th e adenovirus 2 

genom e (1.1 x  10® daltons o f protein). Evidence  

to  be presented below will dem onstrate th at at
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T a b le  1. A d e n o v i r u s  2 - i n d u c e d  p r o t e i n s
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■I 3 .5 K

-I 1.5 K

F ig . 1. S D S - p o l y a c r y l a m i d e  g e l  a u t o r a d i o g r a m  o f  

35S - m e t h i o n i n e - l a b e l e d  p u r i f i e d  v i r u s  a n d  e x t r a c t  o f  

i n f e c t e d  w h o l e  c e l l s .  T h e  g e l  c o n t a i n e d  1 5 %  a c r y l a -  

m i d e  a n d  0 . 0 8 7 %  b i s a c r y l a m i d e .  A d e n o v i r u s  w a s  

p u r i f i e d  a s  d e s c r i b e d  i n  t h e  t e x t ;  t h e  c e l l  e x t r a c t  w a s  

l a b e l e d  f o r  1 h  w i t h  ZbS - m e t h i o n i n e  1 8  h  a f t e r  i n f e c t i o n ,  

t h e n  c h a s e d  f o r  1 2  h  i n  t h e  p r e s e n c e  o f  3 0  f i g  o f  

n o n r a d i o a c t i v e  m e t h i o n i n e  p e r  m l .  P a r t s  a  a n d  d  a r e  

a r t i s t ' s  d r a w i n g s  r e p r e s e n t i n g  a n  i d e a l i z e d  g e l  i n  

w h i c h  a l l  t h e  v i r i o n  c o m p o n e n t s  (a) a n d  t h e  2 2  

v i r u s - i n d u c e d  c o m p o n e n t s  ( d )  t h a t  w e  h a v e  o b s e r v e d  

a r e  i l l u s t r a t e d .  T h e  n o m e n c l a t u r e  u s e d  t o  i d e n t i f y  t h e  

b a n d s  i s  d e s c r i b e d  i n  t h e  t e x t  a n d  i n  T a b l e  1 .  P a r t s  b  

a n d  c  a r e  t y p i c a l  o f  t h e  s e p a r a t i o n s  a c t u a l l y  o b t a i n e d ; 

i t  i s  d i f f i c u l t  t o  s e p a r a t e  a l l  2 3  s p e c i e s  o n  a  s i n g l e  

a c r y l a m i d e  g e l .  B a n d  5 0 K  i s  s e p a r a t e d  f r o m  c o m p o 

n e n t  V  i n  F i g .  2 ;  b a n d s  2 7 K ,  2 6 K ,  1 3 . 5 K ,  a n d  

c o m p o n e n t  V I I I  c a n  b e  s e e n  a s  r e s o l v e d  s p e c i e s  i n  F i g .

B a n d  d e s  M o l e c u l a r
R e l a t i o n s h i p  t o  v i r io n

i g n a t i o n 0 w e i g h t 6

II 120,000° H exon

100K 100,000
III 85,000 P en ton base

71K 71,000

Ilia 66,000 Virion com p onent
IV 62,000° Fiber

iv al 60,000 Virion com p onent

iv a2 56,000 Virion com ponent

50K 50,000

V 48,500° Core

27K 27,500 P resum ed precursor to  

com ponen t VI

26K 26,000

VI 24,000 H exon -associated

P-VII 20,000 Precursor to m ajor core 

(VII)

VII 18,500° M ajor core (AAP)

14K 14,500

13.5K 13,500

VIII 13,000° H exon -associated  (appears 

during chase)

IX 12,000° H exon -associated

11.5K 11,500

X 6,500° Virion com p onent (appears

XI

during chase)

6,000 Virion com p onen t (appears  

during chase)

XII 5,000 Virion com p onen t (appears  

during chase)

“ As assigned by M aizel et al. (14). E veritt et al. 

(5), or, for nonvirion adenovirus-induced com ponents, 

expressed as a num ber b ased  on th e apparen t m olecu 

lar w eight in S D S -p olyacry lam id e gels. A ll o f th e  

com p onen ts have been found by au toradiography in  

purified virions or 35S -m eth ion in e-lab eled  cell e x 

tracts.

b D eterm in ed  from the com p on en t’s m obility  in 

S D S  gels u sing m yosin (200,000 daltons), glycerol - 

3-phosphate d ehydrogenase (120,000 daltons), lacto- 

peroxidase (92,600 daltons), bovine serum  album in  

(68,000 daltons), cata lase  (60,000 daltons), actin  

(47,000 daltons), chym otrypsinogen (25,700 d altons), 

m yoglobin (17,200 daltons), cytochrom e c (13,300  

daltons), and th e characterized adenovirus 2 virion  

com p onen ts as m oleular w eight standards.

c As d eterm in ed  by reference 5 and by reference

14.

3 .  T h e  u n i d e n t i f i e d  m i n o r  b a n d s  t h a t  a r e  v i s i b l e  i n  t h e  

v i r u s  p r e p a r a t i o n  (b ) a r e  p r e s e n t  a t  l e s s  t h a n  o n e  c o p y  

p e r  v i r i o n  (5) a n d  p r o b a b l y  r e s u l t  f r o m  m i n o r  h o s t  

p r o t e i n  c o n t a m i n a t i o n  o r  d e g r a d a t i o n  d u r i n g  v i r u s  

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

p r o t e i n s ;  a  c o m p a r i s o n  o f  i n f e c t e d  a n d  m o c k - i n f e c t e d  

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

d e p i c t e d  i n  F i g .  2 ,  3, a n d  5 .
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F ig . 4. D e n s i t o m e t e r  t r a c i n g  o f  a n  S D S - p o l y a c r y l a m i d e  g e l  a u t o r a d i o g r a m .  T h e  l o w e r  c u r v e  i s  a  t r a c i n g  o f  a  

p o r t i o n  o f  t h e  a u t o r a d i o g r a m  s h o w n  i n  F i g .  3 c  d e p i c t i n g  a n  i n f e c t e d  c u l t u r e  l a b e l e d  f o r  1 h  a n d  h a r v e s t e d  

w i t h o u t  a  c h a s e .  T h e  u p p e r  c u r v e  i s  a  t r a c i n g  o f  a  p o r t i o n  o f  t h e  a u t o r a d i o g r a m  s h o w n  i n  F i g .  3 i  d e p i c t i n g  a n  

i n f e c t e d  c u l t u r e  l a b e l e d  f o r  1 h  a n d  h a r v e s t e d  a f t e r  a  1 2 - h  c h a s e  i n  n o n r a d i o a c t i v e  m e d i u m .  T h e  s c a l e  a t  t h e  

b o t t o m  i n d i c a t e s  t h e  d i s t a n c e  ( i n  c e n t i m e t e r s )  o f  m i g r a t i o n  f r o m  t h e  s t a c k i n g  g e l / s e p a r a t i n g  g e l  i n t e r f a c e .  T h e  

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

radioactive m aterial in bands 27K, PVII, VI, 

and VII was com puted in relation to th at of the  

control bands. Portions o f the scans from the 

no-chase sam ple (Fig. 3c) and the 12-h chase 

sam ple (Fig. 3i) are given in Fig. 4.

Although quantitation of the radioactivity in 

a com plex pattern such as that obtained from  

whole cell extracts is subject to numerous un 

certainties, it does appear that about one-half of  

th e radioactivity incorporated into P-VII in 1 h .

is lost from the P-VII position in 6 h of chase. 

There was still a substantial am ount of P-VH  

(25 to 40% of th e initial) after 12 h of chase, but 

by 48 h postinfection virutally no P-VII was 

found in cell extracts. After 6 h of chase the  

am ount of radioactivity found in com ponent VII 

was approxim ately equal to that lost from band  

P-VII (the accuracy of m easurem ent was not 

sufficient to d etect the expected loss o f 10% of 

the counts; see following section). T h e disap 
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p ea ra n ce  o f  b a n d  27K  an d  th e  a p p ea ran ce  o f  

co m p o n e n t VI rou gh ly  p a ra lle led  th a t  o f  P -V II  

an d  VII, r e sp e c tiv e ly . B a n d  27K , h ow ever, c o n 

ta in e d  le ss  th a n  o n e-th ird  th e  ra d io a c tiv ity  o f  

b a n d  P -V II a fter 1 h o f  la b e lin g , an d  th e  

b ac k g rou n d  d u e  to  res id u al h o s t  sy n th e s is  an d  

b a n d  26K  sev ere ly  lim its  th e  accu rac y  w ith  

w h ich  27K  an d  VI can  b e m easu r ed . In  sp ite  o f  

th e se  lim ita t io n s , th e  e x p er im en t su p p or ts th e  

p rop osa l th a t  27K  is th e  precursor to  ca p sid  

c o m p o n e n t VI an d th a t  P -V II is th e  p recu rsor to  

core c o m p o n e n t VII.

F in gerp rin t a n a ly sis  o f b and s P -V II and  

th e m ajor core protein V II. P o ly p e p tid e s  P - 

V II an d  VII w ere o b ta in e d  from  n u c le i o f  35S -  

m e th io n in e -la b e le d  ce lls  b y  p rep a ra tiv e S D S -  

p o ly a c r y la m id e  gel e lec tro p h o resis as d e scr ib ed  

a b o ve . A  sa m p le  from  eac h  ex tr a c ted  b an d  w as  

rerun on  an a n a ly t ic a l S D S  gel an d  sh ow n  to  be  

e s se n t ia lly  free o f th e  o th er c o m p o n e n t (F ig . 

5A ). B a n d  V II w as a lso  o b ta in ed  in a sim ila r  

m a n n er from  p u rified  35S -m e th io n in e - la b e le d  

vir u s. A fter  th e  rem ov al o f S D S  an d  o th er  sa lts  

b y tr ic h lo ro a ce tic  a c id  an d  a ce to n e  p r e c ip ita 

t io n s , sa m p le s  o f  th e  ex tra c ted  m a ter ia l w ere  

o x id iz e d  b y  p erform ic ac id  an d  d ig e ste d  w ith  

tr y p s in . T w o -d im e n s io n a l  f in g e r p r in ts  w ere  

th en  p rep ared  on  c e llu lo se  sh e e ts  (20  b y  20 cm ) 

as d escr ib ed  a b o v e  (F ig . 5 B , C ).

A u to rad io gr am s o f  th e  tw o -d im e n s io n a l tr y p 

t ic  fin g erp r in t o f th e  m ajor core p r o te in  o b 

ta in e d  from  p u r if ied  35S -m e th io n in e - la b e le d  

viru s  (n o t sh o w n ) in d ic a te d  th a t  th is  p rotein  

h as a t le a s t  four m e th io n in e -c o n ta in in g  try p tic  

p e p tid e s . T h e  sa m e  fin g erp r in t w as o b ta in e d  

from  th e  b a n d  VII m a ter ia l ex tr a c ted  from  

n u c le i o f  a d e n o v ir u s-in fe c te d  c e lls  (F ig . 5 B ). 

T h e  m a ter ia l e x tr a c ted  from  b a n d  P -V II y ie ld e d  

fiv e  m e th io n in e -c o n ta in in g  try p tic  p e p tid e s ,  

four o f w h ich  h a d  m o b ilit ie s  in ea ch  o f  th e  tw o  

d im en sio n s  eq u a l to  th o se  o f  th e  four corre 

sp o n d in g  m e th io n in e -c o n ta in in g  p e p tid e s  o b 

ta in e d  from  b a n d  VII, th e  m ajor core p rote in . 

F u rth erm ore , d e n s ito m e te r  tr a c in g s o f th e  o n e 

d im en sio n a l sep ar at io n s (n ot show n) in d ic a te d  

th a t  th e  fiv e  m e th io n in e -c o n ta in in g  p e p tid e s  

from  b a n d  P -V II, lik e  th e  four p e p tid e s  from  

b a n d  VII, w ere p resen t in a p p r o x im a te ly  eq u al  

a m o u n ts .

T h e  s im p le s t  in terp re ta tio n  of  th e se  re su lts is  

th a t  th e  m ajor core p rotein  co n ta in s  a m in im u m  

o f four m e th io n in e  re sid u es an d  is c lo se ly  re 

la te d  in seq u e n c e  to  an oth e r  s lig h t ly  larger  

p rote in  w h ich  c o n ta in s  o n e  a d d it io n a l m e th io 

n in e  re sid u e . R e su lts  o f  th e  p u lse -c h a se  e x p e r i 

m en t in d ic a te  th a t  th e  m ajor core p ro te in  is 

d er iv ed  from  th is  p recursor by  th e  rem o v a l o f  

a p p ro x im a te ly  15 a m in o  a cid s, in c lu d in g  on e  

m e th io n in e . V irion  c o m p o n e n t VI p ro b a b ly  h a s  

on ly  on e m e th io n in e  resid u e  (5; u n p u b lish e d

a b c
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Fig. 5. T w o - d i m e n s i o n a l  t r y p t i c  f i n g e r p r i n t s  o f  P - V I I  a n d  t h e  m a j o r  c o r e  p r o t e i n .  T h e  S D S - p o l y a c r y l a m i d e  

g e l  a u t o r a d i o g r a m  i n  p a r t  A  c o m p a r e s  p u r i f i e d  V I I  a n d  P - V I I  w i t h  p u r i f i e d  a d e n o v i r u s ;  B  a n d  C  a r e  a u t o r a d i o 

g r a m s  o f  t h e  t h i n - l a y e r  t r y p t i c  f i n g e r p r i n t s  o f  V I I  a n d  P - V I I ,  r e s p e c t i v e l y ;  t h e  a r r o w  ( C )  p o i n t s  t o  t h e  e x t r a  

m e t h i o n i n e - c o n t a i n i n g  p e p t i d e  o f  P - V I I .  O n e - d i m e n s i o n a l  s e p a r a t i o n s  b y  e l e c t r o p h o r e s i s  a n d  c h r o m a t o g r a p h y  

( n o t  s h o w n )  o f  t h e  s a m e  d i g e s t s  s h o w e d  t h a t  t h e  f o u r  m e t h i o n i n e - c o n t a i n i n g  p e p t i d e s  v i s i b l e  i n  B  h a d  i d e n t i c a l  

m o b i l i t i e s  w i t h  t h e  f o u r  c o r r e s p o n d i n g  p e p t i d e s  f r o m  t h e  p r e c u r s o r  P - V I I  (C). A p p r o x i m a t e l y  5 0 , 0 0 0  c o u n t s /  

m i n  o f  t h e  a p p r o p r i a t e  t r y p s i n - d i g e s t e d  s a m p l e  w a s  a p p l i e d  i n  a  1 - c m  s t r i p  n e a r  t h e  l o w e r  l e f t  c o r n e r  o f  e a c h  

f i n g e r p r i n t .  D e v e l o p m e n t  w a s  f i r s t  b y  c h r o m a t o g r a p h y ,  t h e n  b y  e l e c t r o p h o r e s i s  a s  d e s c r i b e d  i n  t h e  t e x t .
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data), and the single m ethionine-labeled tryptic  

peptide seem s to have the sam e m obilities as 

does the single peptide from com ponent 27K. 

T his sim ilarity is not sufficient, however, to  

unam biguously prove that these proteins have 

sim ilar am ino acid sequences.

In tra ce llu la r  s ite  o f  th e  p roc ess in g  o f  P -  

V II. In order to determ ine where the conversion  

of P-VII to VII occurs, we fractionated labeled, 

infected cells into nuclear and cytoplasm ic  

com ponents.

Adenovirus 2-infected K B cells were pulse- 

labeled with 35S-m ethionine 24 to 27 h postin 

fection and were im m ediately harvested by 

washing in ice-cold m edium . The washed cells 

from two petri dishes were resuspended in cold  

reticulocyte suspension buffer and lysed by the 

addition of Triton X-100 as described above. 

T he nuclear pellet and cytoplasm ic fraction  

obtained after centrifugation of the lysate were 

then analyzed on SD S-polyacrylam ide gels 

without further purification (Fig. 6).

The results o f this experim ent indicate that a 

substantial fraction of the precursor polypep 

tid es 27K and P-VII synthesized within the 3-h 

labeling period are found in the cell nucleus; in 

addition, nearly all o f the processed core protein  

is also found in the nucleus. To obtain the  

results depicted in Fig. 6, equal am ounts of 

radioactivity from the nuclear fraction and the  

cytoplasm ic fraction were applied to the gel. 

Q uantitation of the autoradiogram indicates 

th at the ratio of radioactive nuclear P-VII to 

cytoplasm ic P-VII is in excess o f 10 to 1. Even  

though the cytoplasm ic fraction contained four 

tim es as m uch total radioactivity as did the  

nuclear fraction, we can say that at least 

two-thirds o f the radioactive P-VII is found in 

th e nuclear fraction. R ecent a ttem pts to selec 

tively  extract bands P-VII and VII from isolated  

nuclei indicate that these polypeptides, unlike  

m uch of the hexon and fiber protein, are firmly 

bound within the nucleus. Consequently, it is 

unlikely that the distribution of P-VII and VII 

found in the above experim ent resulted from  

precipitation or extensive aggregation of these  

proteins under the conditions in which the  

nuclei were prepared. From these results we 

ten tatively  conclude that processing o f the ade 

novirus major core precursor polypeptide occurs 

after its entry into the nucleus rather than in 

the cytoplasm  or as a consequence o f transport 

through the nuclear m embrane.

D IS C U S S IO N

We have analyzed th e pattern of protein  

synthesis during the late stages o f adenovirus 2 

replication in productively infected K B cells.

By 24 h after a high m ultiplicity infection, host 

cell protein synthesis is reduced to less than 10% 

of the normal rate, and at least 22 adenovirus- 

induced proteins can be detected in extracts of 

whole cells th at were labeled with S5S-m ethio- 

nine. It is unlikely that extensive degradation of 

the newly synthesized virus-induced peptides  

has occurred, because the infected cells were 

labeled at high specific activ ity for relatively  

short periods and the sam ples were prepared for 

analysis in the presence of inhibitors o f proteol

ysis w ithin m inutes of harvesting. T he sum  of 

the m asses of the adenovirus-induced proteins 

th at we have observed am ounts to approxi

m ately 920,000 daltons. About 80% of the ade 

novirus 2 coding capacity is accounted for if 

each of these is a unique virus-coded species; 

however, as yet there is no direct evidence that 

any of the observed virus-induced proteins is, in 

fa ct, v irus coded. A d d ition al adenovirus- 

induced proteins will probably be discovered as 

techniques are further refined.

Adenovirus 2 and adenovirus 5 belong to the  

sam e subgroup and are closely related (20). 

Russell and Skehel (21) have used techniques  

sim ilar to ours to identify virus-induced pro

teins in adenovirus 5 -infected cells; their results 

are com patible with our results using adenovi 

rus 2. Although it is not possible to m ake direct 

comparisons, several of the adenovirus 2 n onvi 

rion proteins (e.g., 100K, 71K, 50K, and 11.5K) 

m ay correspond to the nonvirion com ponents 

found in adenovirus 5-infected cells. We find  

only one band (71K, 71,000 daltons) th at can be 

detected earlier than the adenovirus 2 virion 

com ponents, and th is com ponent m ay corre

spond to the adenovirus 5 “IC SP-3” (64,000 

daltons) that also appears early and is m ade in 

the absence of D N A  synthesis. Any comparison  

of our tim e-course results w ith those of Russell 

and Skehel is difficult, however, because differ 

ent host cells were used.

It is well known that the capsid com ponents 

of several RN A viruses, including polio virus, are 

derived by cleavage o f a precursor polypeptide  

of high molecular weight so that only one ribo

som e initiation site is required for all o f the gene 

products (2). Thus far, however, there has been  

no indication that the capsid com ponents of any 

D N A  virus, including adenovirus 2 (20), are 

derived in a sim ilar fashion. It has been shown, 

however, that some of the capsid com ponents of  

several D N A  bacteriophages are derived from  

precursors only slightly larger than the proc

essed capsid com ponent (10, 15). The process

ing o f bacteriophage capsid com ponents is prob

ably related to the packaging of their D N A  and  

assem bly o f the bacteriophage particle, rather
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Fig. 6. S D S - p o l y a c r y l a m i d e  g e l  a u t o r a d i o g r a m  o f  

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

a d e n o v i r u s - i n f e c t e d  a n d  m o c k - i n f e c t e d  K B  c e l l s .  T h e  

g e l  c o n t a i n e d  1 5 %  a c r y l a m i d e  a n d  0 . 0 8 %  b i s a c r y l a -  

m i d e .  T h e  i n f e c t e d  c u l t u r e  w a s  p u l s e - l a b e l e d  w i t h  

3bS - m e t h i o n i n e  f o r  3  h , b e g i n n i n g  2 4  h  a f t e r  i n f e c t i o n ;  

t h e  m o c k - i n f e c t e d  c u l t u r e  w a s  l a b e l e d  i n  a  s i m i l a r  

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

d e s c r i b e d  i n  t h e  t e x t .  T h e  a d e n o v i r u s - i n f e c t e d  n u c l e i  

c o n t a i n e d  a p p r o x i m a t e l y  2 5 %  o f  t h e  i n c o r p o r a t e d  

c o u n t s ;  t h e  n u c l e i  f r o m  m o c k - i n f e c t e d  c e l l s  c o n t a i n e d  

4 0 %  o f  t h e  i n c o r p o r a t e d  c o u n t s .  E a c h  s a m p l e  w e l l  w a s  

l o a d e d  w i t h  1 0 0 , 0 0 0  c o u n t s / m i n  o f  e x t r a c t .  T h e  s a m -

th a n  b e in g  a  w a y  o f  s e p a r a t in g  t h e  p r o d u c ts  o f  

s e v e r a l g e n e s .

W h ile  a n a ly z in g  th e  p a tte r n  o f  p r o te in  s y n 

t h e s is  a f te r  in fe c t io n  b y  a d e n o v ir u s  2, w e  w er e  

su r p r is e d  to  f in d  t h a t  tw o  m a jo r  c a p s id  c o m p o 

n e n t s ,  t h e  h e x o n -a s s o c ia t e d  c o m p o n e n t  V I a n d  

th e  m a jo r  co re p r o te in  V II, w er e s y n th e s iz e d  a t  

a  m u c h  lo w er  r a te  t h a n  t h a t  e x p e c t e d .  It  w a s  

fo u n d , h o w e v e r , t h a t  a f te r  a  b r ie f  la b e l in g  

p e r io d  r a d io a c t iv e  m a te r ia l  c o u ld  b e  c h a s e d  in to  

c o m p o n e n ts  r e s e m b lin g  V I a n d  V II b y  a llo w in g  

p r o te in  s y n th e s i s  to  c o n t in u e  in  t h e  p r e s e n c e  o f  

n o n r a d io a c t iv e  m e d iu m . F u r th e r m o r e , it  w a s  

fo u n d  t h a t  tw o  o f  t h e  n o n c a p s id  v ir u s - in d u c e d  

p o ly p e p t id e  b a n d s  t h a t  c o u ld  b e  o b s e r v e d  on  

S D S -p o ly a c r y la m id e  g e ls  d e c r e a s e d  in  a m o u n t  

in  r e la t io n  to  m o s t  o f  t h e  v ir u s - in d u c e d  p r o te in s  

d u r in g  th e  c h a se  p e r io d . T h e s e  tw o  p r o te in s ,  

w h ic h  w e  h a v e  t e n t a t iv e ly  d e s ig n a te d  2 7 K  a n d  

P -V II , e a c h  h a v e  m o le c u la r  w e ig h t s  s l ig h t ly  

la r g er  th a n  t h e ir  p r e s u m p t iv e  p r o d u c ts ,  V I a n d  

V II. A t  p r e s e n t  w e  h a v e  o n ly  c ir c u m s t a n t ia l  

e v id e n c e  t h a t  2 7 K  is  in  f a c t  th e  p r e c u r so r  to  V I, 

w h e r e a s  P -V II  h a s  b e e n  s h o w n  to  b e  c lo s e ly  

r e la te d  to  V II b y  t r y p t ic  f in g e r p r in t in g  o f  th e ir  

m e th io n in e  r e s id u e s .  W e  h a v e  a ls o  n o t ic e d  t h a t  

se v e r a l a d d it io n a l  m in o r  c a p s id  c o m p o n e n ts ,  

n o ta b ly  V III, X ,  X I , a n d  X II , a p p e a r  m o re  

p r o m in e n t ly  in  c h a s e d  s a m p le s  t h a n  in  s a m p le s  

h a r v e s te d  im m e d ia te ly  a f te r  a  sh o r t  p u ls e .  

T h e s e  c o m p o n e n ts  are p r e s e n t  in  s u f f ic ie n t ly  

s m a l l  q u a n t i t ie s  so  t h a t  i t  w ill  b e  d i f f ic u lt  to  

d is t in g u is h  w h e th e r  th e y  a r ise  fro m  t h e  n a tu r a l  

b r e a k d o w n  o f  la r g e r  v ir u s  c o m p o n e n t s  or are  

n e c e s s a r y  v ir io n  c o n s t i t u e n t s  d e r iv e d  fro m  a  

p rec u r so r  or p r e c u r so r s  in  a  m a n n e r  s im ila r  to  

t h a t  o f  t h e  m a jo r  co r e  p r o te in .

T h e  m a jo r  co re p r o te in  a n d  it s  p rec u r so r  

p o ly p e p t id e  d iffe r  in  m a s s  b y  a p p r o x im a te ly  

1 ,5 0 0  d a lto n s ,  a  d if fe r e n c e  w h ic h  c o r r e sp o n d s  to  

th e  lo s s  o f  a b o u t  15 a m in o  a c id  r e s id u e s .  I t  is  

in t e r e s t in g  to  n o te  t h a t  t h e  m a jo r  co re p r o te in  is  

o n e  o f  t h e  fe w  a d e n o v ir u s  c a p s id  c o m p o n e n ts  to  

h a v e  a  free a m in o - te r m in a l  r e s id u e  ( 11, 12), 

s u g g e s t in g  t h a t  a  fr a g m e n t  m a y  h a v e  b e e n  

c le a v e d  fro m  t h e  a m in o - t e r m in a l  p o r t io n  o f  th is  

c o m p o n e n t .  It  h a s  b e e n  sh o w n  t h a t  d u r in g  th e  

m a tu r a t io n  o f  b a c te r io p h a g e  T 4 , c o m p o n e n t  

P 2 3 *  is d e r iv e d  fro m  P 2 3  b y  t h e  lo s s  o f  a b o u t

10,000 d a lto n s  o f  p r o te in  fro m  t h e  a m in o - t e r m i 

n a l e n d  o f  t h e  p re c u r so r  (1 0 ) .  I f  a  s im ila r  

s i t u a t io n  e x i s t s  for  t h e  p r o d u c t io n  o f  t h e  a d e n o -

p l e  o r d e r  i s :  a ,  c y t o p l a s m  f r o m  m o c k - i n f e c t e d  c e l l s ;  b ,  

n u c l e i  f r o m  m o c k - i n f e c t e d  c e l l s ;  c ,  c y t o p l a s m  f r o m  

a d e n o v i r u s - i n f e c t e d  c e l l s ;  d ,  n u c l e i  f r o m  a d e n o v i r u s -  

i n f e c t e d  c e l l s .



Vo l . 12,1973 P R O C E S S IN G  O F  A D E N O V IR U S  P R O T E IN S 251

virus major core, one would expect a fragment 

of about 15 am ino acids, one of which is a 

m ethionine residue, to be released from the  

am ino term inus o f the precursor. We have 

looked for such a fragm ent in acetic acid ex 

tracts of frozen and thaw ed cell preparations by 

passage of the extract through Sephadex G-50 

and Bio-G el P-2. N o  fragm ent was found, but it 

is possible th at th e fragment was insoluble 

under th e extraction conditions em ployed or 

was rapidly degraded after its release. We are 

presently purifying sufficient m aterial to obtain  

both carboxyl-term inal and am ino-term inal 

am ino acids o f both P-VII and VII, as well as 

fingerprints of 27K and VI.

The SD S-polyacrylam ide gel system  we have 

used is capable of resolving com ponents that 

differ in their apparent m olecular weight by 

about 4%; th is accuracy can be m aintained  

when com paring different sam ples only because  

the sam ples can be analyzed side by side on the  

sam e slab gel. We would not expect to resolve 

com ponents th at differed by 15 am ino acid  

residues but th at had m asses in excess of about

40,000 daltons. Consequently, it is possible that 

the larger adenovirus 2-induced proteins have  

undetected precursors sim ilar to th at o f the  

major core protein. We do not expect this to be 

the case for th e rem aining major capsid com po 

nents, because they are believed to have  

blocked am ino-term inal residues (10). The re

sults o f Russell and Skehel (21) do not rule out 

the possibility that th e adenovirus 5 major core 

protein (core 2) is derived in a m anner sim ilar to  

th at of adenovirus 2.

At present there is no evidence for the ex ist 

ence of high-m olecular-weight precursors to the  

adenovirus virion com ponents (21, 23). We have 

n ot detected any adenovirus 2-induced polypep 

tid es of m ass greater than 120,000 daltons, 

although we have not yet exam ined the pattern  

of protein synthesis after extrem ely short label 

ing periods. The processing m echanism  of ade 

novirus 2 described above more closely resem 

b les that of bacteriophage T4 than that of 

poliovirus. A possible rationale for the existence  

of this processing system  is that the removal o f 

certain am ino acid sequences is necessary to  

induce a conform ational change in the proteins 

which, in turn, control the virus assem bly  

process. In support o f this hypothesis, we find  

that a substantial fraction of th e precursor to 

the major core is rapidly transported to the  

nucleus, where we presume processing takes 

place. In addition, it is known th at the assem bly  

of adenovirus 2 occurs relatively slowly, even  

though there is a large excess o f m any of the

virion com ponents and free viral D N A  in the  

cell at late tim es after infection (23). In our 

pulse-chase study, it required nearly 12 h to 

convert ha lf o f the major core precursor synth e 

s ized in 1 h to the product form. T h is process, 

therefore, could be a rate-lim iting step in virus 

assem bly.

A recent report by Sundquist et al. (22) has 

dem onstrated that em pty capsids are precur

sors to assem bled virus. E m pty capsids from  

adenovirus 2 conta in  several p o ly p ep tid es  

w hich are not present in com plete virions. Two 

of these peptides (D and E) probably corre

spond to our 27K (the presum ed precursor to  

VI) and 26K. In addition, em pty capsids are 

deficient in virion com ponent VI. We have 

recently found th at significant am ounts o f 27K, 

26K, and P-VII are found in purified virus if the  

virus is harvested im m ediately after a short 

labeling period; these three bands progressively 

disappear from virus purified from pulse- 

labeled infected cells during a subsequent chase  

(m anuscript in preparation). Taken together, 

these results indicate that the cleavage o f poly 

peptides 27K and P-VII is a relatively late step  

in virus m aturation.
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