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Cell-Free, De Novo Synthesis of Poliovirus 

cell-free translation of poliovirus RNA in an extract of uninfected human (HeLa) cells 
yielded viral proteins through proteolysis of the polyprotein. In the extract, newly 
synthesized proteins catalyzed poliovirus-specific RNA synthesis, and formed infec- 
tious poliovirus de novo. Newly formed virions were neutrakd by type-specific 
antiserum, and infection of human cells with them was prevented by poliovirus 
receptor-specific antibodies. Poliovirus synthesis was increased nearly 70-fold when 
nucleoside triphosphates were added, but it was abolished in the presence of inhibitors 
of translation or viral genome replication. The ability to conduct cell-free synthesis of 
poliovirus will aid in the study of picornavirus proliferation and in the search for the 
control of picornaviral disease. 

v IRUSES ARE COMPLEX AGGREGATES 

of organic macromolecules that as- 
semble from multiples of either a 

few or many distinct building blocks (1). 
Cell-free morphogenesis of infectious virus 
particles, in contrast to de novo synthesis, 
has been reported with some plant viruses 
and bacteriophages (2). In these cases, the 
viral structural components were isolated 
from virions or from infected cells. ALL pre- 
viral attempts to assemble animal viruses, 
including members of the Picornaviridae 
family, have been unsuccessll. 

The prototype picornavirus, poliovirus, is 
a non-enveloped, icosahedral particle con- 
sisting of a single-stranded RNA genome 
that is surrounded by 60 copies each of 
capsid polypeptides VP1 and VP3,58 to 59 
copies each of VP2 and VP4, and one to 
two copies of VPO, the precursor to VP2 
and VP4 (3-5). Poliovirion formation in- 
volves the proteolysis of the capsid polypep- 
tide P1 and the formation of 
"immature" protomers [(VPO,VPl, and 
VP3),], procapsids (an empty shell consist- 
ing of 12 inimature protomers) and, possi- 
bly, "provirions" (3). Provirions are nonin- 
fectious RNA-containing particles whose 
VPO polypeptides have notbeen cleaved to 
yield the mature virion (6). The formation 
of provirions in a cell-free extract of polio- 
virus-infected HeLa cells has been described 
but, for unknown reasons, these particles 
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did not "mature" to virions (7). Palmenberg 
(8) and Grubman et al. (9) have succeeded in 
assembling capsid intermediate structures by 
translating, in rabbit reticulocyte lysates, 
RNAs of the picornaviruses encephalomyo- 
carditis virus and foot-and-mouth disease 
virus. Formation of infectious particles in 
these lysates was not reported, and it is 
conceivable that the rabbit reticulocyte ly- 
sate lacks components essential for morpho- 
genesis (1 0). 

Numerous problems concerning the 
structure and replication of picornaviruses 
remain unsolved. These include the function 
of virus-encoded polypeptides, the, mecha- 
nism of initiation of polyprotein synthesis, 
the mechanism of genome replication, spe- 
cific steps in morphogenesis, and the in- 
volvement of cellular components in viral 
proliferation. Here we describe a procedure 
for de novo synthesis of infectious polio- 
virus in a cell-free system. We provide evi- 
dence not only for the formation and prote- 
olytic processing of the polioviral polygro- 
tein in vitro, a result reported previously 
(11), but also for viral RNA synthesis and 
assembly. 

We have prepared a cell-free extract from 
uninfected HeLa cells (12) capable of trans- 
lating RNA of poliovirus type 1 (Mahoney) 
[PVI(M)] with great accuracy (Fig. 1). ALL 
viral proteins were visible, with the excep- 
tion of capsid proteins VP2 and VP4. On 
longer exposure of gels (approximately 96 
hours) a band migrating to the position of 
VP2 emerged (13). However, there was too 
little material to confirm the identity of the 
polypeptide by immunoprecipitation with 
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antibodies to VP2. The small capsid protein 
VP4 could not be detected because it mi- 
grated off the gel under the conditions of gel 
electrophoresis. VP4 is diflicult to detect 
even in [35S]methionine-labe1ed extracts of 
infected cells because it contains only one 
methionine (14). In some translations, poly- 
peptide 3CD, the precursor to proteinase 
3 C P  and RNA polymerase 3Dp1 (3, 5), 
appeared relatively resistant to proteolytic 
processing. We cannot explain this phenom- 
enon at present. 

To test whether the incubation mixture 
contained infectious virus, six aliquots (be- 
tween 1 and 20 4) of an incubation mixture 
were added to separate monolayers of HeLa 
cells. In several experiments, in which inde- 

pendently prepared extracts were used for 
15 hours of in vitro translation, plaques 
appeared [on the average at 600 plaque- 
forming units (PFUs) per milliliter] whose 
morphology was characteristic of poliovirus. 
Compared with the roughly 10" full-length 
poliovirus mRNA molecules contained in 
the incubation mixture, the number of ob- 
served plaques represents a minute fraction, 
even if the ratio of partides to PFUs were as 
unfavorable as 1000 to 1. (Depending on 
differences in virus preparations from differ- 
ent infected cell cultures, the partide/PFU 
ratio varies widely for poliovi&.) 

The formation of plaques observed here 
could have been the result of transfdon of 
monolayer cells with the mRNA used for 

Flg. 1. T i e  course of synthesis of --- - 
poliovirus polypeptides in a HeLa 
S10 extract (12) complemented --.-- - P1 

with a translation mixture and viral L W L .  

...--WC -3CD 
mRNA. The in viuo incubation 
mixtum (250 pl) contained 93 p1 - 3~ 
of S10 extract with the following 
additions: 1 mM ATP, 50 C1M -2BC ' 

GTP, 10 mM creatine phosphate, 6 
pg creatine phosphokinase, 2 mM - VPO 

-3C' 
DlT, 6 pg of calf liver tRNA, 12 - 2c 

each of all amino acids except - VPI 

methionine, 300 pCi of [35S]me- -3D' 
- VP2 

thionine, 18 mM Hepes (pH 7.4), 
240 pM spermidine, 0.1 M K ace- 
tate, 0.35 mM Mg acetate, 0.75 
mM Mg chloride and 2 pg of 
PVl(M) RNA [the K+ and w+ 
ions were added in addition to 
those conmbuted from the dialysis 
buffer (12)l. Incubation was for 18 
hours at 30°C. At each time p i n t  - ZA 
samples (20 pl) were removed, 
mixed with RNAse A (to 20 pg/ - 3AB 

ml), RNAse T1 (to 100 U/ml), and 
c y d o h d d e  (to 5 pglml), incu- 
badfor5minat30"C,andfnnen 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

immediately. Portions (6 pl) were 
analyzed on 12.5% SDS-plyaaylarnide gels. Gels were fixed, treated with EN3HANCE, dried, and 
exposed for 15 to 24 hours to x-ray film at -70°C. Lane 1, no RNA, lanes 2 to 13, incubation at 0, 
0.5, 1, 2, 3, 4, 5, 6, 9, 12, 15, and 18 hours, respectively; lane 14, cytoplasmic extract of 
[35S]methi~nine-labe1ed PVI(M) infected HeLa cells as marker. 

Flg. 2. Synthesis of poliovirus in the cell-fiee 
incubation mixture. Messenger RNAs were either 
derived from plasmid DNA such,as pT7PVXL.2 
that was aanscribed with phage T7 RNA poly- 
metase (16), or from puriIied PVl(M). Transla- 
tion Fig. reactions 1, except that were 2 identical pl of 1 mM to those cold described methionine in '$ A @'q / 

M ( B )  , )  
and 300 ng each of pT7PVXL.2 RNA and 
PVl(M) RNA were incubated in a total incuba- 
tion volume of 37.5 pl. Incubation was for 15 
hours at 30°C. The samples were then treated 
with RNAse A (20 pg/ml) and RNAse T1 (100 
U/ml) for 30 min at room temperature, diluted to 
200 p.l with PBS, and added to HeLa cell mono- 

( , layers. Plaques were scored after 48 hours of ( L ( B )  X L ( C )  
incubation as described (22). XL(A) and M(A), pT7PVXL.2 and PVl(M) RNAs, respectively, were 
incubated with HeLa extract without addition of the translation mixture. XL(B) and M(B), complete 
incubation m b  programmed with pT7PVXL.2 and PVl(M) RNAs, respectively. XL(C) and 
M(C), HeLa monolayers were infected with virus stocks derived from pT7PVXL.2 RNAs or from 
PVl(M), respectively. 

translation, although the specific in f iv i ty  
of plus-stranded poliovirus RNA is low 
(15). To test this possibility, we assayed for 
PFUs in the complete incubation mixture 
(cell extract, translation mixture, and tem- 
plate RNA) before and after 15 hours of 
translation; in each case the mixtures were 
treated with ribonudease (RNase) A and 
RNase T1 before being added to the cells. 
No plaques were generated fiom the incu- 
bation mixture at the start of the experi- 
ment, an observation codinning that the 
mixture was not contaminated with poliovi- 
rus. Similarly, no plaques were observed if 
viral RNA was incubated for 15 hours with 
the cell extract alone (Fig. 2). This suggests 
that translation is required for the formation 
of PFUs, as plaques were reproducibly 
formed from the 15-hour incubation mix- 
ture in spite of RNase treatment (Fig. 2). 
These results were obtained regardless of the 
source of the RNA [transcripts of plasmid 
DNA (16) or genomic RNA isolated fiom 
virions] (Fig. 2). 

The preparation of the HeLa cell extract 
includes a dialysis step (12) that removes 
most of the endogenous nucleoside mphos- 
phates (NTPs) from the mixture. As protein 
synthesis requires ATP and GTP (17), ATP 
(1 mM) and GTP (50 pM) were part of the 
complete incubation mixture. To test 
whether virus-specific RNA synthesis oc- 
curred during poliovirus RNA translation in 
the HeLa cell extract, we examined the 
effects of addition of CTP, UTP, and addi- 
tional GTP. The number of PFUs per mil- 
liliter increased about 70-fold (from -600 
to -41,000) at 1 mM of ATP and 125 to 
250 pM each of GTP, CTP, and UTP (Ill), 
an observation suggesting RNA synthesis- 
dependent virus formation. Further increase 
in the concentration of GTP, CTP, and 
UTP reduced the number of plaques, and at 
1 mM each, plaque formation was complete- 
ly abolished. This can be explained by the 
inhibitory effect of the high NTP concentra- 
tion on translation; at 1 mM of each of the 
four NTPs, no poliovirus proteins were 
synthesized (Fig. 3A, lane 8). The reason for 
the inhibition of translation is probably a 
reduction of available M 8 +  ions for protein 
synthesis. Indeed, an increase of the Mg' 
concentration at high NTP concentrations 
restored translation (Fig. 3A, lanes 9 and 
10) and PFU formation (19). 

At 125 pM each of GTP, CTP, and UTP 
and 1 mM ATP, the first PFUs were detect- 
ed between 5 and 10 hours of incubation, 
while maximal virus production (-41,000 
PFUs per milliliter) was achieved at 15 to 20 
hours. If edeine, an inhibitor of in vitro 
translation (20), was added after 9 hours of 
incubation, the increase in PFUs between 9 
and 15 hours was markedly inhibited (fiom 
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T e b k l . ~ o f a n t i b o d i e s ~ i n h i b i t ~ ~ ~ o n t h c s y m h c s i s o f p o l l ~ i n t h c  a - n d " + n r c f i r t o t h c a b s a K c a r p r r s a x r o f t h c ~ ~ a c e p c ~  
incubation mixnuc. Conditions war as in Fig. 2 a- that arnccnnatons of n d  ND, not danmincd. MAb Dl71 is a pdiovirus ccccpax+ ane- 
~ , C T P , d U r P w a r ~ m 1 2 5 @ e a c h , ~ b a t r h e s o f H e L a  body.Anti-Wl(M)andanti-PV3(L)arrneualizingantisaaspcdficfbrtypcsl 
a r t r a c o i w a e u s e d ; a n d P F U s w a e d ~ 1 5 h c x l t s o f ~ . ~  a n d 3 ~ ~ ~ v c l y .  

PFU per milliliter 

RNA Guanidine HCI 
(2 

MAb Dl71 Anti-PV1 (M) Anti-PV3(L) M P *  Edcine (4 phi) 

- + - + - + - + - + - + 

X. . =-* , lpu contained 1.5 mM M e ;  and "+" lysarr contained 2.6 mM Me. 

40-fbld in the absence of edeine to 16-fold 
in its presence). We condude that transla- 
tiondependent PFU formation continues 
beyond 9 hours, but that the maturation of 
infectious virus lags behind protein synthe- 
sis. 

The stimulation of PFU formation by 
addition of NTPs suggested the involve- 
ment of RNA replication. Infectious virions 
might also have been fbrmed, in part, by 
encapsidation of mRNA into capsid pro- 
teins that were synthesized de novo. Guani- 

dine hydrochloride (at 2 mM) is an inhibitor 
of poliovirus RNA replication in HeLa cells 
(21,22). At this concentration, the drug has 
no adverse dfect on the metabolism and 
growth of HeLa cells for several divisions 
(21 ) . Addition of guanidine HCI (to 2 mM) 
to the incubation mixture had no apparent 
effect on the translation of RNA derived 
from wild-type poliovirus (Fig. 3B, lane 6) 
but it completely prevented the formation of 
PFUs [PVl(M)g' (Table I)]. In contrast, 
when RNA from guanidine-resistant polio- 

virus [PVl(M)g'] (23) was used as template 
for translation (Fig. 3B, lane 4), infdous 
virus was produced in the presence of the 
drug (Table 1). 
In several experiments it appeared as if 

synthesis of PVl(M)g' in vitro was guani- 
dinedependent to some degree (Table 1). 
We cannot explain this result at present, 
particularly since the PVl(M)g' isolate used 
in these experiments was not drug-depen- 
dent in vivo. 

In poliovirus, virion RNA is, by defini- 
tion, plus-stranded RNA because it is of 
messenger-sense polarity (24), although plus 
and minus strands are synthesized during 
viral replication (25). It is unlikely that 
poliovirions contain minus strands (26) and, 
therefore, the detection of such strands 
would be indicative of virus-specific RNA 
synthesis. We have analyzed total RNA of 
the incubation mixture for poliovirus-spccif- 
ic minus strands by cDNA synthesis and 
amplification with the polymerase chain re- 
action (PCR) (27). Two primers chosen 
(27) were predicted to yield a DNA product 
of 178 nudeotides if poliovirus-specific 
RNA is used as a template; the reaction is 
specific for the amplification of minus 
strands if the plus strand primer is used for 
cDNA synthesis. A DNA product of the 
predicted length was observed when 
pT7PWU.2 DNA, containing poliovirus in- 
f d o u s  cDNA, was used as a template (Fig. 
4, lane 1). A similar band was obtained with 
total RNA of the incubation mixturr afnr 
15 hours of translation (Fig. 4, lane 2). Thc 
identity of this band was confirmed by se- 
quence analysis (19). No band was found 
when the procedure was carried out at 0 
hours of incubation (Fig. 4, lane 4), a 
control confirming that virion RNA used in 
this translation does not contain minus 
strands detectable by this method (28). Si- 
ilarly, no band was seen when the in vitro 
reaction was carried out with viral RNA in 
the absence of the translation mixture (Fig. 
4, lane 5). A band of the eqwted size was 
observed when virion RNA was used as a 
template for cDNA synthesis, but this re- 
quired priming with the minus strand prim- 

Fig. 3. T d t i o n s  of poliovim RNA in the prrsencc of added mgradicnts. (A) Effcct of N T P s  on 
translation that was carried out as desaibed in Fig. 1 except 100 ng of PVl(M) RNA were incubated 
in a total volume of 12.5 4. Incubation was for 15 hours at 30°C. All samples contained 1 mM ATP. 
Lanes 1 and 11, marker polypeptides; h e  2, no RNA, lane $50  @ GTI' but no ClT and UTP. 
Samples of lanes 4 to 8 contained 62.5, 125,250,500, and 1000 @ CTP, UTP, and GTI' each, 
respectively. Samples in lanes 9 and 10 contained, in addition to 500 and lo00 @ N T P s ,  3.1 mM 
M g +  and 3.35 mM M e ,  respectively. The products were analyzed on 15% polyaccylamide gds. (B) 
Effect of inhibitors and salt on translation that was carried out as described in (A), lane 5. Lane 1, 
marker polypeptides; lane 2, no RNA; lanes 3 and 4, translation of RNA of PVl(M)g' in the absence 
and prrsence of guanidine HCI, respectively. Lanes 5 to 8, translation of PVl(M) RNA in the absence 
(lane 5) and prcsence (lane 6) of 2 mM @dine H a ,  lane 7, in the prrsence of 1.5 mM M g +  (total 
M g +  concentration); lane 8, in the prcsence of 4 pA4 edeine. The products were analyzed as in Fig. 
3A. 
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Detection by polymerase chain 
of PVl(M)-related RNAs on an 

reaction 
ap;arose 

&I. ~ h t h e s i s  O~CDNA and PCR was as d&bed 
(27). M, 0x174 DNA, digested with Hae III; 
lane 1, pT7PVM.2 DNA as a emplae; lams 2 
and 4, PCR product of cDNA synthesized with 
primer 1 from total RNA of the complete incu- 
bation mixture [translation programmed with 
PVl(M) RNA as template, as in Fig. 11 after 15 
and 0 hours of incubation, mpectively; lane 3, 
PCR product of cDNA synthesized from 
PVl(M) RNA with prima 2; lane 5, PCR prod- 
uct of cDNA synthesized with prima 1 from total 
RNA of the HeLa cell extract to which PVl(M) 
RNA, but no translation mixture, was added, and 
which was incubated for 15 hours at 30°C. Sam- 
ples (10 ~ 1 )  of the amplification reactions (27) 
were separated on an 0.8% agarosc gel containing 
ethidium bromide and the fluorexent DNA 
bands were visualized on a transilluminator. 

er (Fig. 4, lane 3). These results show that 
poliovirus-specific minus strands were syn- 
thesized during translation of viral RNA in 
vim, an observation suggesting that active 
poliovirus RNA polymerase was generated. 
When verv low concentrations of total RNA 
from the -bation mixture were used for 
cDNA synthesis and PCR, the yield of 
minus s&d RNA was estimated &be 5 pg 
per milliliter of incubation mixture. Because 
of the methodology used, however, this can 
only be a rough estimate. 

To analyze the nature of the inf&ious 
material formed in the HeLa cell-free ex- 
tract, we tested the effect of the receptor- 
specific monodona1 antibody (MAb) Dl71 
and of type-specific hyperimmune sera on 
plaque formation (Table 1). MAb Dl71 
bin& to the cellular receptor of poliovirus, 
thereby completely blocking infection with 
all three serotypes of poliovirus (29). Treat- 
ment of HeLa cells with MAb Dl71 ~ r i o r  
to addition of the incubation mixture com- 
pletely inhibited plaque formation. Similar- 
ly, no plaques were obse~ed when the 
incubation &mre was treated with polio- 
virus -type l-specilic rabbit hyperimmune 
serum [anti-PVl(M)]. Neudkation of the 
in vim6 synthesized &us was type-specific: 
hyperimmune serum to poliovirus type 3 
(Leon) did not reduce the titer in the incu- 
bation mixture (Table 1). These results sug- 

gest that intact poliovirions of serotype 1 
were synthesized in the cell-fm met, and 
that on subsequent incubation with HeLa 
cells, these virions entered the cells by a 
poliovirus receptor-mediated pathway. 

It is highly unlikely that even a small 
fraction of intact HeLa cells remained in the 
HeLa cell extract after several cvcles of cen- 
trifugation, dialysis, and freezehawing. ~f 
0.01% of the cells survived, 5 pl of the 
extract would contain 100 cells. To d u d e  
the possibility that the infectious virus found 
after translation grew in such a residual 
fraction of HeLa cells, we prepared an incu- 
bation mixture that contained 1.5 mM 
M g +  rather than 2.6 mM M g + .  The lower 
M g +  concentration does not allow poliovi- 
rus RNA translation. but is suflicient for the 
propagation of H ~ L  cells in tissue culture. 
Neither poliovirus proteins (Fig. 3B, lane 7) 
nor infectious virus (Table 1) was found 
after 15 hours of incubation in the presence 
of 1.5 mM Mg2+. Furthermore, we could 
not detect intact cells when cell extracts were 
inspected microscopically (19). Finally, we 
added edeine to the incubation mixture, a 
drug that inhibits translation in vitro, but 
not in vivo (19, 20), and which has no deft 
on plaque formation of poliovirus under the 
conditions used here (19). Edeine complete- 
ly inhibited in viao poliovirus translation 
(Fig. 3B, lane 8) and virus formation (Table 
1). These data, together with the results of 
PCR and NTP stimulation. eliminate the 
possibility that the synthesis bf poliovirus in 
the incubation mixture occurred in intact 
cells. 

Our data suggest that de now viral RNA 
synthesis occurs in the cell-free incubation 
mixture, and that RNA synthesis is a re- 
quirement for assembly. P&iblY only viral 
strands newly released from a replication 
complex, or even only nascent strands, can 
be encapsidated. 

The cell-fm extract described above a p  
parently provides sufficient amounts of vi- 
rus-specific capsid proteins in a conforma- 
tion suitable for the formation of virions. It 
is also possible that the HeLa extract de- 
scribed here contains a host cell factor that 
participates in poliovirus morphogenesis 
(10). 

It has been assumed that viral RNA syn- 
thesis requires cellular membranes (30, 31). 
Purified poliovirus RNA polymerase 3D@, 
on the other hand, is active in the absence of 
membranes and it is also not inactivated by 
mild detergent (32). It is possible that the 
HeLa cell extract described here contains 
suflicient amounts of membranous material 
to allow viral RNA synthesis and assembly. 
Whether or not addition of membrane ves- 
ides will stimulate virus production in viao 
remains to be seen. We have obsemed con- 

siderable covariation in translation efiiaency 
of viral RNA and virus yield (500 to 45,000 
PFUs per milliliter of incubation mixture) 
from different cell extracts, a fluctuation 
which we cannot explain at present. Apart 
from in extreme sensitivity of the efiiaency 
of translation to small differences in poliovi- 
rus mRNA and Mg2+ concentrations, it is 
possible that limiting factors for translation 
or for viral replication (or both) in the 
extract may vary in their abundance and 
activity, dependent on extract preparation. 

Our results demonstrate the in vitro syn- 
thesis of a self-replicating entity whose liv- 
ing or nonliving nature has been debated 
since the discovery of viruses (33). For the 
chemist, poliovirus is a highly ordered ag- 
gregate of five species of macromolecules 
(5, 34) with an empirical formula of its or- 
ganic matter of C332,652 -92.388 N98,245 
0131,196 P7501 s2340 (5~ j5). The mt tube 
synthesis of this chemical, starting with viral 
RNA as a template fbr protein synthesis, 
allows the studv of the biochemical and 
genetic properties of the virus, and traits of 
its replication, without the barrier of the cell 
membrane. 
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