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ABSTRACT
It is well documented that shortly after infection
with poliovirus,

host protein synthesis is inhibited.

This

defect is at the level of initiation and is thought to be
caused by a virally-induced alteration of the initiation
factor CBPII.

This factor is needed for binding and recog-

nition of capped host mRNA to the 40S ribosomal subunit.
Consequently,

it has been postulated that poliovirus RNA

itself is able to initiate protein synthesis via a "capindependent" mechanism.
In order to define the concept of a "cap-independent" mechanism more fully,

the importance of the 5' termi-

nus and 5' noncoding region were investigated.

Consequent-

ly, restriction fragment3 from the poliovirus clones,
pVR104 and pVR105,

were selected which hybridized in four

regions of the poliovirus genome:
coding sequence;

a) a site within the

b) the area covering the AUG at the begin-

ning of the NCVPOO reading frame; c) a region in the middle
of the 5' untranslated region of the genome;
terminal region of the genome.

d) the 5'

Hybrid molecules were used

to program a micrococcal nuclease treated, PV1-infected
cell-free system.

Message function was measured by the

synthesis of protein products, analyzed by SDS-PAGE,
tion of polyribosomes and initiation complexes.

ix

forma-

As expec-

x

ted,

the hybrid formed within the coding region allowed the

synthesis of the predicted truncated protein.

The hybrid

covering the AUG codon at position N743 prevented translation.

Interestingly,

the

hybrid

in the untranslated 5'

region and the hybrid formed at the 5'

terminal

sequence,

inhibited translation and prevented formation of an initiation complex and polyribosomes.
virus mRNA,

This suggested that polio-

despite its lack of a 5' cap,

interacts with

ribosomes in a manner similar to capped eucaryotic mRNAs
and in agreement with the scanning mechanism.
Virus specific RNA binding proteins were also characterized in a preliminary investigation to determine which
viral

proteins exhibit RNA binding capability and through

this interaction direct the functional
plays within the cell.

role that the RNA

It was determined that four virus

specific proteins do exhibit RNA binding properties.

Due

to the known functions of these viral proteins, it is
unlikely that any of these proteins are responsible for
translational advantage of poliovirus RNA in infected
cells.

the

CHAPTER

INTRODUCTION

Molecular Biology of Poliovirus

Picornaviral Structure and Assembly
Poliovirus is a member of the Picornaviradae family
and has long been studied as the prototype of these
positive-strand RNA animal viruses
Baltimore,
5 genera

1971).

(Baltimore,

The picornaviruses are classified into

(or groups) based on buoyant density,

ty and viral serology.
of viruses.

acid labili-

These genera each contain subgroups

The genus Enterovirus consists of poliovirus

(3 serotypes),

coxsockie A & B and echovirus.

diovirus has encephalomyocarditis (EMC),
maus-elberfeld as subgroups.
(FMDV) is

1969;

the prototype for

Genus Car-

mengovirus and

Foot-and-mouth disease virus
the Apthovirus genus.

Finally,

the human and equine rhinovirus are each a separate genus
containing more

than 120 serotypes

Physico-chemically,

(Scraba,

1978).

the picornavirus particle is

composed of a molecule of single-stranded RNA (30% by
weight) enclosed in

protein

(70%).

These virions

lack

lipids and there is no good evidence that virion structural
proteins are glycosylated

(Burness et al.,

diameter of these particles

is 27 to 28nm

1973).

The

(Scraba et al.,

2

1967),

in solution it behaves as a spheroid exhibiting

icosahedral

symmetry

(Breese et a1.,

molecular weight is about 8.5 x
1970).

The

molecular

(Granboulan

and

1965).

The particle

10 6 (Burness and Clothier,

weight of the RNA itself is 2.6 x 10 6

Girard,

1969).

Polyacrylamide gel electrophoresis studies of
radiolabeled

picornavirususes

(Rueckert,

1976;

Maizel,

1963), indicated that the virus capsid was composed of 60
copies each of 4 distinct polypeptides.

Reuckert et a1.

(1969) have

capsid architec-

been able

to elucidate viral

ture by controlled degradation studies of cardioviruses,
due

to

the acid

lability of this virus.

Dissociation

products were examined when purified cardioviruses were
incubated at pH 5-6.5 in the presence of 0.1M chloride
ions.

The primary dissociation product is a protein mOiety

having a sedimentation coefficient of 13-14S which contains
5 molecules each of the capsid proteins VP1,

VP2 and VP3.

The capsid protein VP4 and the viral RNA are precipitated
during the dissociation reaction.
VP2 VP3J5,

This pentamer unit,

[VP1

can be further dissociated into 5S components by

treatment with 2M urea.
each of VP1,

This 5S component has 1 molecule

VP2 and VP3.

(Ruekert et a1.,

1969;

According to Reuckert's model

Dunker and Ruekert,

1971),

the

asymmetric structure unit (protomer), of the picornavirus
capsid is composed of 1 molecule each of VP1,
In cardioviruses,

VP2 and VP3.

these are associated into pentamers,

[VP1

3

VP2 VP3]5' via hydrophobic interactions and the 12 pentamers
which comprise the capsid are linked by electrostatic
interactions.

The location of VP4 polypeptides are thought

to be distributed over the internal surface of the capsid
and in direct contact with the virion RNA (Johnston and
Martin,

1971;

Maizel et a1.,

1967).

Information regarding the assembly of picornaviruses has been obtained from characterization of subviral
particles found in infected cells.
rus,

In the case of poliovi-

14S pentamers have been shown to accumulate in infec-

ted cells when viral RNA replication is inhibited with
guanidine.

14S particles were converted to virions

when the inhibitor was removed (Ghendon et a1.,

1972).

The

composition of the 14S pentamer isolated in vitro was
shown to consist of 5 molecules each of VPO,
is the precursor of VP2 and VP4,

VP1,

VP3.

VPO

and undergoes proteolytic

processing as one of the last maturation steps in formation
of a mat u rev L' ion par tic 1 e (J a cob son and Ba 1 tim 0 r e ,
The 80S "procapsids" are stable,

1 968 ) .

empty shells found in

cells infected with enteroviruses,

rhinoviruses, apthovi-

ruses but not in cells infected with cardioviruses (Jacobson and Baltimore,

1968;

Lee et a1.,

1978).

Twelve 14S

particles are thought to polymerize to form a procapsid.
It has also been shown that 80S procapsids accumulate when
viral RNA synthesis is blocked by guanidine, with subsequent virion formation when this block is released (Jacob-

4

son and Baltimore,
RNA,

1968).

Procapsids contain no detectable

nor do they associate with RNA in vitro (Putnak and

Phillips,

1981).

Provirion structures having the same

sedimentation coefficient as mature virions, 150S, have
been isolated and shown to contain the polypeptide composition of procapsid and 1 molecule of viral RNA.

Provirions

are also much more unstable than mature virus.

Conversion

of provirion to mature virus takes place upon cleavage of
VPO to VP2 and VP4.

The question of whether or not polio-

virus RNA is incorporated directly into the preformed procapsid remains unsolved.

It has been postulated that the

RNA might be interpenetrated throughout the capsid and not
stuffed into the hollow shell
Conversely,

(Phillips,

1972).

other investigators feel it is possible that

the viral RNA is into a procapsid as it is synthesized
(Yin, 1977).
Primary Structure, Gene Organization and Polypeptide
Expression of Poliovirus RNA
The primary sequence of the single-stranded RNA
genome of poliovirus has been determined (Racaniello and
Baltimore,

1981;

Kitamura et a1.,

1981).

Initial studies

of the 5' terminus proved difficult because no 5' terminal
nucleotide could be identified.

Subsequently it was shown

that the genome RNA had a protein covalently linked to the
5' end of the virion RNA (Lee et al., 1977; Flanegan et al.
1 977).

It was also reported that the 5' protein,

thought

5
to be the virus encoded protein VPg, was also present on
the minus strand RNA template and the positive strand
nascent RNA chains being transcribed,
intermediate

(Lee et a1.,

not on viral mRNA.

1977;

of the replicative

Flanegan et a1.,

Hewlett et a1.

1977),but

(1976) and Romoto et a1.

(1976) had shown previously that poliovirus messenger RNA
(mRNA) contains a 5' terminal pUp,

in contrast to the 5'

7methyl guanine cap present on most eucaryotic mRNAs (Shatkin,

1976).

Apart from the protein VPg linked to the 5'

terminus of the genome RNA,

the 5'terminal sequences of

viral mRNA and genome RNA have been shown to be identical
(Petterson et a1.,

1977;

Nomoto et a1.,

1972).

Morever,

Hewlett and Florkiewicz (1980) have shown that the first 20
nucleotides of poliovirus type 1 and 2 and coxsackie B1 are
highly conserved.

Like most eucaryotic cellular and viral

mRNAs, picornavirus RNA has a polyadenylic acid tract at
its 3' terminuG (Yoga and Wimmer,

1972).

The picornavirus

poly(A) region is transcribed from a polyuridylic acid
sequence at the 5' terminus of vi ral minus strand RNA (Yogo
and Wimmer, 1972) ,

whereas cellular poly(A) tails are added

post-transcriptionally (Kates,
more

(1974) have found

heterogeneous,

1970) •

Spector and Balti-

that the poliovirus poly(A) tract is

containing 50-12; nucleotides.

Poliovirus

RNA extracted from virions is intrinsically infectious
(Alexander et a1.,
systems

1958) and can be translated in cell-free

(Villa-Komaroff et a1.,

1975).

When the poly(A)

6

tract was selectively removed from poliovirus RNA,

this

resulted in 15-fold reduction in infectivity of the RNA
(Spector and Baltimore,
tract can be removed

1974).

The

majority of the poly(A)

without alterations of the protein

products generated in a cell-free extract programmed with
this RNA

(Spector and Baltimore,

1974).

Primary sequence determination of the poliovirus
genome has revealed

that

the genome is 7440 nucleotides in

length with an open reading frame for translation of 6597
nucleotides.

A computer search of the total genome

sequence has identified many secondary structural features
of unknown significance

(Racanie110 and Baltimore,

1981).

A stem and loop structure at the 5' terminus of poliovirus
RNA has been suggested to function in ribosome recognition
(L a r sen e t a 1. ,
has

1 981 ).

The p rim a ry seq u e n c e

de t e r min a t ion

revealed another interesting aspect of the 5' terminus,

namely a

long (742 nucleotide) non-coding region preceding

the start of the major open reading frame (Racanie110 and
Baltimore,

1981;

Kitamura et al.,

1981).

This region con-

tains 8 AUG codons, 5 of which are closely followed by
termination codons,

3 of which are followed by short open

reading frames capable of coding for polypeptides ranging
in size from 4,000 to 7,000 da1tons.
terminal
bases

sequence,

before

the

In contrast

the 3' terminus has only 71

po1y(A)

to

the 5'

untrans1ated

tail.

Intracellular synthesis of viral proteins was first

7
demonstrated by Summers et a1.

(1965),

who showed that

poliovirus infected HeLa cells synthesized at least 14
different viral proteins.

Subsequently,

it was discovered

by pulse-chase experiments in vivo that certain viral proteins were precursors to others.

Jacobson and Baltimore

(1968)

in poliovirus-infected

reported the accumulation,

cells treated with amino acid analogues,
protein (NCVPOO),

of a giant poly-

with an approximate molecular weight of

200,000 by SDS-polyacrylamide electrophoresis.
to explain this result,

In order

they postulated that translation of

poliovirus RNA is at a unique site in the 5'

region of the

RNA and that translation continues uninterrupted until a
termination codon in the 3' region of the RNA.

They fel t

that separation of the several gene functions "fused" within this polyprotein occurred by proteolytic processing of
the polyprotein.

This polyprotein is cleaved in its nas-

cent state into the primary precursor proteins P1-1a, P2-3b
and P3-1b (Jacobson and Baltimore,
1968; Summers and Maizel,

1968),

1968;

Holland and Kiehn,

which correspond to 3

distinct classes of poliovirus proteins.

Pactamycin map-

ping studies have indicated that these three primary products,

P1-1a,

P2-3b and P3-1b are coded for,

on the RNA,

from the 5' to 3' end respectively (Taber et a1., 1971
Sum mer san d f.l a i z e 1,

1 97 1 ).

The s e pre cur s

0

r s are the n

cleaved into a variety of smaller products which have been
mapped via a variety of techniques,

such as tryptic analy-

8

sis

(Ruekert et a1.,

a1.,

1980) and

1979),

immunoprecipitation

radiochemical

1981; Semler et a1.,

1981),

sequencing

(Vrijen et

(Kitamura et a1.,

which became feasible

availability of the RNA sequence.

with the

Approximately 27 pro-

teins present in poliovirus infected HeLa cells have been
mapped.

This accounts for over 95% of the radiolabeled

methionine incorporated into poliovirus-infected cells.
All 27 proteins mapped can be accounted for by 12 cleavage
sites.
pairs

Nine of these cleavages occur in glutamine-glycine
(Kitamura et a1.,

by the same protease.

1981) and are probably carried out
One of the cleavage sites is an

asparagine-serine pair in VPO,

which is cleaved to form VP4

and VP2 during the virus maturation step.

The remaining

two cleavage sites are tyrosine-glycine pairs,

one of which

is located between the primary products P1-1a and P2-3b;
the other is located

within the P-3 region of the genome.

The nature of the proteolytic enzyme is thought to be of
both viral and cellular origin.

The primary cleavage event

which occurs between P1-1a and P2-3b is thought to be
processed by a host cellular protease,

whereas a viral

encoded protease cleaves between glutamine-glycine pairs to
create the primary cleavage between P2-3b and P3-1b and the
majority of the secondary cleavage products
a1., 1981; Hanecak et a1., 1982).

(Kitamura et

The viral protease has

been mapped in the P-3 region of the genome and has been
named P3-7c.

The most conclusive evidence for the function
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of P3-7c has come from studies utilizing P3-7c specific
antibodies to inhibit processing between glutamine-glycine
pairs in vitro

(Hanecak et alo,

1982).

The function8 of

only a few other viral non-structural proteins have been
hypothesized.

P3-4b is thought to be the virion replicase,

P3-VPg is thought to prime transcription of both viral
positive and negative RNA strands (Uomoto et alo,

1977).

The virion structural proteins map in the P1 region of the
viral genome.

The protein processing map of poliovirus

taken from Pallansch et ale (1984), is shown in Fig. 1The complexity of the map is due to multiple cleavage
pathways.

During initial stages in poliovirus infection,

it is very possible that primary cleavage events by the
viral proteinase result from autocatalytic cleavage or
possibly a trans event of one polyprotein on another.
Eventually, sufficient amounts of P3-7c are generated to
catalyze both primary and secondary cleavages (Kitamura et
al.,1981).
Picornavirus RNA

transla~ion

has also been studied

in vitro utilizing various cell-free systems.

Initial

studies involved EMC RNA translation in Krebs II or Ehrlich
ascites cell-free systems.
viral RNA occurred in rare
part,

Complete translation of the
ins~ances,

but for the most

polypeptides produced were the result of premature

termination,
f1 art in,

instead of proteolytic processing (Kerr and

1 9 7 1 ).

M0 r ere c e n t

i n v i t r 0 stu die s wit h E }l C

Figure 1.

Processing Map of the Polioviral Polyprotein.

The polyprotein (heavy line) is divided into three
regions (P1, P2 and P3) for convenience in classifying
cleavage products.
Amino acid pairs (sites) known to be
cleaved are indicated by filled symbols; apparently uncleaved sites are indicated by open symbols: ( , )
glutamine-glycine (Q,G); ( , ) tyrosine-glycine (Y,G);
( , ) asparagine-serine (N,S).
The glutamine-glycine sites
are all believed to be cleaved by P3-7c, a virus-encoded
protease.
The agents responsible for cleavage of sites NS2, YG-6, and YG-8 have not yet been identified.
PrQteins
P3-4a, X/9, and 3b/9 are produced in only trace amounts.
This implies that site QG-11 is cleaved only rarely and
that site QG-8 is rarely left uncleaved.
Assignments for
proteins 7a and 1c are tentative
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RNA have shown that premature termination of translation products does not take place in a reticulocyte lysate supplemented with tRNA (Pelham,

1978).

Poliovirus RNA has been

used successfully to program translation in both a
poliovirus-infected HeLa lysate and a reticulocyte lysate.
Proteins synthesized in the poliovirus-infected HeLa cell
lysate have similar electrophoretic characteristics and
tryptic peptides as compared to polio specific proteins
synthesized in vivo

(Villa-Komaroff et a1.,

1975).

Initial

studies with reticulocyte lysate showed that poliovirus RNA
was also translated in entirety and that proteolytic
processing generated
ducts (Shih et a1.,

primary and secondary cleavage pro-

1978).

A more careful examination of

the electrophoretic profile of poliovirus translation products generated in a reticulocyte lysate,

revealed the

presence of additional proteins as compared to proteins
generated in vivo or after translation in a poliovirusinfected HeLa cell extract (Dorner et a1.,

1984).

It was

determined by labeling studies with N-formyl-[35 S ] methionine and tryptic peptide analysis,

that the proteins trans-

lated in the reticulocyte lysate which are distinct from
those translated in a poliovirus-infected HeLa cell lysate
(both lysates are programmed witi exogenously added poliovirus RNA) were due to internal initiation(s) of protein
synthesis in the 3' region of the poliovirus RNA (Dorner et
al.,

1984).
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For the most part, it is felt that poliovirus is
functionally monocistronic, utilizing one initiation site
at the 5' end of its genome RNA.

Data,

such as the trans-

lation of the large polyprotein in the presence of amino
acid analogues, pactamycin mapping studies, and RNA and
protein sequence analyses are strong support for such a
conclusion.

Although under certain in vitro translation

conditions (high Mg++ concentration),

poliovirus-infected

or uninfected HeLa cell lysate programmed with poliovirus
RNA exhibits two initiation proteins labeled with N-formyl[35 S ]-methionine.
la.

One protein corresponds in size to Pl-

Pl-la has been mapped to the amino terminus of NCVPOO,

the polyprotein and is thought to initiate translation at
the genuine initiator codon at the 5' end of the message.
Under optimal Mg++ concentration (2 mM),

Pl-la is the only

protein labeled with N-formyl-[35 S ] methionine.

The second

protein which is labeled at high Mg++ concentration (4 mM),
and has an approximate molecular weight of 5,000 to 10,000,
does not share an amino terminal tryptic peptide with Plla, so therefore is not an artifact due to premature
termination (Knauert and Ehrenfeld,

1979).

The

significance of 2 initiation sites at the higher Mg++
concentration in the HeLa cell lysate remains unknown and
it can only be speculated whether two initiation sites are
active in vivo.

In the case of the anomalous initiation

proteins produced in the reticulocyte lysate, it was felt
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that these internal initiation events reflected some unusual characteristic of the reticulocyte lysate,

since

reticulocyte lysate which had been mixed with HeLa cell
extract precluded formation of these same proteins and
utilized only the 5'

initiation site

(Dorner et a1.,

1984).

Inhibition of Cellular Protein Synthesis After Virus
Infection
Shortly after infection with picornaviruses, host
protein synthesis is inhibited (Baltimore and Franklin,
There is also an inhibition of cellular RNA synthe-

1963).
sis and,

at a later time in infection, cellular DNA synthe-

sis is inhibited.

During this time, viral constituents are

synthesized and assembly of viral progeny occurs.
infection progresses,

As the

the host cell finally loses its abil-

ity to synthesize any macromolecules (host or viral) and
subsequently dies.
lysis.

Virion particles are released by cell

This inhibition of host cell protein synthesis

appears to result from one or more viral gene products.
Infection with UV-irradiated virus has no effect on cellular protein synthesis implying that a functional genome is
needed to shut-off host protein synthesis (Penman and Summers,

1965;

Helentjaris and Ehrenfeld, 1977).

The inhib-

ited step has been narrowed down to one of the initiation
events of protein synthesis

(Penman et a1.,

1963).

Not all

picornaviruses seem to use the same mechanism for shuttingoff host protein synthesis.

Encephalomyocarditis virus
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(EMC) and poliovirus were compared in their effect on HeLa
cell host protein synthesis.
seen:

Striking differences

were

poliovirus induced shut-off of host protein synthesis

was much more rapid and extensive as compared to EMC virus.
Relative translation rates between certain host proteins
varied -between poliovirus and EMC virus infected cells.
These surprising results

(due to the similarity between

these 2 viruses) suggest that different mechanisms may be
employed by each virus to inhibit host protein synthesis
(Jen et aI.,

1980).

The

best characterized virus-host

cell

interaction resulting in the inhibition of host protein
synthesis is poliovirus

infection of HeLa cells.

Viral infection causes the disaggregation of host
polyribosomes,

1963).

liberating free

ribosomes

(Penman et al.,

Infected cells which were pulse-labeled

methionine for 10 minute intervals,

with

[35 S J-

showed that the rate of

protein synthesis in poliovjrus infected cells was identical

to that of uninfected cells for the first hour.

Afte r

this time, a dramatic decrease in the rate of amino acid
incorporation into TCA insoluble material is seen.
hours post-infection,

At 2

the rate of incorporation began to

increase again until it peaked at approximately 3 hours
post-infection.

Analysis of the proteins synthesized sub-

sequent to 2 hours post-infection by polyacrylamide gel
electrophoresis,

revealed that all

(Helentjaris

Ehrenfeld,

and

1978).

were viral specific
The

inhibited

step has
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been narrowed down to the initiation events of protein
synthesis (Leibowitz and Penman,

1971).

Subsequent inves-

tigators have shown that the inhibitory step precedes the
entry of mRNA into 80S initiation complexes (Ehrenfeld and
Manis,

1979) and more specifically,

does not allow mRNA

binding to 40S ribosomal subunits (Brown and Ehrenfeld,
1980).

The step preceding mRNA binding to the 40S subunit

is the ternary complex (eIF-2,
40S ribosomal subunits.

GTP,

MET-tRNA i ) binding to

In infected cells,

this process

has been shown to take place (Helentjaris and Ehrenfeld,
1978).

Consequently,

it appears as though the defect in

host protein synthesis resides in mRNA binding to the 40S
ribosomal subunit,

implying an altered 40S subunit,

modi-

fied host mRNA or possibly a modified initiation factor
necessary for mRMA binding to the 40S subunit.
During poliovirus infection it has been shown that
host mRNAs are not degraded (Leibowitz and Penman, 1971;
Kaufmann et a1.,

1976), and their capping,

methylation and

polyadenylation are not affected (Fernandez-Munoz and Darnell,

1976).

Moreover, cellular mRNAs isolated from infec-

ted cells are able to be translated in vitro (Lawrence and
Thach,

1974).

Reconstitution of a fractionated in

vitro

translation system using various components from poliovirus
infected or uninfected cells, have revealed that ribosomal
salt wash from poliovirus infected cells was incapable of
initiating protein synthesis of cellular capped mRNAs but
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did allow translation of viral mRNA.

Ribosomal salt wash

isolated from EMC infected cells and used in a fractioned
in vitro translation system did not inhibit host protein
synthesis

(Jen et a1.,

1980), again indicating that not all

picornaviruses achieve host protein synthesis shut-off by
the same mechanism.

A poliovirus infected HeLa cell

extract used in an in vitro system did not allow translation of vesicular stomatis virus (VSV) mRNA,
as a prototype of cellular mRNA.

which was used

As expected,

poliovirus

RNA was translated very efficiently in this system (Rose et
a1.,

1978).

Purified individual initiation factors from

rabbit reticulocytes were added back to this poliovirus
infected lysate.

VSV mRNA translation was restored by the

addition of initiation factor eIF-4B.

Consequently,

it was

felt that poliovirus infection caused an inactivation of
eIF-4B function which allowed poliovirus RNA to be translated preferentially as compared to capped eucaryotic
mRNAs.

Other investigators have shown that initiation

factor eIF-3 purified from poliovirus (PV1) infected cells
is defective

(Helentjaris et a1.,

1979).

This discrepancy

was resolved when a 24 kd component was shown to co-purify
with both eIF-4B and eIF-3

(Sonenberg et a1.,

1978).

component, named the cap binding protein (CBPI),

This

was able

to cross-link to the radiolabeled,

periodate oxidized cap

of mRNA (Sonenberg et a1.,

This cross-linking assay

1978).

was developed in order to determine if any eucaryotic
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initiation factors interacted with the 5' cap structure.
Specificity of polypeptide:cap interaction was seen by
inhibition of the cross-linking reaction by inclusion of a
cap analogue, m7 GTP, in this reaction as a competitive
inhi bi tor.

Shortly after the initial discovery of the cap

binding protein, an activity purified from reticulocyte
ribosomal salt wash was shown to restore VSV mRNA translation in a nuclease-treated,
tract.

poliovirus-infected cell ex-

This restoring activity was found to be identical

to the CBPI upon comparison of the tryptic peptide pattern
of the protein and its electrophoretic mobility (Trachsel
et al.,

1980).

Since poliovirus RNA lacks a

1

m7 G(5 )ppp(5 ' )X cap at the 5' terminus,

which is in con-

trast to the almost ubiquitous nature of the m7 G cap at the
5' terminus of most eucaryotic mRNAs,

it provided a means by

which poliovirus infection was able to discriminate between
host (capped) and viral (uncapped) mRNAs,
inactivation of a factor

simply by the

(CBPI) needed for translation of

capped mRNAs, but unnecessary for uncapped mRNAs.

Consis-

tent with the fact that CBPI is able to restore translation
of capped mRNAs in poliovirus-infected extracts, CBPI has
been shown to preferentially stimulate translation of capped mRNAs over uncapped in an uninfected cell-free lysate.
CBPI was able to stimulate translation of uncapped satellite tobacco necrosis virus (STNV) after the addition of a
cap (Sonenberg et a1., 1980).
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Due to the fact that the highly purified restoring
activity, the 24 kd CBPI was not stable, it seemed possible
that other polypeptides might also be involved which had
been lost during the purification procedure.
Tahara et a1.

(1981),

To this end,

was able to purify a stable activity

from reticulocyte ribosomes.

Restoring activity was asso-

ciated with a protein complex, 8-10S, that included cap
binding protein and several higher molecular weight
polypeptides.

This complex was called CBPII.

It was not

known whether these additional polypeptides simply stabilized restoring activity or had separate activities related
to cap recognition.

More recently, a new initiation fac-

tor, eIF-4F, has been purified from eIF-4B preparations
(Grifo et a1.,

1983).

the CBPII complex.

eIF-4F appears to be synonomous with

This factor includes the 24 kd CBPI and

major polypeptides of 200,000 and 46,000 molecular weight.
This factor is functionally distinct from the other eucaryotic initiation factors and is required for optimum translation of a capped mRNA in a fractionated in vitro translation system.
ribosomes.

It apparently increases mRNA binding to 40S
eIF-4F is also able to restore capped mRNA

translation in poliovirus infected HeLa cell extracts,
does CBPII

(Grifo et a1.,

1983).

as

CBPII or eIF-4F is also

needed for optimum translation of the uncapped RNAs of STNV
(Grifo et a1., 1983) and reovirus (Ray et a1., 1982).
CBPII did not stimulate translation of poliovirus RNA or
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EMC RNA in a fractionated in vitro translation system (Grifo et a1.,

1983).

These results suggest that

the inabili-

ty of poliovirus to utilize CBPII is not simply a function
of its lacking a 5' m7 G cap but may depend on other features of the RNA.

In accord with this result,

Brown et aI.

(1982) determined that VSV mRNA in which the 5' m7 G cap had
been removed, was still unable to be translated in a r€diculocyte lysate supplemented with initiation factors from
infected cells.

These results also show that the capped 5'

terminus of mRNA is not the sole basis for recognition and
discrimination by poliovirus altered initiation factors.
Possibly in lieu of a requirement for CBPII, poliovirus RNA
is dependent upon an unusually high concentration of
another initiation factor, eIF-4A,
in a fractionated or a crude,

for maximum translation

dilute,

unfractionated

in vitro translation system (Grifo et a1.,
picornavirus, EMC,

1983).

Another

did not exhibit this requirement.

It is

felt that poliovirus RNA has a low affinity for this initiation

factor.
Thus, CBPII isolated from uninfected cells has the

ability to stimulate and restore translation of capped
mRNAs in a poliovirus-infected cell extract whereas CBPII
complex isolated from poliovirus-infected cells does not
have this activity.

It has been shown that CBPII isolated

from PV1-infected cells also has a reduced ability to
cross-link to the oxidized cap structure on reovirus mRNAs
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as compared to CEPII isolated from uninfected cells (Lee
and Sonenberg,

1982).

These data may define the causal

relationship of the differential
exhibited by uninfected and

translational effects

infected CEPII.

Pre-incubation of a poliovirus-infected initiation
factor preparation with one purified from uninfected cells,
decreases the ability of the uninfected initiation factors
to cross-link to oxidized capped mRNA.

The mechanism by

which the cap binding proteins are inactivated is unclear.
It is possible that cap binding proteins become modified or
degraded in poliovirus-infected cells.
made against eIF-3,

Using an anti-serum

an antigen of 2-220,000 kd was immunop-

recipitated in uninfected cells but was absent in infected
cell

lysates.

Instead,

two antigenically related polypep-

tides of molecular weights 100,000 and 130,000, presumably
degradation products,
a1.,

1982).

~-rere

detected in::;tead

This antibody against

(Etchison et

the 220,000 kd

polypep-

tide of eIF-3 also recognizes a polypeptide of the same
molecular weight in a purified preparation of CEPII.
sequently,

it has been postulated that this structural

defect of CEPII resultillg from poliovirus infection,
result
a1.,

in inhibition of host cell translation

1982).

Con-

(Etchison et

Recently 2 other initiation factors,

and eIf-4E have been found

may

eIF-4A

to possess cap binding activity,

in the presence of ATP and ~1g·H
has been suggested that eIF-4A,

(Grifo et a1., 1982).
eIF-4B and CBPII

It

may act as
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a complex in the cap recognition process by 408 ribosomal
subunits

(Grifo et a1.,

the abundance,

No detectable changes in

molecular l'1eight or charge forms of either

eIF-4A and eIF-4B,
sates,

1982).

in poliovirus infected HeLa cells ly-

have been seen (Duncan et a1.,

1983).

In summary,

there appears to be a strong correlation between the
ability of the cap binding proteins: CBPII complex, eIF-4A
and eIF-4B to cross-link to the 5' cap structure and stimulation and restoration of capped mRNA translation in a
poliovirus-infected cell lysate.

The 5' m7 G cap on eucar-

yotic messenger RNAs is thought to augment translational
efficiency as evidenced by the fact that cap analogues such
as m7 GTP are capable of inhibiting translation of a capped
message

(8hatkin,

1976).

This suggested that the cap bin-

ding proteins may be a key control element in poliovirus
mediated shut-off of "host protein synthesis.
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Eucaryotic Protein Synthesis

Initiation Process In Eucaryotes
Initiation of protein synthesis has been studied
extensively in both procaryotes and eucaryotes.

At first

it was believed that the less well characterized eucaryotic
process was just an extension of tbe better known procaryotic translational mechanism.
mammals,

Ribosomes from bacteria to

have the same overall structure and the division

of labor between the large and small subunits has been
conserved.

Both procaryotic and eucaryotic systems are

very similar in the processes of aminoacyl-tRNA binding,
peptide bond formation and ribosome translocation.
However, notable differences do exist in the initiation
step of protein synthesis between procaryotes and eucaryotes.

Since the initiation step is a logical point at

which translational control mechanisms can operate,

it is

not unusual that this step in protein synthesis differs
between procaryotes and eucaryotes.
eucaryotic

The gross anatomy of

(cytoplasmic) ribosomes is similar to that of

procaryotic organisms as revealed by electron microscopy,
except

that eucaryotic

ribosomes are bigger

(Kozak,

1983).

Two-dimensional gel analysis revealed that there are between 70-80 different proteins as compared to the 52 proteins present in procaryotic ribosomes
the most part,

(Kozak,

1983).

immunological studies have revealed that

For
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there are very few homologous proteins between procaryotic
and eucaryotic ribosomes.

The exception is the L7/112

protein which functions in the GTP dependent steps of
protein synthesis

(Howard et a1.,).

Bacterial ribosomes

contain 3 ribosomal RNA (rRNA) components,
163 and 233.

designated 53,

The larger eucaryotic ribosomes contain 4

rRNA species, 53, 5.83, 183 and 28S.
small subunit,

The rRNAs of the

163 for bacteria and 183 for eucaryotes,

reveal a low level of homolgy but most importantly,

this

homology does not extend to the 3' terminal nucleotides
which are conserved throughout many procaryotic species and
are thought to play an important part in the ribosome
recognition mechanism of procaryotes

(Hagenbu~hle

et al.,

1978).
Procaryotes and eucaryotes have inherent differences in the structure of messenger RNA.

Bacterial genes are

normally transcribed in clusters, creating a polycistronic
mRN A.

Bacterial mRNAs do have a 5' and 3' untranslated

region of varying lengths.
tronic regions,
1981).

The overall trend for intercis-

are to be short in length (Dunn et a1.,

There is a highly conserved purine rich sequence

positioned approximately 7-10 nucleotides 5' to the initiation codon of each polycistronic gene.

As first noted by

Shine and Dalgarno (3hine and Dalgarno,

1974),

this

sequence is complementary to the 3' terminal sequences of
the 163 rRNA.

Procaryotic genes have also been shown to
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contain overlapping cistrons
case of overlapping genes,

(Jou et a1.,

1972).

In the

5' proximal

translation of the

gene is needed to expose the ribosome binding site of the
internal

gene

(Jou et a1.,

1972).

Otherwise,

translation

of downstream genes in polycistronic mRNA are not dependent
upon prior translation of those upstream.
cistronic character of bacterial
tion of co-transcribed genes

The poly-

genes enables the transla-

to be closely coupled

(Kozak,

1983) .
As a rule, eucaryotic mRNAs are generally structurally and functionally monocistronic,
one polypeptide.

one message encoding

There are exceptions to the monocistronic

nature of eucaryotic mRNA.

Some eucaryotic mRNAs such as

Semlikki Forest virus 42S genome (Glanville et a1.,
and Tobacco Mosaic virus genome

(Hunter et a1.,

1976)

1976),

are

structurally polycistronic, encoding 2 or more nonoverlapping genes.
be

Only the

5' proximal cistron has been shown to

translated in the cases listed above.

mRNAs have also been found
Reovirus S1

mRNA (Kozak,

(Bishop et a1.,
sis at tne first
proteins.

Other eucaryotic

to be functionally discistronic.

1983) and Bunyavirus S mRNA

1982) are able

to initiate protein synthe-

and second AUG codons,

Thus to generalize,

to express two

the majority of eucaryotic

mRNAs are functionally monocistronic,

expressing one poly-

peptide which is encoded in the 5' proximal
mRNA.

region of the

The monocistronic nature seems to be not only a
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consequence of mRNA structure but also the nature of eucaryotic ribosomes.

Wheat germ ribosomes are unable to trans-

late internal cistrons of bacteriophage lambda mRNA
in vitro (Dubin et a1.,

1982).

One of the ways in which

eucaryotes co-ordinate gene expression is the synthesis of
a polyprotein which may be proteolytically processed into
functional proteins.
course,

The best example of this is,

poliovirus gene expression.

of

Tryptophan synthetase

of E. coli consists of two subunits encoded by two separate
genes.

These genes are fused to form a bifunctional poly-

protein in S. cervisae

(Zalkin and Yanofsky,

1982).

Eucaryotic transcripts undergo multiple processing
reactions before or during their transport from the nucleus
to the cytoplasm.

The principal modifications to generate

a mature mRNA are addition of a m7 G cap structure to the 5'
terminus,

removal of introns by splicing and addition of a

polyadenylic acid tail to the 3' terminus

(Kozak,

1983).

The 5' cap is linked via a 5'-5' triphosphate bridge to the
first encoded nucleotide (Shatkin,
serve two functions.
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Richards,

1982).

There are usually no other AUG codons in

the 5' non-coding region which precede the functional AUG
triplet.

Approximately 10% of the eucaryotic messages

sequenced do not use the 5' proximal AUG triplet as the
initiation codon; poliovirus is one of them

(Kozak,

1983).

It also appears that sequences flanking the initiation
codon are not random, but favor purines in position -3 and
+4 of the mRNA (Kozak,

1983).

There is no strong evidence

that a sequence comparable to that of the Shine-Dalgarno
sequence exists in eucaryotic mRNA.

The 3' non-coding

region (the sequence between translation termination and
the poly A tail) varies in length.

Again,

this sequence

does not appear to be conserved in the maj ority of eucaryotic mRNA species sequenced.
Initiation factors that function for eucaryotic
protein synthesis are more complex than procaryotic factors.

There are approximately 10 eucaryotic initiation

factors (eIFs) as compared to 3 procaryotic factors.
factors cycle on and off the ribosome,
tion of an 80S initiation complex.

These

mediating the forma-

The factors purified

from rabbit reticulocytes have been studied most
extensively.

The function of each factor was studied in a

fractionated in vitro translation system
1977).

Briefly,

as follows:

(Trachsel et a1.,

the initiation process for eucaryotes is

reticulocyte eIF-2 forms a stable ternary

complex with GTP and MET-tRNA i .

(The equilibrium between
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808 ribosomes and their subunits,

408 and 60S,

by binding of initiation factor eIF-6,

is acqieved

which shifts

equilibrium in favor of subunit formation).

This teFnarj
Me~senger

complex then binds to the 408 ribosomal subunit.
RNA binding to the 40S subunit requires 5 factors,
eIF-3,

eIF-4A,

eIF-4B,

e~F-1~

eIF-3 appears to Qe

and CBPII.

absolutely necessary for this step,
a stimulatory activity.

~he

the other

factor~

have

It is not definitively knowq whe-

ther mRNA forms a complex with these initiation factqrs in
solution and then binds to the ribosome,

or whether

factors bind to the surface of the small

ribosomal

first

to form a

mRNA recognition and binding site.

of mRNA to the 408 subunit also requires ATP.
the factors bind to both free
As mentioned previously,
have a

m7 GTP,

s~bun±t
~inding

8ever~1

of

subunits and mRNA.

the majority of eucaryotic

"'capped" 5' terminus.

structure,

ribosomal

~hes~

Chemical analogues of

~RNAs

~he

cap

are able to inhibit ribosome bindiqg of

capped mRNAs and their translation in vitro.

This sqgges-

ted that there was either a specific site on the ribosome
or a factor that recognized capped mRNA and bound it to the
ribosome.

This prompted an investigation of the

linking ability of initiation factors
tu re.

The cap bind ing pro tei n II

from a ribosomal salt wash,
capped mRNAs
also

shown

(Tahara et al.,

to cross-link to

to

compl ex

cro~s

the 5' cap

~truc

(CBPII),

pu, ri ff ed

was shown to cross-link
1981).

eIF-4A

the 5' cap.

and

~o

eIF-4B

were

Both eIF-4A,

eIF'-
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4B and ATP were needed for cross-linking to

take place.

Several investigators have shown a correlation between ATP
dependent initiation and mRNA with altered secondary structure

(Morgan and Shatkin,

1980).

These results prompted

the hypothesis that cap recognition factors are involved in
ATP-Mg++ dependent melting of secondary structure involving
mRNA 5' proximal sequences to facilitate ribosome attachment
a1.

(Lee et a1.,
(1983),

1983).

Conflicting studies of Tahara et

suggest that interaction of eIF-4A and eIF-4B

is ATP dependent regardless of mRNA secondary structure.
Consequently,

it is difficult

cap binding proteins function

to definitively state that
to denature 5' proximal

secondary structure or even that melting may occur
concomittantly with 40S ribosomal subunit migration,

from

the entry site to the initiator codon as Tahara hypothesized.

The junction of the 40S initiation complex with the

60S ribosomal subunit results in the formation of an 80S
initiation complex.

This reaction is catalyzed by eIF-5

and requires GTP hydrolysis.

Use of GTP analogues in

initiation complex formation such as GDPCP (5' guanylylmethylene diphosphate) inhibit 60S subunit joining (Trachsel

et a1.,

1977).

Concomittant

to 60S joining,

eIF-2 and

eIF-3 are released from the 40S initiation complex (Maitra
et a1.,

1982).

no w be gin.

Elongation steps of protein synthesis can
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An accumulation of circumstantial evidence had led
to the proposal of a scanning mechanism for
thesis initiation of eucaryotic mRNA.
procaryotic mRNAs distinguish AUG

protein syn-

It appears that

initiation codons by the

presence of an appropriately spaced purine rich sequence
upstream from

the AUG.

In contrast, eucaryotic mRNAs do

not seem to have this ancillary signal or any sequence that
is consistently homologous

to "

sequences of 18S rRNA.

Sequence studies of eucaryotic ribosome binding sites have
revealed a vast heterogeneity of sequence,

except for the

ever present AUG triplet used to initiate protein synthesis,

(which in 90% of the sequences studied

proximal AUG).
for

A free 5'

terminus

ribosome binding (Kozak,

was the 5'

is an absolute necessity

1979).

Circularization of the

mRNA precludes binding of eucaryotic ribosomes.
trast procaryotic ribosomes are able to bind
ized

templates

(Kozak,

1979).

structure in eucaryotic mRNA,
translational efficiency,
for

In con-

to circular-

The presence of the

5' cap

tends to augment

but is not an absolute necessity

translation as evidenced by the occurrence of naturally

uncapped

mRN A.
Denaturation of mRNA,

by inosine substitution,

does

not allow direct binding of ribosomes to internal
sequences,

thus ruling out the possibilty that internal

AUG

triplets cannot initiate protein synthesis due to their
being masked by secondary structure.

Limited cleavage of
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mRNA allows the activation of many spurious initiation
sites due to the creation of new 5' ends
This body of evidence led Kozak (1978),

(Kozak,

1981).

to propose that 40S

ribosomal subunits bind to the 5' terminus of eucaryotic
mRNAs and scan the 5' noncoding sequence until

the first

AUG codon, which acts as a stop signal, whereupon 60S
subunit joining can occur.
Studies using the initiation inhibitor edeine
(which blocks 60S subunit joining),

have shown that the 408

subunits are capable of movement along the mRNA,

initially

attaching at the 5' terminus and then advancing to make
room for

the next subunit (Kozak and Shatkin,

1978).

This

evidence is in accord with the scanning mechanism proposed.
Sequencing studies have also revealed that the sequence at
positions -3 and +4 from the AUG codon (the AUG triplet
being +1

to +3),

usually contain a purine,

preferably an

adenosine at position -3 and a guanosine at position +4,

to

create an optimal sequence context for initiation (Kozak,
1 981 ).

Also consistent with a scanning mechanism,

the

translation of Rous sarcoma virus mRNA was inhibited when
DNA complementary to the 5' terminal 101 nucleotides in the
5' noncoding region was hybridized to the mRNA (Perdue et
a1.,

1982).
Many elegant experiments have recently been done by

Kozak to directly test the feasibilty of this scanning
mechanism.

In order to rigorously test the importance of
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position (5' proximity) of the initiator codon,

a rat

preproinsulin clone was constructed with a block of 66
nucleotides,

including the initiation codon, tandemly

reiterated two to four times,
sequence.

preceding the coding

The ability of ribosomes to initiate at each of

these AUG codons was monitored by searching for insulin
related polypeptides with amino acid extensions at the
amino terminus (Kozak,

1983).

The results of these experi-

ments have shown that translation products from clones
containing a block of 66 nucleotides tandomly reiterated 2
to 4 times,

have amino terminal extensions of the appropri-

ate length, according to whether the inserted block of
nuc1eotides was reiterated 2, 3 or 4 times.
have

confirm~d

These results

the importance of position in defining an

initiation codon.

The optimal sequence context in position

-3 and 44 have also been studied by introducing point
mutations at these positions in the rat preproinsu1in clone
(Kozak,

1983).

These results have shown that a switch from

the sequence CXXAUGG to AXXAUGG enhanced translation 15
fo 1 d.

There was a 3 fold enhancement of translation when

the sequence was changed from GXXAUGG to AXXAUGG.
In view of the fact that some mRNAs do contain AUG
triplets which are not utilized to begin translation in the
5' noncoding region,

(poliovirus being an extreme case,

having 8 AUG triplets in this region),

the scanning

hypothesis was modified to account for this.

If an AUG
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triplet with suboptimal sequence context,
pyrimidine in position -3 and -+4,

that is having a

is the 5' proximal

AUG,

40S ribosomal subunits will bypass this AUG and continue
scanning for one

with an optimal sequence context (a purine

in position -3 and +4)

(Kozak,

1981).

Occurrence of

AUG

triplets in the 5' noncoding region may reduce translational

efficiency of a

messenger RNA.

This is one of the

reasons suggested for poliovirus RNA being such an inefficient

mRNA in vitro

(Kozak,

1981).

Rat preproinsulin plasmids constructed with an
additional ATG codon upstream,
normal

and out-of-frame,

with the

initiation codon, had a differential effect depen-

ding whether the upstream ATG had an optimal or suboptimal
sequence context

(Kozak,

1984).

An out-of-frame,

ATG having suboptimal sequence context,
at

the correct initiation codon.

upstream

allowed translation

This translation of

proinsulin was reduced as compared to the parent plasmid.
If the out-of-frame,
context,

upstream ATG has an optimal sequence

translation of proinsulin is abolished unless

the

upstream ATG is closely followed by a termination codon.
These results imply that all

40S ribosomal

subunits stop

and initiate protein synthesis at the upstream ATG

(thereby

totally abolishing synthesis of proinsulin which initiates
at the downstream ATG).

The presence of a termination

codon in between these two ATGs now allows for translation
at the downstream ATG,

implying that ribosomes which have
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initiated protein synthesis upstream can terminate and 408
ribosomal subunits can re-initiate at the downstream ATG.
These results appear to be consistent with and directly
support a scanning mechanism for eucaryotic protein
synthesis

initiation.

CHAPTER 2
MATERIALS AND METHODS
Growth of Virus and Preparation of Viral RNA
HeLa S3 cell suspension cultures were grown in
Joklik's minimal essential medium supplemented with 5%
horse serum at 37 o C.

PV1 was grown in HeLa cells as des-

cribed (Spector and Baltimore,

1974).

PV1 RNA was purified

from the virus by the sodium dodecylsulfate/acetic acid
extraction method.

Briefly, HeLa cells were concentrated

to a density of 4 x 10 7 cells/ml and were infected with
poliovirus at 20 plaque forming units/cell.

Virus adsorb-

tion was for 30 minutes at ambient temperature,

whereupon

the cells were diluted to a concentration of 4 x 10 6
cells/ml with Joklik's MEM supplemented with 5% horse
serum.

The infection was then transferred to a 37 0 C water

bath and allowed to proceed for an additional seven hours
for virus purification.

After seven hours,

infected cells

were harvested, lysed by either three cycles of freezing
and thawing or by resuspension in hypotonic buffer (0.01
NaCI,

0.01

M Tris-HCI,

pH 7.4)

]11

containing 0.1% Nonidet P4Q.

Virions were prepared from cytoplasmic extracts by gradient
sedimentation.

Nuclei and cellular debris were removed by

a low speed centrifugation for 5 mi:;utes at 3,000 rpm in
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the Sorvall type HS 4 rotor.
the supernatant

Virus was then pelleted from

(which had been adj usted to 1% SDS) by

centrifugation for 2 hours at 40,000 rpm in the Beckman
type 50 rotor.

The virus pellet was resuspended in TNE +

.5% SDS buffer (10 mM Tris-HCI, pH 7.4,

100 mM NaCI,

1mM

EDTA) and further purified on a 15-30% sucrose gradient in
TNE + .5% SDS.

Centrifugation was

rpm in the SW28 rotor.

for 2.5 hours at 27,000

The fractions containing the virus

peak were pooled and pelleted for 16 hours at 21,000 rpm in
the SW28 rotor.

This virus pellet was resuspended with TNE

+ .5% SDS and adj usted to 0.25 M NaAcetate, pH 3.5,

to

lyse the virus.

3% SDS,

Viral RNA could then be purified on a

15-30% sucrose gradient in TNE + .5% SDS which was centrifuged

for 16 hours at 20,000 rpm.

peak was pooled and

a~usted

The resulting viral RNA

to 0.3M NaOAc and precipitated

by the addition of 2.5 volumes of 100% ETOH.

[3 HJ-uridine

labeled RNA was purified as above except that at 60 minutes
post-infection,

cells were treated with actinomycin D (5

ug/ml) and at go minutes post-infection,
uri dine

(New England Nuclear) was added.

15 uCi/ml of [3 HJ[3 2 p J-Iabeled RNA

was prepared as above except that 10 mCi/ml

[3 2 p J_

orthophosphate was added to the infection at 30 minutes
post-infection.
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Growth and Purification of cDNA Plasmids

....

,.

P+asmids pVR104 and pVR105, generously provided by

Drs. V. Racaniello and D. Baltimore,

were grown and ampli-

fied in E. Coli strain C600 in Luria broth containing
the appropriate antibiotics (Maniatis et a1.,

1982).

Bac-

terial cells were harvested and lysed by standard procedures (r4aniatis et a1.,

1982).

Plasmid purification was by

CsCI ethidium bromide equilibrium density gradient centrifugation

(Maniatis et a1.,

1982).

The pooled plasmid bands

were d i a I y zed a g a ins t 10m M T r i s - HC I
1 mN EDTA.

( p H 8. 0 ) , 10m r4 Na CI ,

Pst I and Hae III restriction fragments of

plasm ids were produced by digestion in

appropriate buffers

and \\ere isolated by PAGE (5% acrylamide in 50 mM Trisborate,

mM EDTA,

pH 8.3).

Appropriate bands were cut out

of the gel, placed in dialysis bags with 5 roM Tris-borate,
0.1

mM EDTA,

pH 8.3 and electroeluted.

The eluted DNA was

ethanol precipitated for subsequent use in hybridization
reactions.
Formation of RNA:DNA Hybrids
Conditions for DNA excess hybridization to RNA were
modified from those described by Paterson et a1.,

(1977).

A ten-fold molar excess of DNA (relative to RNA) was
dissolved in water, heated to 100 0 C for 1.5 minutes and
quick chilled in an ice/water bath.

This solution was then

used to resuspend the appropriate amount of poliovirus RNA.
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The sam pIe was the n b r

0

ugh t to a f ina I v 0 I u me of 2 5 u I

containing SO% (v/v) formamide,

0.01

M 1,4-piperazinedieth-

anesulfonic acid (Pipes), pH 6.4 and 0.4 M NaCl.

The

hybridization reactions were incubated at 64 0 C and gradually reduced stepwise to 4S o C over a period of 3 hours.

The

reaction was terminated by the addition of 25 ug calf liver
tRNA in 200 ul cold water and the nucleic acids were
ethanol precipitated with 2 volumes of ethanol.

Formation

of hybrid structures was monitored by electrophoresis of
32P-Iabeled RNA:DNA hybrids on a 1% agarose gel in 40 mH
Tris-HCI,

5 mM NaOAc,

1 mM EDTA, pH 7.4.

Preparation of HeLa Cell-Free System
The HeLa cell-free extract was prepared as described (Brown and Ehrenfeld, 1979),

with the exceptions

that poliovirus-infected cells (harvested at 3.5 hours
post-infection) were substituted for uninfected HeLa cells
and hemin was omitted from the lysis buffer.

Cultures of

infected HeLa cells (4 x 10 5 cells/ml) were harvested by
centrifugation, washed twice with cold Earle's solution and
!,0suspended for 10 min.

in two volumes of lysis buffer

containing: 0.01

0.0015 M Mg(OAc)2'

M KCl,

0.02 M N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid
7.4 and 0.001

M dithiothreitol

(DTT).

pH

Cells were disrupted

at 4 0 C with 20 strokes in a dounce homogenizer.
disruption,

(Hepes),

After

extracts were supplemented with 1/10 their
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volume of Buffer A containing: .2 M Hepes (pH 7.4), 1.2 H
K(OAc),

0.04

M Mg(OAc)2 and 0.05 M dithiothreitol.

Nuclei

were removed by centrifugation for 5 min. at 2,500 xg and
the mitochondrial fraction was rem0ved from the supernatant
by centrifugation for 15 min.
SS34 rotor.

at 10,000 rpm in the Sorvall

Cell-free systems became mRNA dependent after

treatment with micrococcal nuclease (Pelham and Jackson,
1978).

The systems were supplemented with calf liver tRNA
Translation conditions

(10 ug/200 ul).

(Brown and Ehrenfeld,

1979).

were as described

Translation reactions

u1) contained 45 ul of a nuclease treated,

HeLa cell lysate

PV1-infected

and the following additions: 25 uM of 19

amino acids (except methionine),
mM creatine phosphate,
mM dithiothreitol,
[35 S ]-methionine,

(100

1.0 mM ATP,

0.2 mM GTP,

40 ug/ml creatine phosphokinase,

25
2.0

40 mM Hepes, 75 mM KOAc, 0.2 mCi/ml
2 mM Mg(OAc)2'

5 ug tRNA (rat liver),

Systems were programmed with either poliovirus RNA or
RNA:DNA hybrid

structures.

[35 S ]-labeled

translation pro-

ducts were analyzed by NaDodS0 4 -PAGE on 10% acrylamide gels
using a 4% stacking gel.

Gels were dried and exposed to

Kodak- X-Omat film.
S1 Nuclease Analysis of Hybrid Structures
RNA:DNA hybrids were formed using 32P-labeled RNA
and were incubated in either 75 mM NaCl, 7.5 mM sodium
citrate,

pH 7.0 or the HeLa cell-free translation system
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for varying lengths of time and at different temperatures.
Reaction mixtures were extracted with -phenol as described
previously (Hewlett et a1.,

1976) and nucleic acids

recovered by ethanol precipitation.

Redissolved nucleic

acids were digested with Sl nuclease in 50 ul of 30 mM
NaOAc (pH 4.6), 50 mM NaCI,

1 mM ZnS0 4 , 20 uglml salmon

sperm DNA and 5 units of enzyme at 3'y O C for 30 minutes.
The reaction was stopped by placing the samples at OoC and
the products ethanol precipitated.

Digestion products were

analyzed by electrophoresis on 1.5% agarose gels in 40 mM
Tri-HCI, 5 mM NaOAc, 1 mM EDTA, pH 7.4.
Sucrose Gradient Analysis of Polyribosomes
and Initiation Complexes
Cell-free translation systems used for polyribosome
formation was allowed to pre-incubate at 37 0 C for 10 minutes before the addition of the RNA:DNA hybrid in order to
charge tRNA with [35 S J-methionine.
RNA:DNA hybrid,
10 minutes.

After adding the

incubation was continued for an additional

Sparsomycin was then added to 0.2 mM and the

mixture was placed at OoC for 5 minutes.

Two volumes of

cold 10 mM Tris-HCI, pH 7.4, 150 mM NaCI, 2.5 mM MgCl 2 was
added and the polyribosomes were resolved by centrifugation
on a 7-47% (w/w) sucrose gradient in the same buffer.
Centrifugation was for 16 hours at 16,000 rpm in a Beckman
S\0[28 rotor.

Gradient fractions were precipitated with cold

5% trichloroacetic acid (TCA).

TCA-insoluble material

was
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collected on Millipore nitrocellulose filters (0.45 urn pore
size) and radioactivity determined in ACS cocktail (Amersham) in a Packard Tricarb scintillation counter.
For initiation complex formation,

cell-free trans-

lation systems were allowed to pre-incubate at 37 0 C for 10
minutes with 0.2 mM sparsomycin.
hydrolyzable GTP analogue,
dip h 0 s ph 0 nat e (G MPP CP ) ,
tion of 0.48 mM.

guanyly (~,,.8 -methylene)-

was inc Iud e d a t a fin a I con c e n t r a -

3H-Iabeled RNA alone,

reaction continued for 6 minutes,
oOC.

In some cases the non-

was added and the

followed by 5 minutes at

Initiation complexes were resolved by gradient cen-

trifugation as described for polyribosome resolution.
Sucrose Gradient Analysis of Presumptive PV1 Initiation
Complexes Isolated In Vivo by Reversibly Inhibiting
Initiation by Hypertonically Shocking the Cell
Poliovirus-infected HeLa cells which had been labeled with [3 HJ-uridine were hypertonically shocked by the
addition of 150 mM NaCI at 3 hours post-infection.

The

infection was returned to isotonic conditions at 3.5 hours
post-infection, along with the addition of an elongation
inhibitor, emetine.
conditions,

After a short incubation under these

the infection was lysed and the cytoplasmic

extract was analyzed by sucrose gradient centrifugation.
Sucrose gradients (7-47%),
NaCl,

1.5 mN NgC1 2 ,

rpm in a SW28 rotor.

in 10 mM Tris-HCI, pH7.4,

10 mf·T

were centrifuged for 16 hours at 16,000
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CsCl Analysis of Presumptive Initiation Complexes
Isolated from Sucrose Gradient Centrifugati0n
Peak fractions of the [3 H ]-uridine labeled material
from the sucrose gradient analysis of initiation complex
formation,

were pooled and glutaraldehyde fixed with subse-

quent centrifugation through preformed CsCl gradients until
equilibrium.

Samples of 0.8 ml from appropriate regions of

the sucrose gradient were fixed at 4°C by the addition of
0.2 ml of 33% glutaraldehyde,
pH 7.0 with 1 M NaHC0

3

which had been neutralized to

just prior to use.

The fixed

samples were immediately layered onto preformed linear
gradients of CsCl

(27-54%).

Buffer conditions for the CsCl

gradients were as follows: 10 mM Tris-Hcl, pH 7.2,10 mfo!
NaCl,

1.5 mM MgC1 2 ,

0.8% BRIJ-58.

The gradients

centrifuged for 5 hours at 4 0 C at 41,000 rpm.
dients

were

then

The gra-

were fractionated and densities.of each fraction

were determined from the refractive index measurement.
Radioactivity was determined in ACS cocktail in a Packard
Tricarb

scintillation

counter.

RNA Binding Proteins Identified by the Protein
Blotting Technique
The protein blotting method of Bowen et al.
was used.
gel.

(1981)

Proteins were separated on an SDS-polyacrylamide

After electrophoresis,

the gel

was immersed in 200 ml

o f b u f fer (5 0 m M Na C1, 2 m l~ EDT A, 4 M u rea, • 1 m M
dithiothreitol,

10 mT1 Tris-HCl,

pH 7.0) and gently agitated
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for 3 hours.

The gel was then sandwiched between two

nitrocellulose filters and the proteins allowed to diffuse
out of the gel and onto the filters.

Transfer proceeded

while the gel and filters were submerged in a solution of
t ran s fer b u f fer ( o. 0 5
Tris-HCl, pH 7.0)

~l

Na C1,

2 mM EDT A, O. 1 mMDT T , 10m M

for 36 to 48 hours.

The initial solu-

tion was replaced after 12 hours with fresh buffer.

All of

the steps described were carried out at room temperature.
The proteins were tightly bound to the filter producing a
replica of the original gel pattern.
After protein transfer, a nitrocellulose filter was
removed from the sandwich and immersed for 15 to 30 minutes
in 200 ml binding buffer (1 mM EDTA, 10 mM Tris-HCl, pH
7.0,

0.02% BSA,

0.05 M NaCl).

0.02% Ficoll,

0.02% polyvinyl pyrollidone,

The filter was then placed in a plastic

pouch (Seal-a-meal cooking pouches) and 10 ml [3 2 P ]-labeled
RNA in binding buffer was added.

The strip is incubated

with the RNA probe for 60 minutes at room temperature to
permit RNA binding.

The binding reaction was terminated by

removing the filter strip from the pouch and washing it in
150 ml of binding buffer, with 3 to 4 changes of buffer for
60 minutes.

The filter strip was then dried and exposed to

Kodak X-Omat film.
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Sucrose Gradient Analysis of Poliovirus RNP Particles
Isolated In Vitro
In vitro RNP complexes were formed by allowing PV1
RNA to incubate in a PV1-infected, [35 S J-methionine labeled
cytoplasmic extract at 37 0 C for 30 minutes.

NaCl

(150 mM)

and EDTA (20 mr1) were added to the sample which was then
centrifuged through a sucrose gradient,
tion of the 80S RNP.

enabling the isola-

7-47% sucrose gradients as described

for polyribosomal and initiation complex analysis were
used.

Appropriate fractions

against 10 mM Tris-HC1,
The dialyzed fractions

were pooled and dialyzed

pH 7.4,10 mM NaCl,

1.5

were then lyophilizp.d.

mr~

MgC1 2 .

The lyophil-

ized sample was electrophoresed on a 10% SLS-polyacrylamide
gel.

After electrophoresis the gel

to Kodak X-Omat film.

was dried and exposed

CHAPTER 3
RESULTS
Blocking the 5' Terminal Region of Poliovirus RNA by
RNA:DNA Hybrid Formation in Order to Determine its
Importance for Translation in a Cell-Free System
Hybrid arrested translation (HART) was utilized in
order to determine the importance of the 5' terminus and/or
the regions of the 5' noncoding sequence for ribosome
recognition of poliovirus type 1 (Mahoney).

The premise of

these experiments rests upon the fact that RNA:DNA hybrids
in which a ribosome recognition site or initiation codon is
blocked by the hybridized DNA will not allow translation.
Characterization of In Vitro Translation System used in
HART Assay
Both a reticulocyte lysate (purchased form BRL) and
a poliovirus-infected HeLa cell lysate were characterized
for use in the HART experiments.

The poliovirus-infected

cell lysate was made as described in materials and methods.
This micrococcal

nuclea~e

treated lysate was able to incor-

porate [35 S J-methionine into trichloroacetic acid

(TCA)

insoluble material approximately 12 fold above backround,
when programmed with 5 ug of PV1 RNA (Figure 2a).

As a

matter of course, ribosomal salt wash prepared from PV1
infected He La cells was added to the PV1
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infected in vitro
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Figure 2.
Time Course of Poliovirus (PV1) RNA Translation
in the PV1-Infected HeLa Cell-Free System and the Rabbit
Reticulocyte System.
Panels a and b:
5 ug of PVl RNA were translated in
the HeLa cell-free system in a total reaction of 50 ul.
At
the indicated time intervals, 10 ul aliquots were removed,
TCA precipitated and filtered.
[35 S J-methionine
incorporation into acid precipitable material wa~.
determined by a liquid scintillation counter.
Panel c:
2
ug of PVl RNA was translated in the rabbit reticulocyte
system.
At the indicated time intervals, 3 ul of a 30 ul
reaction mixture were TCA precipitated, filtered and
counted. Panels a and c:.-e+ PVl RNA (5 ug and 2 ug
respectively) ....... (-) PVl RNA added to the reaction mixture.
Panel b : " , + PVl RNA, + ri bosomal sal t wash •
....... + PVl RNA, (-) ribosomal salt wash.
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translation system to supplement this system with additional initiation factors.
2b,

As shown by the results in Figure

this addition of ribosomal salt wash did not contribute

to the overall stimulation of incorporation of [35 S J-methionine into TCA insoluble material,

presumably due to the

already saturating amounts of initiation factors present in
the S 10 lysa teo
The addition of approximately 2 ug of PV1 RNA to
the reticulocyte in vitro translation system resulted in an
8 fold stimulation above backround as assayed by TCA insoluble radioactive material (Figure 2c).

Although poliovirus

RNA is a notoriously inefficient messenger RNA when compared with capped eucaryotic messenger RNAs,
of 2 ug to 5 ug of PV1

the addition

RNA to either in vitro translation

system resulted in a good amount of protein synthesis.
Characterization by polyacrylamide gel electrophoresis
(PAGE) of the protein products synthesized by each in vitro
translation system,

showed different results (Figure 3).

Translation of 5 ug PV1

RNA in the poliovirus-infected,

nuclease treated HeLa system showed protein products which
co-migrated with poliovirus marker proteins from an infected HeLa cell extract which had been labeled with [35 S Jruethicnine at 3.5 hours post-infection (Figure 3,
and d).

The primary translation products,

lanes a

P1-1a and P3-1b,

were very prominent from the PV1 RNA programmed in vitro
translation system

(Figure 3,

lane d).

Secondary proteoly-
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tic processing also took place creating VPO,
It appears as though the fidelity of PV1

VP1

and VP3.

RNA translation in

a poliovirus-infected HeLa cell lysate is quite good.
contrast,

many anomalous proteins were synthesized in the

reticulocyte lysate programmed by PV1
e).

The protein P1-1a,

at the correct
yield

In

RNA (Figure 3,

lane

in which translation is initiated

5' proximal initiation site, is in lower

than P3-1 b

(Figure 3,

lane e).

translated into a polyprotein,

the

Since PV1

RNA is

5' proximal proteins

such as P1-1a should appear prior to the 3' proximal proteins such as P3-1b.

It is possible that P1-1a.could

undergo rapid secondary cleavage events which would account
for the small amount seen by PAGE.

This is probably not

the case since the secondary cleavage products,
and VP3 are not seen by PAGE.
(1984),

have reported

VPO,

VP1

Recently Dorner et ala

that internal initiation events in

the P3 region of the PV1 genome have taken place in the
reticulocyte lysate.

This would account for the transla-

tion of P3-1b prior to or concomittant with P1-1a.

It has

also been shown that some of the high molecular weight
anomalous proteins translated in the reticulocyte lysate,
can be immunoprecipitated with antibody against the P3 gene
product,

P3-2

(Dorner et a1.,

1984).

This

result

supports

the internal initiation hypothesis and disproves that these
anomalous proteins are generated by premature termination
from

the 5' proximal

initiation codon.

Due to the problems
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Figure 3.
Analysis of Protein Products From PV1-Infected
HeLa Cell Lysate and Reticulocyte Lysate.

[35 S ]-methion:ne labeled pro~ucts from both the
HeLa system and the ~eticulocyte cell-free system were
analyzed by SDS-PAGE (10%).
Reactions were incubated at
37 0 C for 60 minutes.
Lane a, in vivo marker proteins,
isolated from PV1-infected HeLa cells 3.5 hours postinfection; lane b, protein products synthesized by
endogenous RNA in a non-nuclease treated, PV1-infected HeLa
cell-free system; lane c, proteins synthesized in a
nuclease-treated, PV1-infected HeLa cell-free system with
no exogenously added PV1 RNA; lane d, proteins synthesized
in a nuclease t~eated, PV1-infected HeLa cell-free system
with 5 ug of PV1 RNA added; lane e, proteins synthesized in
a nuclease treated rabbit reticulocyte system with 2 ug PV1
RNA exogenously added.
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inherent with the reticulocyte lysate in translating poliovirus RNA, namely possible internal initiations,
infected HeLa cell lysate was used in the HART
Formation of Hybrids and Optimal

Conditi~ns

the PV1assays.

for HART

In order to investigate the feasibility of a scanning mechanism of initiation of protein synthesis by poliovirus RNA using HART assays,

both the integrity of the

RNA:DNA hybrid and the ability of the in vitro translation
system to utilize the correct initiation site for protein
synthesis must be considered.

As discussed in the preced-

ing section, the PV1-infected HeLa cell lysate was chosen
for the HART assay due to the high fidelity of translation
of PV1 RNA and the apparent utilization of the correct 5'
initiation

site.

Specific restriction fragments of the poliovirus
cDNA plasmids pVR104 and pVR105 were used to create RNA:DNA
hybrids.
Drs.

V.

These clones were generously given to our lab by
Racaniello and D.

Baltimore.

Figure 4 shows the

genomic representation of the virus specific inserts in the
two plasmids pVR104 and pVR105.

DNA fragments were pro-

duced by digestion with Pst I or Pst I/Hae III and purified
by PAGE.

The appropriate restriction fragments were cut

out of the 5% acrylamide gel and electroeluted into dialysis tubing and subsequently ethanol precipitated.

DNA

fragments used for RNA:DNA hybrid formation are indicated

p p
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A
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Figure 4.
Plasmids.

Partial Restriction Map of Poliovirus eDNA

The 5' half of the PV1 RNA genome is represented,
along with the restriction fragments of pVR104 and pVR105
used for hybrid formation.
The perpendicular lines in the
5' non-coding region represent the positions of the nine
AUG codons, including the beginning of the polyprotein,
NCVP-OO.
Nucleotide positions of selected restriction
sites are shown (P=PstI, H=HaeIII).
Stippled bars indicate
the positions of hybrid structures formed for HART.

U1

o
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in Figure 4.

The hybrids used in these experiments in-

cluded:

A,

end;

covering N115 to N367 in the 5' noncoding region

B,

cove,ring N1

to N220 (N=nucleotide) at the 5'

(covering the first three AUG codons);

e,

covering N626 to

N1060,

including the polyprotein initiation codon at N743;

and D,

covering N2238 to N3412 in the coding region.

addition,

In

control experiments for hybrid formation were

carried out using the pVR104 fragment from N1804 to N2238.
Hybrid formation was analyzed by agarose gel electrophoresis.

[3 2 p ] labeled PV1 RNA and unlabeled cDNA

fragments were used to form hybrids.

The hybrid structure

has a decreased electrophoretic mobility, perhaps due to
the RNA:DNA duplex region (compare Figure 5,
b).

lanes a and

The use of a 10-fold molar excess of double-stranded

cDNA resulted in hybridization of most of the added PV1 RilA
(Figure 5,

lane b).

The integrity of the hybrid after

incubation in the cell-free translation system was investigated by protection of the appropriate region of the RNA
from S1 nuclease.

The cDnA Pst I fragment from N2238 to

N3412 was used for this experiment.

Figure 5, lanes c and

d showed that the expected 434 base pair hybrid was resistant to S1

nuclease after incubation in .5x

m~1 Na e 1, 7 • 5 mM sod i u m cit rat e , p H 7. 0 ) •

sse

buffer (75

This indicates

that a stable hybrid was formed and that the appropriate
RNA fragment was protected from S1

digestion.

However,

incubation of this same hybrid in the PV1-infected HeLa
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ori~

Figure 5.
Hybrids.

a b

1.5% Agarose Gel Electrophoresis of RNA:DNA

RNA:DNA hybrids were formed, using [3 2 P ]-labeled
PV1 RNA, incubated in either buffer or HeLa cell-free
systems and then treated with S1 nuclease.
Control samples
in lanes a and b were untreated.
The indicated bands are:
1, RNA:DNA hybrid (using the small PstI fragment from N1804
to N2238); 2, PV1 RNA and lane b, hybrid.
The S1-resistant
fragment of the hybrid is shown in: lane c, after 0 minutes
in a standard buffer (see Methods); lane d, after 30
minutes in the buffer; lane e, after 0 minutes in the HeLa
cell-free system; lane f, after 60 minutes in the HeLa
system.
All incubations were at 37°C.
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cell-free translation system yielded differing results.
After a prolonged incubation in the in vitro translation
system,

up to 60 minutes,

the S1 protected RNA fragment was

no longer observed (Figure 5,

lane f).

It was concluded

that the RNA:DNA hybrid tends to denature in the cell-free
system,

possibly due to nucleic acid-protein interaction.

An alternate possibility for the lack of the expected S1
protected fragment after prolonged incubation in the cellfree system could be due to nuclease degradation of the RNA
in the cell-free syrtem itself.
phosphate labeled PV1

Consequently,

RNA was incubated in the infected

lysete for varying amounts of time,

phenol extracted and

analyzed by agarose gel electrophoresis.
gure 6,

[32 p Jortho-

As shown in Fi-

there is not extensive nuclease degradation of the

added RNA in the in vitro translation system.

Thus,

it was

determined that the optimum time of incubation of the
RNA:DNA hybrids in the cell-free system was 30 minutes.
This amount of time allowed for an appropriate amount of
translation of the hybrids and kept the backround level of
translation from the denatured hybrids to a minimum.
NaDcdSo 4 -PAGE Analysis of the Products of HART
When the poliovirus-infected, micrococcal nuclease
treated HeLa cell lysate was programmed with PV1 RNA alone,
viral specific polypeptides were observed after 60
minutes incubation (Figure 7,

lane a).

During shorter

S4

abc d

ori -

-----

Figure 6.
PV1 RNA Integrity Upon Incubation in a PV1Infected HeLa Cell-Free System.
1.5% agaroe6 gel analysis of [32 P ]-labeled PV1 RNA
incubated in the HeLa in vitro translation system for
varying amounts of time. Samples were phenol extracted and
ETOH precipitated prior to electrophoresis on the 1.5%
agarose gel. Lane a,[32 P ]-labeled PV1 RNA was incubated
in the the cell-free system for 30 minutes at 33°C; lane b,
[32 P ]-labeled PV1 RNA incubated for 15 minutes at 21°C;
lane c, [3 2 Pl-Iabeled RNA incubated for 15 minutes at OOC;
1 a ned, [3 2 p] - I abe led P V1 RNA inc u bat e d for 0 min ute sat
0° C.
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incubation times,

less proteolytic processing takes place

and the most prominent viral protein band co-migrates with
P1-1a.

When the system was programmed with hybrid D,

a

protein product was detected which migrates at about the
position of a 50,000 dalton polypeptide
This is the expected size of

~

(Figure 7,

lane b).

truncated polypeptide syn-

thesized from poliovirus RNA to which DNA is hybridized at
the

indicated position in the coding region

(Figure 4).

Note that lane b also includes a product co-migrating with
P1-1a,

presumably the result of translation from PV1

not in hybrid form.

In addition,

RNA

an artifactual band

resulting from the use of [35 S ]-methionine is present in
all

lanes of the gel except that containing intracellular

virus

specific

proteins.

Programming with hybrid C results in little or no
protein synthesis and only back round bands are seen in the
autoradiogram

(Figure 7,

lane c).

Again this is the expec-

ted result if the hybrid blocks access to the AUG codon at
position N743

(the

This translational
hybrid

beginning of the viral

polyprotein).

block is alleviated upon disruption of

C structure by boiling (Figure 7,

lane d).

When

this "dehybridized" RNA is used to program the in vitro
translation system,

the major product co-migrates with P1-

1 a.

When the cell-free system was programmed with hybrid A,

the production of viral

proteins was lowered to
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Figure 7.

Protein Products of HART

HeLa cell-free systems were programmed with PV~ RNA
or RNA:DNA hybrids.
The [35S]-labe2ed products of this
translation were resolved by NaDodSo /10% polyacrylamide
4
gel electrophoresis.
The autoradiograph shows the products
of the cell-free system after programming with:
lane a,
PV1 RNA; lane b, hybrid D; lane c, hybrid C; lane d,
denatured hybrid C; lane e, hybrid A.
Lane f contains
marker poliovirus proteins, [,5 S J-Iabeled in vivo.
Marker
positions on the right side are noncapsid and virion
proteins formed during infection.
On the left side are
indicated:
1, in vitro product which co-migrates with
NCVP-1a; 2, 50,000 dalton truncated protein; 3, a [35 S Jmethionine artifact.
All incubations in the cell-free
system were for 30 minutes at 37°C, except that lane a was
a 60 minute incubation.
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nearly bacl<round levels

(Figure 7,

lane e).

When hybrid A

was denatured land used to program translation,

the results

were the s?me as those shown for dehybridized C (Figure 7,
~hese

lane d).

r~gion

terminal

data suggested

that blockage of the

5'

by RNA:DNA hybrid formation prevents normal

translation of poliovirus RNA in the cell-free system.
i~vestigate

order to

this in more detail,

In

the entry of

viral RNA ,nd hybrid structures into polyribosomes and
initiation complexes after brief incubations in the cellfree

syste~

was examined.

Polyribosome Formation in HART Reactions
Po+iovirus-infected HeLa cell-free systems were

preincubat~d with [35 S ]-methionine in the absence of RNA in
order to
or hybrid

c~arge

exogenously added tRNA molecules.

~trubtures

PV1

were then added to the system,

RNA

incu-

bated for ten minutes whereupon the drug sparsomycin was
added to b+9ck further elongation.
to

determi~e

was being
in vitro

As a control

experiment

if the correct concentration of sparsomycin

~sed

to stop elongation, a non-nuclease

tDans~ation

treated

system was preincubated with 2 mM

sparsomyci~ for 8 minutes.

At this time [35 S ]-methionine

was added to the system and translation was allowed for 30
minutes.
PAGE.

The products of this translation were analyzed by

The products of the sparsomycin treated extract

compared

w~th

were

the products translated from endogenous RNA
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of the PV1-infected HeLa lysate (a non-nuclease treated
lysate) and also with those of a micrococcal nuclease
treated lysate (Figure 8,

lanes c,

a and b respectively).

Figure 8, lane a shows high endogenous activity,

whereas

this activity is totally blocked by preincubation with
sparsomycin,

lane c or nuclease treatment,

lane b.

Polyribosome formation of PV1 RNA in the in vitro
translation system was analyzed by sucrose gradient centrifugation.
PV1

In Figure 9 it can be seen that the addition of

RNA to the in vitro translation system can form heavily

sedimenting, [35 S J-methionine labeled structures, approximately 2.5 fold over that of backround incorporation (no
RNA added to the cell-free system under the same conditions) •
Hybrid RNA:DNA structures were now analyzed for
polyribosome formation.

Figure 10, panel a,

shows a

sucrose gradient display of [35 S ]-methionine labeled
material associat8d with polyribosome structures in a cellfree system programmed with PV1 RNA alone.
tion included hybrid D,
was observed.
(Figure 4),

When the reac-

the display in Figure 10,

panel b,

This hybrid, formed in the coding region

would allow the translation of a 50,000 dalton

protein (Figure 7).

Polyribosome formation was comparable

to that found with PV1

RNA alone.

In contrast,

system was programmed with hybrid C,

when the

the sucrose gradient

display revealed a greatly reduced polyribosome profile
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Figure 8.
Protein Products Synthesized in the Presence of
2 mM Sparsoruycin.
Endogenous protein synthesis was compared to
proteins synthesized after pre-incubation with sparsomycin
or treatment with micrococcal nuclease.
Lane a, protein
products synthesized by endogenous RNA translation in a
PV1-infected HeLa cell-free system; lane b, proteins
synthesized after micrococcal nuclease treatment; lane c,
proteins synthesized after pre-incubation (10 minutes),
with sparsomycin.

Figure 9.
Sucrose Gradient Analysis of Polyribosome
Formation.
HeLa cell-free systems were pre-incubated with
PV1 RNA was then added
to the system and allowed to translate for 10 minutes.
At
this point, elongation was blocked with 2 mM sparsomycin
and structures were resolved by sucrose gradient
sedimentation.
TCA-.insoluble, [35 S ]-labeled material is
displayed.
The position of the 80S peak is indicated by
the arrow.
Sedimentation was from right to left.
Panel a,
the system was programmed with exogenously added PV1 RNA.
Panel b, no RNA was added to this micrococcal nuclease
treated system.

[35 S J-methionine to charge tRNAs.
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Figure 9.
Sucrose Gradient Analysis of Polyribosome
Formation.
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Figure 10.
Sucrose Gradient Analyses of Polyribosome
Formation Using RNA:DNA Hybrids.
RNA or RNA:DNA hybrids were incubated in HeLa cellfree translation systems charged with [35 S ]-methionine.
After 10 minutes, elongation was blocked with sparsomycin
and structures were resolved b~ sucrose gradient
sedimentation.
TCA-insoluble L35 S]-labeled material is
displayed.
The systems were programmed with:
panel a,
PV1 RNAj panel b, hybrid Dj panel c, hybrid Cj panel d,
hybrid Bj panel e, hybrid A.
The direction of sedimentation is shown by the arrow.
The position of the 80S A260
peak is indicated.
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Figure 10.
Sucrose Gradient Analyses of Polyribosome
Formation Using RNA:DNA Hybrids.
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(Figure 10,

panel c).

This is expected if hybrid formation

prevents access to the initiating AUG codon at position
N743.
When the system was programmed with hybrid structures B and A,

little or no formation of polyribosomes was

o b s e r v e d (F i g u r e 1 0 ,

pan e I s d and e ) •

Th es ere suI t s imp I y

that the formation of RNA:DNA hybrids at the 5' terminus of
poliovirus RNA,

within the 5' noncoding region of the RNA

and spanning the initiation codon at N743,

each results in

inhibition of translation of the message.
[35 S J-methionine labeled material was observed
sedimenting in the 80S region of these gradients.

However,

we could observe label in this region even in the absence
of added RNA (Figure 9,

panel b).

The [35 S J-methionine

labeled material in this region could be hydrolyzed by
treatment with .1 M NaOH (unpublished observations).

We

believe the labeled material in this region represents
methionine charged initiator tRNA associated with 80S ribosomes in the absence of mRNA.

Trachsel et a1.

(1977),

have

reported this phenomenon as an artifact in other cell-free
systems.
Formation of Initiation Complexes
In an attempt to further follow the fate of the 40S
ribosomal subunit as it traverses the long 5' noncoding
region of poliovirus RNA,

initiation complex formation was
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studied.

[3H]-uridine labeled poliovirus RNA and RNA:DNA

hyrid structures were used to examine initiation complex
formation.

When poliovirus RNA, having a sedimentation

coefficient of 35S,

is incubated in a cytoplasmic extract,

non-specific association of cytoplasmic proteins produces a
ribonucleoprotein (RNP) structure with a sedimentation
coeffient of about 80S

(Baltimore a'nd Huang,

1970).

When poliovirus RNA was iricubated in a HeLa cellfree system which had been preincubated with sparsomycin to
prevent elongation,

the sedimentation profile shown in

Figure 11a .was observed.

Figure 11b shows that when these

structures were treated with EDTA and then sedimented, only
the prominent 80S peak was observed.
poliovirus RNP,
(1970).

formed as described by Baltimore and Huang

The EDTA sensitivity of the heavier sedimenting

peak in FigQre 11a,
RNA.

This peak is simply

In addition,

implys a ribosomal association with the
when the cell-free system was pre-

incubated with both sparsomycin and the non-hydrolyzable
GTP analogue,

GMPPCP (to prevent 60S subunit joining),

profile ill Figure 11 c was observed.

Note that the peak at

fraction 12 (Figure 11a) sedimenting at about 130S,
present in either 11b or 11c.

the

is not

Both the results from the

addition of EDTA or the addition of GMPPCP support the
conclusion that this 130S peak is the poliovirus initiation
complex.

Gol i n i

eta 1.

( 1 980) ,

re p 0 r ted t hat the pol i 0 vi-

rUB initiation complex sediments faster than poliovirus

Figure 11.
Formation.

Sucrose Gradient Analysis of Initiation Complex

HeLa cell-free systems were pre~incubated with
sparsomycin and then programmed with ['H]-labeled RNA or
RNA:DNA hybrids.
Structures were resolved by sucrose
gradient sedimentation as in figure 10.
Panel a, PV1 RNA;
panel b, PV1 RNA followed by addition of 5 mM EDTA; panel
c, PV1 RNA in the presence of GMPPCP; panel d, hybrid D;
panel e, hybrid C; panel f, hybrid A.
The direction of
sedimentation is shown by the arrow.
The position of the
80S A260 peak (except in panel b) is indicated.
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Formation.

Sucrose Gradient Analysis of Initiation Complex
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RNP.

These investigators,

employing different gradient

conditions than were used here (notably the inclusion of
nonionic detergents),

reported a value of 60S for the PV1

RNP and 80S for the PV1
When hybrid D,
viral RNA,

ini tiation complex.
containing

[3 HJ-uridine

labeled

was incubated in the system under conditions

allowing only initiation complex formation,

the sedimenta-

tion profile displayed in Figure 11d was observed.
case, viral

initiation complexes are seen in the region

near fraction

12 as in Figure 11a. Poliovirus itself sedi-

ments at fraction 11,
nm.

This hybrid,

gure 4).

D,

as determined by absorbance at 260
is blocked in the coding region (Fi-

When hybrid C was used,

shown in Figure 11 e was seen.
results,
ly,

in this case,

Finally,
nus,
11f.

As expected from the other

all of the eight upstream AUG codons are

yet no initiation complexes are

hybrid A,

Interesting-

resolved.

the structure blocked at the 5' termi-

produced the sedimentation profile shown in Figure
These results show no formation of initiation com-

plexes,
free

the sedimentation profile

no initiation complex was observed.

available,

In this

indicating that the 5'end of poliovirus RNA must be

in order for significant ribosome binding ot occur.
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Attempted Isolation of Poliovirus Initiation Complexes
In Vivo
Experiments concerning the isolation of a
poliovirus translational initiation complex from
poliovirus-infected cells were attempted previously to
those experiments described in vitro for
ted translation assays,

the hybrid arres-

in the previous section.

Although

the in vitro experiments proved to be much more successful
than those performed in vivo,
here,

in a sense,

the in vivo results described

corroborate the results obtained

in vitro.
These original experiments utilized poliovirus as a
vehicle in the study of translational control
more specifically,

mechanisms,

ribsome recognition signals.

The obj ec-

tive of these experiments was to isolate a poliovirus
initiation complex from PV1-infected HeLa cells and to
purify a ribosome protected oligonucleotide from this complex for sequencing studies.

The basic experimental proce-

dure for isolation of a poliovirus translational initiation
complex is as follows:
infection,

at approximately 3 hours post-

initiation of poliovirus polyribosome is rever-

sibly inhibited by

hypertonically "shocking" the infected

cells by the additon of NaCI.

This process inhibits ini-

tiation exclusively, allowing elongation of the polyribosomes to take place.
under hypertonic

The infected cells are incubated

conditions for a sufficient amount of
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time,
mRN A.

allowing all the elongating ribosomes to run-off the
At this pOint,

the cells are returned to isotonic

conditions, along with the addition of an elongation inhibitor, emetine.

Under these conditions poliovirus mRNA is

able to synchronously re-initiate protein synthesis.

The

initiation complexes are blocked from elongation by emetine.

These presumptive initiation complexes are isolated

from the cells and purified via sucrose gradient centrifugation as is shown in Figure 12.

80S ribosomes co-migrate

with fraction 18 and 19 in the gradient.
ting at fractions 13 and 14 is poliovirus.

The peak sedimenThese two peaks

in the sucrose gradient can be more specifically characterized by glutaraldehyde fixation and sedimentation in an
isopycnic CsCl gradient,

in order to denote the

characteristic buoyant density of an initiation complex.
When the sucrose gradient fractions 13 and 14 were pooled,
glutaraldehyde fixed and centifuged through a CsCl gradient
until equilibrium, two peaks were resolved (Figure 13,
panel a).
g/cm 3 ,

One radioactive peak banded at a density of 1.34

which is the density of poliovirus.

banded at a density of 1.44 g/cm 3 •

The other peak

The density of the

poliovirus replication complex is 1.43 g/cm 3 •

Replication

complex co-sediments in the polyribosomal region of the
sucrose gradient

(Baltimore and Huang,

1968). In this case,

possibly some replication complex co-migrates with
poliovirus.

The sucrose gradient fractions 18 and 19,
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Figure 12.
Sucrose Gradient Analysis of Presumptive PV1
Initiation Complexes Isolated In Vivo by Reversibly
Inhibiting Initiation by Hypertonically Shocking the Cell.
Poliovirus-infected HeLa cells which had been
labeled with [3 H}-uridine were hypertonically shocked by
the addition of 150 mM NaCI at 3 hours post-infection.
The
infection was returned to isotonic conditions at 3.5 hours
post-infection, along with the addition of an elongation
inhibitor, emetine.
After a short incubation under these
conditions, the infection was lysed and the cytoplasmic
extract was analyzed by sucrose gradient centrifugation.
Sedimentation is from right to left.
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Figure 13.
CsCI Gradient Analysis of Pooled Fractions from
Sucrose Gradient Analysis.
Peak fractions of the [3 H]-labeled material from
the sucrose gradient analysis of initiation complex
formation, were pooled and glutaraldehyde fixed with
subsequent centrifugation through preformed CsCI gradients
until equilibrium.
Sucrose gradient fractions 13 and 14,
resolved into 2 peaks by CsCI centrifugation as indicated
in panel a.
The refractive index of each CsCI gradient
fraction was taken in order to determine the density of the
radioactive material in each peak. Panel b shows the CsCI
gradient profile of the pooled and fixed sucrose gradient
fractions 18 and 19.
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revealed one major peak and several

minor ones after

centrifugation through a CsCl gradient.
a density of 1.40 g/cm 3 •

Poliovirus

The major peak had

ribonucleoprotein

(RNP) particles also band at this density.
band at a density of 1.55 g/cm 3 •

80S ribosomes

The 80S ribosomes are not

visualized in this experiment since only poliovirus RnA is
radioactive.
1.47 g/cm 3 •

An initiation complex is thought to band at
As can be seen in Figure 13, panel b, there is

only a very minor peak at 1.48 g/cm 3 •

From these

results,

it appears that poliovirus initiation complexes do not comigrate with 80S ribosomes in the sucrose gradients used
for these experiments.

It is more

likely that an initia-

tion complex sediments between the 80S ribosome and poliovirus

itself

(150S).

(It

is possible

banding at a density of 1.44 g/cm 3 ,
could be an initiation complex.

that

the

Figure 13,

second peak
panel a,

This peak was shown to

retain TCA precipitable radioactivity after digestion with
T1

nuclease,

implying that some of the RNA was protected

from digestion by protein interaction.

Also,

upon addition

of EDTA and then centrifugation through a CsCl gradient,
this peak banded at a density of 1.40 g/cm 3 ,
1.44 g/cm 3 ,

instead of

which is indicative of an RNP particle only.

The sensitivity of the 1.44 g/cm 3 particle to EDTA,
a ribosomal

interaction.

Poliovirus replication complex is

insensitive to EDTA as demonstrated by Girard et al.
(1967).

The results from

denotes

these experiments although
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intriguing,

are inconclusive.

Isolation of a translational

initiation complex in vivo would be the preferred route as
compared to isolation in vitro.
Isolation and Characterization of Poliovirus
Ribonucleoprotein Complexes Formed in Infected Cells
Two characteristic features of poliovirus, the
ability to inhibit protein synthesis shortly after infection and the absence of the ubiquitous 5' cap (m 7 GpppX)
structure on viral RNA, make poliovirus an ideal subject
for the study of cytoplasmic control of eucaryotic protein
synthesis.

These experiments focus upon the possibility

that the RNA binding proteins,
within the cell cytoplasm,

existing as a soluble pool

may interact with the RNA to

direct the functional role that the RNA plays within the
cell.

In order to investigate this possibility,

binding to

poliov~rus

proteins

RNA from infected and uninfected cell

cytoplasm were characterized.
No specific functional
binding proteins,

role has been given to RNA

in fact it has been reported that the

existence of RNA binding proteins and consequently the
formation of ribonucleoproteins, are just a fortuitous
occurence and possibly an artifact of isolation of RNA from
a cytoplasmic extract (Baltimore and Huang,

1970).

Other

investigators have shown that there are changes in the
protein composition between RNP complexes of the nucleus
and of the cytoplasmic polysomes (Liautard and Kohler,
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1976).

Hore recently,

mRNP proteins in the form of their

soluble counterparts, are shown to be essential for the
translation of deproteinized mRNA in a fractionated
in vitro translation system devoid of soluble mRNA binding
proteins (Schmid et a1.,

1982).

It may be that poliovirus

codes for a viral protein which has RNA binding properties
and may selectively bind to virion RNA to confer a translational advantage.

Alternatively,

the viral infection may

'cause a modification of an RNA binding protein needed for
host mRNA translation.
RNA Binding Proteins Identified by the "Protein-Blotting"
Technique
The protein blotting technique was used to determine whether cytoplasmic RNA binding proteins from uninfected cells were modified after infection.

Proteins from

poliovirus infected and uninfected cytoplasmic extracts
were electrophoresed on an SDS-polyacrylamide gel.

The

proteins are allowed to diffuse out of the gel and onto
nitrocellulose paper as described by Bowen et a1.,
The proteins are tightly bound to the filter,
replica of the pattern seen on the gel.

(1980).

producing a

The nitrocellulose

filters are then challenged with 3 2 p labeled poliovirus RNA
or 32p labeled ribosomal RNA (28 and 18S).

Proteins which

are capable of binding RNA are detected by autoradiography.
The protein blots of uninfected and poliovirus infected
HeLa cell cytoplasmic extracts probed with 32p PV1

RNA were
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very similar in

profile,

is one additional

Figure 14,

band in

lanes a and b.

There

the infected cell cytoplasm

which seems to have a higher affinity to PV1 RNA as compared to the uninfected cell sample.

From these results,

it appears that almost all of the HeLa cytoplasmic RNA
binding proteins are not modified by infection with poliovirus.

In order to determine

proteins

were specific for PV1

whether these RNA binding
RNA,

infected and uninfected

protein blots were challenged with 32p labeled rRNA as
shown in Figure 14,

lanes c and d.

These rRNAs. had a very

similar binding profile as those blots probed
poliovirus RNA.

One of the RNA binding proteins present in

the PV1 RNA challenged sample
and

with

(mainly the infected sample

to a lesser extent the uninfected sample),

lane a

(arrow),

lanes c and d.

was absent in the rRNA samples,
Consequently,

Figure 14,

most of the cytoplasmic RNA

binding proteins exhibit a rather nonspecific
with the

Figure 14,

interaction

possible exception of one protein.

Isolation In Vitro of Viral Ribonucleoprotein Complexes
Formed Upon Incubation of Virion RNA with Poliovirus
Infected HeLa Cell Extracts
In Vitro RNP complexes are formed by allowing PV1
RNA to incubate in an [35 S J-methionine labeled
37 0 C for 30 minutes.
(20mM) is added to the

Additional NaCl

extract at

(150mM) and EDTA

sample which is then centrifuged

through a sucrose gradient,

enabling the isolation of the
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Figure 14.
RNA Binding Proteins Identified by Protein
Blotting Technique.
A PV1-infected HeLa cell cytoplasmic extract (3.5
hours post-infection) and an uninfected HeLa cell extract
were electrophoresed on an 10% polyacrylamide gel.
Proteins from the gel were transferred to nitrocellulose
filter paper b~ ~assive diffusion.
These filters were then
prob~d with [3 PJ-labeled PV1 RNA or rRNA.
Lanes a and b,
an infected and uninfected blot of a cytoplasmic extract
probed sith [32 P ]-labeled PV1 RNA; lanes c and d, an
infected and uninfected blot of a cytoplasmic extract
probed with [32 P ]-labeled rRNA respectively.
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80S RNP.

The appropriate fractions are pooled,

remove the sucrose and then lyophilized.

dialyzed to

A typical gra-

dient for RNP formation from poliovirus infected cells is
seen in Figure 15.

Fractions 18-22 represent the 80S RNP,

while fractions 11-14 are labeled poliovirus itself.

Char-

acterization of RNP proteins by polyacrylamide gel electrophoresis is shown in Figure 16.

Four virus specific pro-

teins bind to PV1 RNA to form an RNP (along with unlabeled
cellular proteins),
teins are P1-1 a,
protein of VP1,
viral

Figure 16,

VP1,

lane c.

VP3 and P3-2.

VP3 and VPO

These viral

pro-

P1-1 a is a precursor

(Figure 1).

The nonstructural

protein P3-2 is also able to bind to PV1

RNA.

estingly,

P3-2 is the. precursor protein for the viral

protease,

P3-7c and also the viral replicase,

Inter-

P3-4b.

P3-4b

is involved in the strand elongation (polymerization of
nucleotides)

step of poliovirus RNA replication.

It is

both template and primer dependent

(Van Dyke and Flanegan,

1980).

VPg,

The virion encoded protein,

which is found

covalently linked to the 5' terminal nucleoti.f!.e of both the
plus and minus RNA strands of the replicative intermediate,
has been suggested
synthesis of PV1

to act as the primer for initiating

RNA.

Since no free VPg has been detected

in poliovirus-infected cells,
VPg at first,

it has been suggested that

acts in the form of a precursor polypeptide

and is cleaved after RNA

synthesis has been initiated.

Immunoprecipitation with anti-VPg antibodies has revealed a
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Figure 15.
Sucrose Gradient Analysis of Poliovirus RNP
Particles Isolated In Vitro.
PV1 RNA was incubated in a [35 S J-methionine labeled
PV1-infected cytoplasmic extract for 30 minutes at 37 o C.
PV1 RNP particles were resolved by sucrose gradient
centrifugation.
Gradients were fractionated and counted.
The 80S ribosomal peak at an absorbance of 260 is
indicated.
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VPg precursor protein (Baron and Baltimore,
a1.,

1982).

With this information it is

1982; Semler et

interes~ing

speculate on the RNA binding activity of P3-2.
and P3-4b are thought to be necessary for PV1

to

Both P3-7c
RNA replica-

tion, so precursor P3-2 binding may possibly be an integral
part of this process.

Binding of P3-2 to a presumptive

replicating structure, may enable this structure to initiate RNA replication by proteolytic processing (via P3-7c)
of the VPg precursor to VPg,
cation.

At the same time, P3-2 could undergo proteolytic

processing itself,
P3-4b.

creating the primer for repli-

creating P3-7c and the viral

Consequently,

gation step of

replicase

P3-4b is now able to begin the elon-

replication.

Virion proteins from pooled sucrose gradient fractions 11-14 are shown in lane a,

Figure 16.

proteins are shown in lane b, Figure 16.

PV1

marker

These RNP com-

plexes isolated in vitro are artificial complexes, but this
is still a valid preliminary approach in the characterization of RNPs since the proteins binding to the RNA are
representative of the cellular pool of proteins used f0r
binding

in vivo.
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a

b
.... 92 kd

VP1 ......
VP2 ......
VP3 ......

Figure 16.
PAGE Analysis of [35 S ]-Methionine Labeled PV1
RNA Binding Proteins.
RNP particles isolated from sucrose gradient
fractions 18-22 (figure 15) were pooled, dialyzed and
lyophilized. The lyophilized sample was resuspended in
sample buffer and electrophoresed on a 10% polyacrylamide
gel.
Lane a, virion marker proteins; lane b, PV1-infected
cytoplasmic marker proteins isolated 3.5 hours postinfection; lane c, RNA binding proteins from an infected
extract (virus specific); lane d, [14 C]-labeled markers.
Figure 2.
Time Course of Poliovirus (PV1) RNA Translation
in the PV1-Infected HeLa Cell-Free System and the Rabbit
Reticulocyte System.

CHAPTER 4

DISCUSSION
The main obj ective of this research has been to
further elucidate possible translational
involved
goal,

in poliovirus infection.

control elements

In order to achieve this

the feasibility of a scanning mechanism of initiation

for PV1

in light of the unique 5'

RNA was investigated,

terminus and noncoding region of this RNA,
ability of this virus

along with the

to inhibit host protein synthesis.

There also exists in the cytoplasm of eucaryotic cells a
population of soluble proteins· exhibiting RNA binding
capabilities.

Consequently,

both cytoplasmic and virus

specific proteins were examined for their ability to
specifically bind to PV1

RNA and to possibly function as

effectors of protein synthesis.

The Importance of the 5' Terminus and 5' Noncoding
Rt::gion in PV1 RNA Initiation of Protein SyntheSiS
These experiments have shown that formation of
RNA:DNA hybrids
5'

in

the

long 5' noncoding region and at the

terminus of poliovirus RNA prevents translation of this

viral

message.

This suggests that a free 5' end is neces-

sary for ribosome

recognition,

bifiding and subsequent ini-

tiation of poliovirus protein synthesis at the AUG codon at
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N743.
Kozak has proposed that the 408 subunit of the
eucaryoticribosome interacts with the 5' terminus of mRNA
and "scans" in the 3' direction until the initiating AUG
codon is reached (Kozak,

1978).

The correct AUG codon is

characterized by proximity to the 5' terminus and by a
sequence context close to the consensus sequence
(A/G)UllAUGG

(Kozak,

1983).

In fact,

a hierarchy of such

flanking sequences has been proposed in which the relative
usage of the AUG as an initiation codon is related to how
closely it conforms to this preferred sequence context
(Kozak, 1981).
In these experiments, it appears as though hybrids
in the 5' noncoding region are able to stop
physically
subunit.

bl~cking

translation by

the movement of the 408 ribosomal

It is difficult to conclude from these

experiments whether the 5' terminal hybrid stops
translation due to disruption of a secondary structural
feature that the 408 subunit recognizes, or whether a
specific recognition sequence has been masked.

Since mRNAs

which have been fragmented are capable of being translated
at spurious initiation sites (Pelham,

1979) and circular-

ized mRNA cannot attach to eucaryotic ribosomes (Kozak,
1979),

it is most likely that this translational block is

due to the poliovirus RNA no longer having a free 5'
terminal region for interaction with the 408 ribosomal
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su buni t.

For poliovirus translational initiation,

the

definition of the scanning hypothesis seems to be stretched
to its very limits.

The 408 ribosomal subunit is able to

recognize the uncapped 5' terminus of the RNA and scan a
very long 5' noncoding region until the initiation codon is
reached,

at nucleotide position 743.

Poliovirus has the

most unusual or extreme 5' noncoding sequence of any eucaryotic mRNA sequenced to date.

The scanning hypothesis

states that initiation of translation should begin at the

5' proximal AUG having optimal sequence context.

It would

be of interest to determine what the dividing line (nucleotide position) is for 5' proximal vs internal AUG codons.
In

0

the r w0 r d s, is the rea n up per 1 i mit

0

nth e nu mb e r

0

f

suboptimal AUG co dons which can be present in the 5' noncoding region before a suboptimal AUG becomes the initiator
codon by default?

In the case of PV1 RNA,

8 spurious AUG

codons within the 5' noncoding region do not seem to pose a
problem for the scanning mechanism.
Translational initiation of RNA:DNA hybrids were
analyzed by 8D8-PAGE of protein products, initiation complex formation and polysome formation by sucrose gradient
centrifugation.

All 3 methods of analyses are mutually

supportive of each other.

Translation of RNA:DNA hybrids

occurred when the hybridized region was in the coding
region,

yielding a

truncated polypeptide.

in which the 5' terminus,

RNA:DNA hybrids

5' noncoding region or initiation
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codon was blocked,
by SDS-PAGE,
formation.

did not allow translation as visualized

initiation complex formation and polyribosome
This translational block was alleviated upon

disruption of the hybrid structure by boiling.
gly,

Interestin-

the RNA:DNA hybrid in which the initiation codon

is blocked and

the 5' noncoding region is unblocked,

initiation complex formation was seen.

(743)
no

It may be concluded

that the AUG co dons of suboptimal sequence context in the
5' noncoding region are not utilized to form complexes or
that the frequency of formation is to low to detect by
methods used here.
occur,

PV1

So,

for initiation complex formation to

RNA needs unencumbered,

noncoding region and

the

the 5' terminus,

5'

AUG at N743.

Since poliovirus mRnA does not have a 5' terminal
methylated cap structure (Hewlett et al.,
al.,

1976),

1976;

Nomoto et

it has been suggested that ribosome interaction

with the RNA may take place by interaction with some
secondary structure
Indeed,

in the

Kitamura et al.

(1981),

hairpin loop involving PV1
Nomoto et al.

(1982),

message

(Larsen et al.,

identified a

1981).

potential

sequences from N9 to N36.

described a

potential hairpin loop in

the Sabin type

1 strain of poliovirus using sequences from

N354 to N401.

The RNA:DNA hybrid structures we have formed

could have interfered with the formation of such secondary
structural features and therefore we cannot rule out
completely the participation of these structures in
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ribosome binding.

We also cannot rule out hybridization

between 5' terminal sequences and sequences near N743,
allowing formation of a large terminal loop structure prior
to ribosome binding.

This kind of structure has not been

previously proposed and is not obvious from the sequence
data

(Racaniello and Baltimore,

1981 ).

However,

1981;

Kitamura et a1.,

we can conclude that ribosome interaction

does not involve direct interaction of the ribosome with a
sequence or secondary structure near the AUG at N743.
Experimental data indicate that when a hybrid structure is
formed covering the first 220 nucleotides of the RNA, both
polyribosome and initiation complex formation are inhibi ted.

Therefore,

if secondary structure plays a role in

ribosome recognition,
5' terminus of the RNA.

we believe it must be at or near the
Thus,

once the 40S subuni t

b 0 u n d tot h e R·N A a tor n ear its 5' end, i t a p pea r s t

has
0

traverse at least seven upstream AUG codons before initiating protein synthesis at N743.
So, the mechanics of the initiation process for
uncapped poliovirus translation seem to be identical to
those of capped messemger RNAs,

ie.

recognition of the 5'

terminus with subsequent scanning of the 5' noncoding region.

Therefore,

the difference between cap dependent and

independent mRNA initiation must occur by a rather subtle
mechanism.

Since these experiments demonstrate that ini-

tiation of translation for poliovirus does seem to include
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40S ribosomal scanning in order to find the initiator AUG,
the "cap-independent" initiation process proposed for poliovirus is necessarily narrowed down to 5' terminus recognition by the 40S ribosomal subunit.
The 5' m7 G cap present in most eucaryotic mRHAs
functions to augment translational efficiency.

Eucaryotic

mRNA in which the 5' cap has been chemically removed are
still translated, albeit at a lower efficiency.
initiation factors,

Certain

involved in mRHA binding to 40S riboso-

mal subunits, have been shown to interact with the 5' cap
by virtue of their ability to be chemically cross-linked to
.

this structure in the presence of ATP and Mg
proteins include CBPII complex (eIF-4F),

++

•

These

eIF-4A and eIF-4B.

Upon poliovirus infection, CBPII loses its ability to crosslink to capped mRNAs (Lee and Sonenberg,

1982).

Consequently, it was suggested that inactivation of this
protein would explain the selective inhibition of host
protein synthesis because the naturally uncapped poliovirus
RNA could be translated by a presumably cap-independent
mechanism (Lee and Sonenberg,

1982).

Although this is

strong support for the causal effect of host protein synthesis inhibition,

a precise structural defect of CBPII has

not been definitively identified.
tions also remain.

Other unanswered ques-

Since the 5' cap structure is not

absolutely necessary for translation,

the fact that the

inactivation of a cap binding protein alone can totally
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abolish protein synthesis is somewhat of a paradox.
this line of thought,

Brown et a1.

Along

(1982), have shown that

"uncapped" VSV mRNAs are still discriminated against by
poliovirus-altered initiation factors,

implying that the

capped 5' terminus of mRNA is not the sole basis for recognition and discrimination by poliovirus-altered factors.
It has been shown that addition of CBPII (eIF-4F) does not
stimulate translation of the picornavirus EMC,

but does

stimulate translation of capped Sindbis mRNA in a HeLa
cell-free system (Tahara et aI.,

1981).

Interestingly,

the

naturally uncapped STNV mRNA requires eIF-4F (CBPII) for
maximum translation (Grifo et aI.,

1983).

Clearly,

a de-

tailed examination. of initiation factors required for poliovirus RNA translation may help to further clarify the
exact mechanism of host protein synthesis inhibition and
the concept of "cap-independent" initiation of protein
synthesis.
PV1

Very possibly inactivation of CBPII may give

RNA a translational advantage, allowing this RNA to

compete more effectively,

compensating for its inherently

low level of initiation as compared to EMC virus and capped
eucaryotic mRNAs.
Another alternative to a cap-independent mechanism
of initiation which has been advocated by other investigators

(Golini et aI.,

discri~inatory

1976),

factor.

is the presence of a messenger

This factor functions to discrimi-

nate between certain mRNAs,

preferentially allowing trans-
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lation of one,

but not the other.

It is logical to assume

that this putative factor must act at the level of initiation (the rate controlling step of protein synthesis).

An

extension of this assumption is that the discriminatory
factor is probably an initiation factor.

Initiation fac-

tors eIF-4A and CEPII have been implicated as having
messenger discriminatory activity for the mRNAs of EMC and
reovirus (Jen et al., 1978; Ray et al., 1983), preferring
these RNAs to host cellular mRNA or globin mRNA.

Identifi-

cation of messenger discriminatory factors are suggested by
competition relief experiments.

Limiting amounts of ini-

tiation factors are added to a fractionated cell-free system containing saturating amounts of two different RNAs
which are competing for the limiting amounts of initiation
factors.

One by one,

cell-free system.

the factors are added back to the

Those factors which differentially stim-

ulate translation are message discriminatory.
Upon infection with poliovirus, there is an abrupt
cessation of host protein synthesis early in infection,
approximately two hours post-infection.

At this point in

the infection there are not very substantial amounts of
viral RNA present to "out-compete" host mRNA for the protein synthesizing machinery or an mRNA discriminatory factor.

Moreover, in vitro translation studies have demon-

strated that PV1 RNA is an inefficient mRNA as compared to
host mRNA or other viral RNAs.

It has also been shown that
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PV1

RNA (as compared to EMC RNA) required an unusually

large amount of initiation factor eIF-4A for maximal stimulation in a fractionated in vitro translation system,

im-

plying that this RNA may have a low affinity for this
factor

(Daniels-McQueen et aI.,

considerations,

1983).

Due to

these

preferential translation of PV1

RNA in

infected cells, probably does not involve a messenger discriminatory factor,

especially in the initial stages of

host protein shut-off.
picornavirus,
activity as

In contrast,

EMC virus,

another

does appear to have messenger discriminatory

do

reovirus mRNAs

(Ray et a1.,

1983).

Other

eucaryotic viruses such as vesicular stomatitis virus (10dish and Porter,
frog virus 3

1980),

influenza virus

(Elliott et a1.,

(Skehel,

1972)

and

1980) are also able to inhi-

bit host protein synthesis late in infection.

The most

likely cause of the inhibition is competition by the vast
excess of viral RNA.

VSV-infected cells super-infected

with poliovirus are first able to inhibit host protein
synthesis via VSV infection and subsequently able to inhibit VSV protein synthesis via PV1

infection.

In this case,

it appears that two separate mechanisms of protein synthesis inhibition are operative while still allowing PV1
tein synthesis.

Consequently,

pro-

the exact mechanism for 403

ribosomal subunit recognition and binding to mRNA must be a
somewhat "elastic" or variable process.
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Characterization of Poliovirus RNA Binding Proteins
from a Poliovirus-Infected Cytoplasmic Extract
mRNA binding proteins have a somewhat tenuous existence in the eyes of many investigators.

Hypothesized

functions of such prbteins range from none (binding to RNA
being due to nonspecific electrostatic interactions) to
very precise "effectors" of protein synthesis,

enabling

repression of some mRNAs while allowing translation of
others.

More recently, RNA binding protelns were shown to

be necessary
in vitro.

fo~

translation of deproteinized mRNA

This was demonstrated by using a fractionated

cell-free system in which RNA binding proteins had been
removed.

mRNPs were able to be translated in this system,

whereas deproteinized mRNAs were not,

without the addition

of soluble RNA bindiug proteins back to the system.
(Schmid et aI., 1982).
Poliovirus is able to inhibit host protein synthesis very early on in the infection and therefore is an
excellent system to study translational control mechanisms.
The possibility that RNA binding proteins were involved
with this process was at first investigated by determining
the specificity,

if any, of soluble cytoplasmic RNA binding

proteins of HeLa cells and PV1 RNA.

A comparison of PV1-

infected and uninfected He La cytoplasmic RNA binding proteins was achieved by the protein blotting technique of
Bowen eta I . ,

( 1 980 ) •

Each cytoplasmic extract was elec-
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trophoresed on a 10% SDS-polyacrylamide gel.

The electro-

phoresed proteins were then transferred to nitrocellulose
f i 1 t e r s and probed wi t h 3 2 P label e d P V1 RNA.

RNA binding

protein profiles, visualized by autoradiography,

were al-

most identical from both the infected and uninfected cell
cytoplasm.

Consequently, no major modifications of cyto-

plasmic RNA binding proteins occurred upon infection with
poliovirus.

In order to try to determine whether these RNA

binding proteins are specific for PVl RNA,

the uninfected

and infected blots were challenged with 3 2 p labeled ribosomal RNA.

When 32p labeled rRNA was used as a probe,

again,

an almost identical profile as that obtained with 32p
labeled PV1 RNA was seen.

Comparison of these RNA binding

protein profiles using the two different probes indicated a
rather non-specific RNA:protein interaction.

'These results

tend to support the conclusion that cytoplasmic RNA binding
proteins are a population of soluable,

neutral or slightly

acidic proteins which are able to bind to RNA via an electrostatic interaction between a basic region of the protein
and the phosphate backbone of the RNA.

Alternatively,

it

is possible that some of the proteins may have been irreversibly denatured during transfer onto the nitrocellulose paper,
the RNA.

losing their ability to specifically bind to

Jones and Ehrenfeld

(1983) have isolated VSV

mRNPs from poliovirus super-infected cells.

These VSV

mRNPs were translated in vitro as well as normal VSV mRNPs.
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No evidence of a modification or blocking factor on the
super-infected VSV mRNFs were observed.
In order to investigate virus-specific RNA binding
proteins,

viral RNPs were isolated in vitro from an [35 S J-

methionine labeled,

PV1-infected cytoplasmic extract.

Since poliovirus inhibits host protein synthesis,

the only

proteins labeled in the PV1-infected cytoplasmic extract
are virus specific.
in vitro by PAGE,

Characterization of PV1 RNPs isolated

has revealed four virus specific proteins

which exhibit RNA binding activity.
are virion structural proteins,
tein P1-1 a,

Two of these proteins

VP1 and VP3.

which is the precursor to VP1,

also binds to PV1 RNA to a lesser extent.

Ancther pro-

VP3 and VPO,
A morphogenic

intermediate of virion formation, procapsid, also has a
sedimentation value of 80S.

Since the polioviral ribonu-

cleoprotein particle was isolated as an 80S particle, there
is the possibility that the RNP preparation is contaminated
with procapsid.
proteins VPO,

VP1

Pro capsid is composed of the virion capsid
and VP3.

terized do not contain VPO,

Since the RNP proteins characthe 80S RNP particle is probab-

ly not contaminated with significant amounts of procapsid.
Probable function of VP1

and VF3 as RNA binding proteins is

difficult to discern, and may just be a fortuitous occurrence, due to interaction between the basic regions of the
capsid proteins and negatively charged phosphate backbone
of the RNA.

VP1

is the most basic capsid protein,

having
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an i80electric point of 8.1
having an isoelectric

and VP3 is

point of 6.0.

the most acidic,

VP3 has also been

shown to cross-link to mengovirion RNA after treatment of
this virus

with formaldehyde

(Hordern et a1.,

1979),

indi-

cating that this protein occupies an internal position in
the virus capsid structure and is in close proximity with
virion RNA.
that VP3

Consequently,

it may not be that surprising

exhibits RNA binding activity.
A more interesting observation is the demonstration

that the nonstructural protein P3-2 has RNA binding activity.

This protein is the precursor for

F3-4b,
7c,

the viral

replicase,

which is template and primer dependent and also P3-

the viral protease responsible for processing of the

poliovirus polyprotein.
the proteins in P3-2,

Due to the functional aspects of

it is very likely that the RNA bind-

ing of this protein has a functional

significance.

isoelectric point of this protein is 7.2,

The

so it probably

has a net neutral charge under normal pH conditions within
the cell.
In vitro

t~anscriptional

assays of a partially

purified polymerase preparation obtained after phosphocellulose chromatography
dependent only.

(Dasgupta et a1.,

1979),

are template

This partially purified preparation con-

sists of P3-2 and P3-4b.

Upon further purification steps,

polymerase activity becomes primer dependent also.
protein,

P3-4b,

has been shown to

be responsible for

The
this
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polymerase activity in an in vitro assay using oligO(U)20
primed PV1

RNA.

Polymerase activity was not enhanced in

this assay by the addition of P3-2,

nor did P3-2 alone

(in

the absence of P3-4b) have polymerizing activity (Van Dyke
and Flanegan,

1980).

This still does not rule out the

possibility that P3-2 may be involved in PV1

replication

when the VPg precursor protein acts as primer.

The fact

that the partially purified polymerase, consisting of P3-2
and P3-4b,

is able

ting RNA strands,

to both initiate and elongate replicasupports this hypothesis.

It would be of

interest to note whether VPg precursor (P3-9) and P3-2 are
able

to

interact or

to bind to each other.

These protein binding studies to PV1

RNA,

revealed

that most of the cytoplasmic RNA:protein interactions are
nonspecific.
activity,

Four viral proteins exhibited RNA binding

the functional

purely hypothetical.

significance of binding remaining

None of the four viral proteins exhi-

biting RNA binding capabilities,
the precursor to the replicase,
effectors of preferential

PV1

the structural proteins or
are likely candidates for

RNA translation.
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