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As a-reference standard for human wild- 

Genetic Mechanisms of Tumor Suppression by the 
Human p53 Gene 

Mutations of the gene encoding p53, a 53-kilodalton cellular protein, are found 
frequently in human tumor cells, suggesting a crucial role for this gene in human 
oncogenesis. To model the stepwise mutation or loss of both p53 alleles during 
tumorigenesis, a human osteosarcoma cell line, Saos-2, was used that completely 
lacked endogenous p53. Single copies of exogenous p53 genes were then introduced by 
infecting cells with recombinant retroviruses containing either point-mutated or 
wild-type versions of the p53 cDNA sequence. Expression of wild-type p53 suppressed 
the neoplastic phenotype of Saos-2 cells, whereas expression of mutated p53 conferred 
a limited growth advantage to cells in the absence of wild-type p53. Wild-type p53 was 
phenotypically dominant to mutated p53 in a two-allele configuration. These results 
suggest that, as with the retinoblastoma gene, mutation of both alleles of the p53 gene 
is essential for its role in oncogenesis. 

T UMOR-SUPPRESSOR GENES ARE DE- 

fined as genes for which loss-of-func- 
tion mutations are o~lcoge~lic (1). 

Wild-type alleles of such genes may thus 
fur~ction to prevent or suppress tumorigen- 
esis. For example, i~ltroductio~l of wild-type 
copies of the reti~loblastoma gene (RB), the 
prototype of this class (Z), suppressed the 
~leoplastic properties of human tumor cells 
with mutated endogenous RB, thereby pro- 
viding direct evidence for tumor suppres- 
sion by a single gene (3, 4). Another gene 
product, p53, was first identified as a 53-kD 
cellular protein that binds to SV40 T anti- 
gen ( 5 ) ,  a property that is also shared by RB 
protein. The gene encoding p53 is common- 
ly affected by deletions, rearrangements, or 
point mutations in human and murine tu- 
mor cells (6,  7). p53 was originally consid- 
ered to be an oncogene because mutated 
p53 alleles could transform primary rat em- 
bryo fibroblasts in concert with an activated 
ras gene ( 8 ) .  However, cotransfection of 
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wild-type murine p53 was shown to reduce 
transformation efficiency by many other on- 
cogenes (9). These studies, and the observed 
diversity of mutations in human tumors, 
suggested that p53 might be a tumor sup- 
pressor gene, that is, a gene that is inactivat- 
ed by mutation. The dominant transforming 
effect was presumed to be due to a "domi- 
nant negative" activity of mutated p53 pro- 
tein that somehow blocked the growth- 
restricting function of wild-type p53 protein 
in cells. This model suggested that the rela- 
tive quantity of mutated to wild-type p53 
could determine the transformed pheno- 
type, but gene dosages could not be tightly 
co~ltrolled in these tra~lsfectio~l studies. 

Because of such questions, as well as tlle 
possibility of species-specific differences in 
p53 function (10) and the uncertain rele- 
vance of transformed animal cells to human 
neoplasia, we sought to reassess the biolog- 
ical properties of p53 in tlle human system. 
The human osteosarcoma cell line Saos-2 
was chosen as a host cell because it has no 
endogenous p53, because of the complete 
deletion of its gene ( 6 ) .  We used recombi- 
nant retroviruses derived from Maloney 
murine leukemia virus (Mo-MuLV) to in- 

type p53, we used the genomic DNA se- 
quence of Lamb and Crawford (1 1). Poten- 

A 72 122 249 273 
p53L N c 

Arg Val 
AGG CGT 
Aru Aru - - 

72 122 249 273 
p53B N I I 

C&C GTA 
I I 

C 

AGA CGT 
Arg Val Arg Arg 
72 122 249 273 

p53E N I I 

ccc G ~ G  
I I 

C 

AGG CAT 
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H  S B R H  B  
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A 

Fig. 1. Comparison of three human p53 cDNAs, 
and genomic organization of three recombinant 
retroviruses for expressing p53 protein. (A) Three 
human p53 cDNAs are diagrammed. The se- 
quence reported by Lamb and Crawford ( l l ) ,  
here labeled as p53L, was derived by sequencing 
clones from human fetal liver cDNA and ge~lomic 
libraries, and is considered to be wild type. p53B 
is a cDNA clo~le derived from fetal brain RNA by 
the RT-PCR method (12). The deduced amino 
acid sequences of p53B and p53L were identical 
despite hvo silent nucleotide substitutions as in- 
dicated. p53E is a cDNA clone (13) that has 
amino acid substitutions at positions 72 and 273 
relative to p53L or p53B. The Arg1Pr0'~ replace- 
ment represents a common amino acid polymor- 
phism (15) without known functional signifi- 
cance, but the substitution of His for Arg at 
position 273 is found exclusively in tumor cells 
and is co~lsidered to be a mutation. Like many 
other p53 mutations, Arg2'% His lies within 
one of hvo conserved regions required for bind- 
ing to SV40 T antigen (hatched boxes) (23). (6 )  
Genomic organization of three p53 retroviruses 
are diagrammed. Vp53E-Neo was constructed by 
inserting a 1.5-kb Hind 111-Sma I DNA fragment 
containing p53E into the plasmid pLRbRNL (3), 
replacing KB cDNA. A 1.35-kb p53B DNA 
fragment obtained by RT-PCR was i~lserted into 
the pLRbRNL vector to form Vp53B-Neo. The 
insert in one clone was entirely sequenced, as 
diagrammed in (A). Vp53B-Hygro was con- 
structed by insertion of a Hind I11 DNA fragment 
containing p53B and the Rous sarcoma virus 
promoter into plasmid 477 (a MuLV-Hygro vec- 
tor provided by W. Hammerschmidt and B. Sug- 
den). These co~lstructs were then used to produce 
the corresponding viral stocks as described previ- 
ously (3). Some major restriction sites important 
for co~lstruction are indicated. H, Hind 111; R, 
EcoR I; S, Sma I; B, Barn HI; and C, Cla I. 
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tially wild-type p53 D N A  was isolated 
from f h l  brain RNA by the method of 
reverse transaiption-polymerase chain mc- 
tion (RT-PCR), and was doned into plas- 
mid (12). The insect in one done (designat- 
ed p53B) was entirely sequenced (-1300 
bp) to meal a wild-type deduced amino 
acid sequence despite two silent nudeotide 
replacements (Fig. 1A). Another p53 CDNA 
done (p53E), isolated from epidermoid car- 
cinoma cell line A431 (13), was also se- 
quenced, and was found to contain a point 
mutation at codon 273 that replaced Arg 
with His (Fig. 1A). This is a functionally 
signi6cant mutation that has also been iden- 
tified in p53 from two other tumor cell lines 
(14). In addition, a neutral sequence poly- 
morphism in codon 72 (Fig. LA) encoded 
either an Arg (p53B) or a Pro (p53E). This 
common amino acid polymorphism (Is), 
which is without known functional signifi- 
cance, resulted in faster migration of p53B 
than p53E protein by SDS-polyaaylarnide 
gel electrophoresis (PAGE), and was there- 
fore used to distinguish between these pro- 
teins when they wece c m x p d  in the 
same cell. 

The p53E and p53B fragments wece then 
inserted into a Mo-MuLV-basad cctcovical 
vector containing neo as a selectable marker 
gene to form Vp53E-Nw and Vp53B-Neo 
viral genomes, respectively (Fig. 1B). In 
addition, to facilitate double replacement, 
Vp53B-Hygro was made by inserting p53B 
into a similar vector containing the gene 
confdng resistance to hygromycin (16). 
Stocks of Vp53E-Neo, Vp53B-Neo, and 
Vp53B-Hygro viruses were produced as de- 
scribed (3) with titers of about 1 x lo5, 
2 x 102, and 1 x 105, ceqxctively. Expres- 
sion of p53 proteins from the viruses was 
initially assessed in the murine NIH 3T3- 
derived packaging line PA12, which was 
used for virus production (3). Mutated and 
wild-type human p53 proteins wece detect- 
ed in their respective virus-producing cells, 
with the expected dXerence in migration by 
SDS-PAGE (1 7). Because spontaneous mu- 
tation of p53 may occur fkquently in d- 
tured cells, we examined two additional 
biochemical properties of these p53 pro- 
teins: their cellular half-lives, and their abil- 
ity to bind to T antigen. The p53B protein 
had a half-life of 20 to 30 min compared to 
4 to 5 hours for p53E protein (17, consis- 
tent with published reports on the half-lives 
of wild-type and mutated p53 proteins (1 8). 
When virus-producing cells were tcm&md 
with a plasmid expresssing large amounts of 
SV40 T antigen, and lysates were immuno- 
precipitated with antibody to p53 (anti- 
p53) or antibody to T antigen (anti-T), T 
antigen was coprecipitated with p53B but 
not p53E protein (17), indicating that only 

W.2.Expm~sionofhuman A M i  2 3 4 5 6 B M  7 8 9 1 0 1 1 1 2  C M  13 1 4 1 5  
p53 proteins in virus-hkt- 
ed Slos-2 cells. Saos-2 cdls 
( l a n e s l a n d 7 ) w c r e ~  
either with (A) Vp53E-Neo 
to generate p 5 3 ~ ~  (lanes 2 .r 
to 6)  or with (B) Vp53B- 
Neo and Vp53B-Hygro to 
generate p53BN (lanes 8 to 
10) and p53BH (lanes 11 
and 12) clones, respemvdy, as described in the tan. (C) Slos-2 cdls wcre also doubly infimd with 
Vp53E-Neo and Vp53B-Hygro to generate p53EN-BN clones (lanes 13 to 15). Rvldomly selected 
clones, and WERI-Rb27 cells (lanes M), were labeled with [35S]mcthbninc and immunoprccipiated 
with anti-p53 antibody, PAb421 (24) as described fbr (25). p53B (W arrows) and p53E (open 
arrows) are indicated. 

p53B protein could bind to T. These d t s  
suggested that p53Bcontaining viruses ex- 
p d  wild-type p53 and that p53E-con- 
taining virus e x p d  mutated p53 (19). 

In previous cpiments, Saos-2 cdls in- 
fected with parental viruses containing only 
neomycin- or hygromycin-resismnce genes 
showed no changes in morphology and 
growth rate compared to uninfiected cells (3, 
17), suggesting that drug selection did not 
have a signi6cant influence on their neoplas- 
tic properties. Saos-2 cells infkted with 
comparable titers of either Vp53E-Neo, 

Vp53B-Neo, or Vp53B-Hygro in the pres- 
cnce of the appropriate selective a p t  each 
yielded similar numbers of drug-resistant 
colonies. Most coI& could be individual- 
ly propagated into mass dams, with the 
notable observation that Vp53B-inkcted 
cells grew much more slowly than Vp53E- 
infected cells (see below). Vp53E-infected 
dona  uniformly expressed high concentra- 
tions of p53E protein (Fig. 2A). Of 30 
Vp53B-infected clones examined, about 
80% expressed detectable p53B protein 
(Fig. 2B). Two each of Vp53E-Neo and 

Table 1. Neoplastic pmpaties of p53 virus-inf;cctcd Slos-2 cells. Soft-agar colony fbnnation: equal 
numbers (1 x 105 or 2.5 x 10') of cells of the indiatcd clones were seeded in dupliatc in 0.367% 
soft agar as described (3). T d  colony numbcrs were scored atia 20 days. Individual colonies 
comaincd more than 50 cells. Tmoriguicity: 1 x lo7 cells fran each done wae injected 
subcutaneously into flanks of nude mice, and tumor finmation was scored at 12 we&. 

No. of soft-agar cokmks 
formed with 

Virus-inkad 
alls No. of mice ~ 5 3 .  

1.0 x 105 2.5 X 10' with twnor/no. expmmn 
cells d c d  c e l l s d  of mice 

injected 

Parental 1 W,76 10;lO None 

12;12 Mutated 
396,372 
121;105 
96,123 
106,121 
132;172 

0;5 
<1;<1 

Wi type 

<1;<1 
<1;<1 
<1;<1 

W,48 3;3 None 

0;6 Wi type 
<1;<1 
<1;<1 
<1;<1 

0;5 Muated + 
wild type 

<1;<1 
<1;<1 
<1;<1 
<1;<1 
< 1;< 1 
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Fl@. 3. Formation of p53B-T cunpkxes in Saos-2 
cells. C h c s  p53BN-1 (lams 1 and 2), p53BH-1 
(lanes 3 and 4), p53EN-1-BH-1 (lanes 5 and 6), 
and p53EN-1-BH-2 (lams 7 d 8) were trans- 
f;ecnd with plasmid pRSV4UT as described (29, 
and 60 hours later were mctabolic?Uy labekd with 
[35S]mcthionine. GU lysatcs were immunopn- 
cipitated with PAb421 (lanes M, 1,3,5 and 7) or 
with PAb419, a monodonal antibody against 
SV40 T antigen (lanes 2,4, 6 and 8). PAb419 
coprecipitad 4 p53B in cells ap&ig both 
p53B and p53E. 

~ ~ 5 3 ~ - ~ ~ g r o  clones were randomly sekct- 
ed b r  a second infection by the other virus, 
and double-infiectcd doncs were isolated 
and propagated as above. These doncs co- 
arpnssed both p53E and p53B protein 
(Fig. 2C). In order to again verify that p53B 
protein in thest ells was not secondarily 
mutated, p53B-aprcssing doncs were 
dd with the SV40 T antigen plas- 
mid, and all lysatcs were immtuqmipi- 
tated as described above (Fig. 3). Anti-p53 
coprecipitated T in each donc, but anti-T 
copnxipitated only p53B, even in ells ex- 
pressing both p53B and p53E. The half-lifk 
of p53B in Saos-2 was also measured and 
was similar to that of p53B in PA12 cells 
(17). These data again support the notion 
that Vp53B-infected Saos-2 clones a- 
pressad wild-type p53. 
Five randomly chosen dones that stably 

expressed p53E prutcin (p53EN-1 to 
p53EN-5) w m  compared to parental 
Saos-2 ells in terms of morphology (Fig. 
4), growth rate [as doubling time (Fig. 
5A)], saturation density (Fig. 5B), soft-agar 
colony formation, and tumorigcniaty in 
nude mice (Tabk 1). A differma in mor- 
phology was observed only under condi- 
tions of all  crowding, whm alls of EN 
clones were far smaller and more rrfractik 
than parental ah (Fig. 4B). Correlatively, 
saturation density of the bnner was bur- to 
fivefold greater than that of parental ells 
(Fig. 5B). This relative growth advantage 
was seen despite similar doubling times as 
measured under sparsc growth conditions 
(Fig. 5A). Four EN clones and parental cells 
shared similar dtiaendes in mfi-agar colony 
h t i o n  and tumorigcnicity in nude micc 
(Table 1). Om dom, p53EN-1, had notice- 
ably augmented abilities in both respects; in 
particular, it reIiably formed large tumors 

ng. 4. M-logy in cd- A Parental WEN-1 WEN-2 W B N  W B H  P53EN-BH 
turc ofp~rrntal Saos-2 cdls, 

tuUy gmwing Cds. (8) 
Glls at coduenq. Magni- 
fication, X 100. R 

fnxn as kw as 5 x 105 injected& (17). 
Wecansidcrcdthisdisacpancytobewidrin 
the range of dona1 variability Qpcacd 
vnong tumor ells. Thae redm suggested 
that mutated p53 functioned in the absence 
of wild-type p53 to co&r a limited growth 
advantage! (higher sammth density) to 
Saob2ccllsinculnnr. hmanyothera~peas 
of the neoplastic phenotype, the F a  of 
point-mutated p53 was essentially quiva- 
lent to complete absence of p53. 

In comparison to parental Saos-2 alls, 
doncs expressing p53B (wild-type p53 p m  
tein) were invariably cnLrged and flattened 
(Fig. 4) and had prolonged doubling times 
in culture of about 70 hours rather than 30 
to 36 hours fbr parental or EN ah (Fig. 
5A). The dtiaency of soft-agar cdony for- 
mationwasrcduccdtoltssthanthethresh- 
o l d f b r ~ a s i n g l e ~ , w h a t a s  
parental ah and EN ails fbmKd hundreds 
of colonies under the same conditions (Ta- 
ble 1). Injection of 1 x 10' ells of each of 
seven p53Bapressing doncs into the flanks 
ofnudemiadtedinthcfonnationofno 
tumors afttr 12 weeks, even while the same 
number of parental or p53E-expressing alls 
limned tumors in all c o n t n l d  flanks 
(Table 1). These fkhgs could not be ex- 
plained by a peculiar dect of viral inktion 
and seleaion because one done, Vp53BN- 
R, derived from Vp53B-Neo-infkted ah 
but lacking detectable expression of p53B, 
had a phenotype i d d q p k h a b l e  from pa- 

Flg.s.Growd,c&ctsof 
p53 6xplrssion in Sros-2 
cells. (A) Doubling times of 
paraualsaos-2Cdsandvi- P 

I m-infecnddoncsinann- zB0 - 
p o m m i ? l r n ~ .  L 

EqualnumbcrsofcachceU g E_ 
z lo6$ I? 

typcwaesecded~60- 
- arental - - 

L m p53EN-1 ~ m ~ d i s h c s ; & o f  q40 0 p53EN-2 
twodishcswcreaypsinized g o p53EN-3 
and counted at daily inter- & p53EN-4 
vals for 4 days. Doubling -53EN 5 
dmcswaedaivcdfrom - 
l i nu f id tobgce l l num-  Clones 23 
bcrs. (8) Saturation density 
of paraual Saos-2 and EN dona. Quai n u m h  (1 X lo5) of cells wae sealed into 60-mm culture 
dishcs;allsoftwodishcswercayps~dcounted~thetimesindidPlomdpo;lmwaemcvl 
a l l  numbers from dupkate Satuntion density of p53E-exprrssing cells was kur- to b&Id 
greater than parmtal cells. 

4 & (Tabk 1). The -5096 reduaion 
of growth rate of cultured Saos-2 alls ex- 
pressing p53B was h d i a e n t  to account 
fbr the complete loss of ~mocigeniaty and 
d - a g a r  colony fbnnation, implying that 
wild-type p53 spesificaUy s u m  the 
neoplastic phcmtypc of these cells. nKse 
redtssuggestthatlossofwild-typep53 
was a s i p h n t  event during thc genesis of 
this tumor line, and, by extension, of adm 
oamammm with mutated endogemus 
~ 5 3  genes (6). 
Because both mutated and wild-type p53 

proteins w m  apparently functional in 
Sam-2 ah, wc asked whether both activi- 
ties Could be sim-usly 
whether they canaled out onc another, or 
whether one activity was dearly dominant. 
The configuration of one wikt-type and one 
mutated allele was most rrkvant to natural 
human tumorigmesis, because this is a nec- 
tssarv mamediate s t e ~  on the Dathwav 
towah complete los~ oiwild-type b53.6- 
Man of two diflknt p53E-expressing 
dones with Vp53B-Hygro yielded 22 hy- 
&rornYcin-m&t clones, which 15 c& 
expressed both p53B and p53E. To d a a -  
mine the number of integrated copies of 
each virus present in th&cloncs, we ana- 
lyzed gglomic DNA of three clones derived 
tiom p53EN-1 ah hfkcted with Vp53B- 
Hygro by Southern (DNA) blotting (Fig. 
6). Hybridization with neo as a probe 
showed a single, common junctional fi-ag- 
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Fig. 6. p53EN-BH cells harbored one copy of 
Vp53E-Neo and one copy of Vp53B-Hygro. 
Genomic DNA (10 pg) extracted from parental 
Sam-2 cells (lanes l), and clones p53EN-1 (lanes 
2), p53EN-1-BH-1 (lanes 3), p53EN-1-BH-2 
(lanes 4), and p53EN-1-BH-3 (lanes 5), was 
digested- with Eco RI, and separated in 0.7% 
agarose gels. Southem transfer was pedbnned, 
and nylon membranes were hybridized with 32P- 
labeled neo (A) or hygro (B) DNA probcs, by 
standard methods (26). A single, unique junction 
fragment is seen in each done with each probe, 
indicating single integrated copies of each virus. 

ment in all three clones, indicating the pm- 
ence of a single integrated copy of Vp53E- 
Neo in p53EN-1 cells (Fig. 6A). 
Hybridization with hygro showed a single, 
unique junctional fragment in each clone, 
indicating the presence of single, indepen- 
dently integrated copies of Vp53B-Hygro 
in p53EN-BH clones (Pig. 6B). Single 
integrations were expected, based on pre- 
vious use of a related recombinant retrovi- 
rus at comparable titers (3). These findings 
confirmed that p53EN-BH clones indeed 
contained one ktegrated copy of each vi- 
rus, and that both exogenous p53 genes 
were expressed (Fig. 2). By criteria of 
morphology, growth rate, saturation den- 
sity, soft-agar colony formation, and tum- 
origenicity in nude mice, double-replace- 
ment clones were indistinguishable from 
clones expressing only p53B (Figs. 4 and 5, 
Table 1). Cells obtained by infecting in the 
other order, that is, p53B-expressing cells 
i n f d  with Vp53E-Neo, had the same 
phenotype (17). Complete dominance of 
wild-type p53 activity was observed de- 
spite the -10-fold lower quantities of 
wild-type than mutated p53 in these cells, 
an expected consequence of the shorter 
half-life of wild-type p53. 

In sum, single copies of wild-type p53 
were sufKcient to suppress the neoplastic 
phenotype of human osteosarcoma cells 
lacking p53 expression, as well as of cells 

expressing a mutated p53 allele. These re- 
sults are consistent with the findings of 
Baker et al. (20) that transfection of human 
wild-type p53 suppressed the growth of 
human coloreaal tumor cells, even those 
with mutated endogenous p53 alleles. These 
studies suggest that, like RB, human p53 has 
a broad suppression activity in many tumor 
types. The -dominance of wild-& over 
mutated p53 in a two-allele configuration 
suggests that both wild-type p53 alleles 
must be lost for an oncogenic effect of this 
gene (21). Momver, t ransfed  wild-type 
p53 failed to suppress the growth of human 
coloreaal adenoma cells containing wild- 
type p53 alleles (20); similarly, exogenous 
RB failed to suppress osteosarcoma cells 
with wild-type endogenous RB (3). Thus 
the suppressive effect of exogenous RB or 
p53 may be limited to tumor cells lacking 
wild-type endogenous RB or p53. These 
shared properties of RB and p53 reinforce 
the tumor suppressor gene concept, includ- 
ing the possible clinical use of their replace- 
ment in appropriate tumor cells. 

One question not answered by previous 
studies is whether point-mutated p53 has 
some function, or whether it is completely 
functionless, that is, is equivalent to its 
complete deletion. The mutated human p53 
allele we used retains some function. because 
its insertion into osteosarcoma cells aug- 
mented their saturation density in culture 
(22). Mutated p53 alleles may confer a 
growth advantage or a more malignant phe- 
notype to tumor cells without wild-type 
p53, thereby explaining why mutated p53 
alleles are commonly retained in tumor cells. 
Additional experiments are needed to ad- 
dress this proposal. The idea that mutated 
p53 has a biological function, and that its 
function is recessive to that of wild-type 
p53, is inconsistent with the hypothesis of a 
dominant negative effict, at I& as it applies 
in natural human tumorigenesis. The dom- 
inant transfbnning properties of mutated 
murine p53 alleles may be due to the high 
copy numbers of genes introduced by trans- 
f d o n ,  and the resulting massive overex- 
Dression of mutated ~ 5 3 .  Under conditions 
bfequal gene dosage: wild-type p53 is able 
to override the influence of mutated p53 
despite a tenfold molar excess of the latter. 
Th& observations .may be explained by 
competition of wild-type and mutated p53 
fbr common cellular targets, fbr which wild- 
type p53 is much morereavid. In this model, 
wild-type and mutated p53 would transmit 
opposite growth signals to these targets, 
with total absence of p53 perhaps an inter- 
mediate signal. Alternatively, mutated p53 
may act in an independent pathway to pro- 
mote selective feanues of the neoplastic phe- 
notype. 
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Norwalk Virus Genome Cloning and Characterization 

Major epidemic outbreaks of acute ptroenter i t is result from infdons with Norwalk 
or Norwalk-like viruses. Vim purified from stool specimens of volunteers experimen- 
tally h f e c t d  with Norwalk virus was used to construct recombiit complementary 
DNA (cDNA) and derive dones qmcnting most of the viral genome. The specificity 
of the dones was shown by their hybridization with post- (but not pre-) infection stool 
samples from volunteers infcctcd with Norwalk virus and with puri.64 Norwalk virus. 
A correlation was observed between the appearance of hybridization signals in stool 
samples and dinid symptoms of acute ptroenterit is in volunteers. Hybridization 
assays between overlapping dona, d c t i o n  enzyme analysts, and partial nudeotide 
sequence information of the dones indicated that Norwalk virus contains a single- 
stranded RNA genome of positive sense, with a polyadenylated tail at the 3' end and 
a size of at least 7.5 kilobases. A comumus amino acid sequence motif typical of viral 
RNA-dependent RNA polymerases was identified in one of the Norwalk virus clones. 
The availability of Norwalk-specific cDNA and the new sequence information of the 
viral genome should permit the development of sensitive diagnostic assays and studies 
of the molecular biology of the virus. 

A CUTE GASTROENTERITIS IS ONE OF 
the most common illnesses in the 
United States (1, 2), with a large 

number (up to 42% of outbreaks) of cases 
estimated to be caused by Norwalk or Nor- 
walk-like viruses (3). Both water- and food- 
borne transmissidk of Norwalk virus have 
been documented, and particularly large e p  
idemic outbreaks of illness have occurred 
after consumption of contaminated shellfish 
including clams, oysters, and cockles (4-1 0). 

Norwalk virus was discovered in 1973. 
but knowledge about the virus has remained 
limited because it has not been possible to 
propagate the virus in cell culture and suit- 
able animal models have not been found (2). . , 
Human stool samples obtained from out- 
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breaks and from human volunteer studies 
have been the only source of virus. More- 
over, the concentration of virus in stool is 
usually so low that virus detection by rou- 
tine electron microscopy is not possible (1 1- 
13). Current methods of Norwalk virus de- 
tection include immune electron microscopy 
and other immunologic methods such as 
radioimmunoassays (RIAs) or biotin-avidin 
enzyme-linked immunclsorbent assays (ELI- 
SAs), which use sera from humans in acute 
and convalescent phases. To date, because of 
either insdlicient quantities or unusual 
properties of the viral antigen, no hyperim- 
mune serum from animals has been success- 
l l l y  prepared. Preliminary biophysical char- 
acterization of virions has indicated that 
particles contain one polypeptide (14), but 
efforts to characterize the viral genome have 
failed. Therefore, these viruses have re- 
mained unclassified and difficult to study. 
Molecular cloning was seen as an approach 
to overcome these problems. 

To permit better diagnosis and molecular 
characterization of Norwalk virus, we con- 
structed a cDNA library derived from nu- 

Fig. 1. Electron micrograph of Norwalk virus 
particles after CsCl gradient purification. Virus 
was visualized by staining with 1% ammonium 
molybdate. Scale bar, 50 nm. 

cleic acid extracted from virions purified 
from stool samples obtained from volun- 
teers. Norwalk virus (8FIIa) was adminis- 
tered orally to adult volunteers (15, 16). 
Stool samples collected after infection were 
examined for Norwalk virus by either RIAs 
or direct or immune electron microscopy. 
Stools from two patients containing the 
highest amount of Norwalk virus were used 
as the source of virus for cloning. Norwalk 
virus was purified by methods used previ- 
ously for preparation of hepatitis A and 
rotaviruses from stool, with some modifica- 
tions (17, 18). Basically, stools containing 
Norwalk virus were treated with Genetron 
(lJ,2-m&~l,2,2-aifluoroRhane) to re- 
move lipid and water-insoluble materials. Virus 
in the aqueous phase was then centdkged 
through a 4096 s u m x  cushion, and the result- 
ant pellets were suspended, sonicated, and 
loaded in a CsCl &ent for isopycnk d- 
 tio on. ~ ~ ~ f ~ x i r n a t e ~ ~  lo9 physical mcles 
of virus of relatively lugh purity (Fig. 1) were 
obtained fiom 500 g of stool. 

Nucleic acids were extracted from these 
purified viruses by proteinase K treatment of 
the samples followed by phenol-chloroform 
extraction and ethanol precipitation ( 19). 
Because the nature of the viral genome was 
unknown, the extracted nucleic acids were 
denatured with methylmercuric hydroxide 
before cDNA synthesis. Random primed 
cDNA was syn&esized and a small amount 
of cDNA was obtained (19). Direct cloning 
of this small amount of cDNA was unsuc- 
cessful so a step of amplification of the DNA 
was performed by synthesizing more copies 
of the DNA with random primers and the 
Klenow fragment of DNA polymerase I 
before cloning. This cloning method was 
developed based on control experiments in 
which we amplified a known cDNA frag- 
ment of hepatitis A virus (20). The proce- 
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