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ABSTRACT

During infection with Sindbis virus, two species of Sindbisspecific single-stranded RNA are synthesized.

One of them, 49S RNA is
the RNA of the vinis and has a molecular weight of 4.3 ~ 0.3 x 10 6

daltons.

This molecular weight was estimated by a variety of methods,

including polyacrylamide gel electrophoresis, sedimentation after
reaction with fonnaldehyde and analysis of the molecular weight of i ts
double-stranded fonn.

The other species of single-stranded RNA, 26S

RNA, was found only in i nfected cells and has a molecular we i ght of
6
1.6 x 10 daltons, detennined by sedimentation in dimethylsulfoxide.
Hybridization-competition experiments showed that 26S RNA is a specific
one-third of the 49S RNA genome.

In infected cells, 26S RNA was primarily associated with
ribosomes, and was fomd to be the predominant species of viral
messenger RNA.

A small amount (10 % by weight) of the messenger RNA rn

the cells was Sindbis 49S RNA.

No other unique and separate spec.i.cs of

Sindbis messenger RNA could be detected in jnfccted cells.
The two species of Sindbis single-stranded RNA were translated
in lysates of rabbit reticulocytes.

Si ndbis 26S RNA was translated

primarily into the nucleocapsid protein and into a protein shown by
others to be the precursor of the two glycoproteins of the virus.
These results indicated that Sindbis 26S RNA codes solely for the
structural proteins of the virus.
Sindbis 49S RNA was translated in vi.t~~ into 8 or 9 polypeptides ranging in molecular weight from 60,000 to 180,000 daltons.

V

None of these polypeptides coincided with any lmown Sindbis proteins.
The replication of Sindbis-specific RNA was studied by
analyzing the fonns of double-stranded RNA (or replicative fonns) in
infected cells.

When RNA from infected cells was treated with ribo -

nuclease, three species of Sindbis-specific double-stranded RNA
(RF's I, II, and III) were isolated. Their molecular weights were
determined to be 8.8 x 10 6 daltons for RFI, 5.6 x 10 6 daltons for
RFII, and 2.9 x 10 6 daltons for RFIII.
By

hybridization-competition experiments, it was shown that

RFI is the double-stranded fonn of 49S RNA, RFIII, the double~stranded
form of 26S RNA, and RFII, the double-stranded form of a species of
RNA with molecular weight of 2.8 x 10 6 daltons and identical to two~
thirds of the genome.
The size and structure of Sindbis replicative intermed:iates
(RI's) were studied and found to consist of a double-stranded region
the size of RFI and of various lengths of single-stranded tails.

Our

model for the replication of Sindbis-spccific RNA predicts that Sindbis
RI's exist in two classes, called Ria and Rib.

Ria is the template for

the synthesis of 49S RNA and is reduced to RFI when treated with
ribonuclease.

When Rib is treated with ribonuclease, it is reduced to

RF' s II and III due to a single-stranded gap in the "plus" strand of
the RI (the virus RNA is "plus"-stranded).

The portion of Rib corre-

sponding to RFIII is the template for the synthesis of 26S RNA, and the
portion corresponding to RFJI is the template for synthesis of a
6
species of RNA of 2.8 x 10 daltons, which has not hecn detca:tc<l in its

Vl

single-stranded fonn.

We hypothesize that there must be two different

regions on Rib where chain synthesis is initiated since 26S RNA is
synthesized at a much faster rate than the product of RFII.
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INTRODUCTION
Physical Characteristics of Sindbis Virus and Related Animal
Viruses.
Sindbis virus is a member of the family of animal viruses
called togaviruses.

This tenn applies to the group of viruses which

were fonnerly in the group A or group B arboviruses.

In Latin, a

toga is a "loose gannent worn by citizens appearing in public." The
nomenclature accordingly refers to the fact that these viruses contain a lipid membrane envelope.

Sindbis virus belongs to the genus

alphaviruses (formerly group A arboviruses) which include such viruses
as Semliki Forest virus and Western and Eastern Equine Encephalornyelitis.

The fonner group B arboviruses are now called flavoviruses

and include dengue virus and Japanese B . encephalitis virus among
others.

The arboviruses (arthropod-borne) were so calle<l because they

are carried by and slowly grow in arthropod vectors and they infect
susceptible vertebrates.
TI1e togaviruses contain infectious single.-stran<le<l RNA as their
genetic material (Oleng, 1958; Ada and Anderson, 1959; Sokol et al.,
1959) and measure in the case of the alphaviruses approximately 50 to
75 nm in diameter (Horzinek, 1973).

The flavovirus virion is somewhat

smaller, measuring 40-50 nm in diameter.

1he following discussion perr

tains specifically to alphaviruses, although some of the characteristics
of the alphaviruses and flavoviruses_ are quite similar.

'Ihese v.i rus

particles are also composed of three structural proteins, which, in
the case of Sindbis, make up 65% of the weight of the virus particle
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(Pfefferkorn and Htmter, 1963).

One of the structural proteins (the

nucleocapsid protein) is in close association with the RNA of the virus
and has an approximate molecular weight of 30,000 daltons (Strauss
e~ al., 1969).

The other two are glycoproteins and have approximate

molecular weights of 50 to 60,000 daltons (Stollar, 1969; Strauss
~t al., 1970; Uryvayev et al_., 1971; Schlesinger ~t al., 1972).

The

glycoproteins are about 14% by weight in carbohydrates (Strauss et al,,
1970) and are located on the exterior surface of the virus particle
(Compans, 1971; Harrison et a~., 1971).

In addition to these compor

nents, alphaviruses contain lipid material consisting of 25% to 30 %
of the weight of the virus particle (Wachter and Johnson, 1962;
Pfefferkorn and Hunter, 1963; Renkonen et~~-·, 1971).
Single-Stranded RNA Species in~_Cells _Infected with __ some RNAContaining Animal Viruses.
In cells infected with alphaviru..ses (Sindbis, Semliki Forest
virus), two species of single-stranded virus-specific RNA are synthesized (Sonnabend et al., 1964; Sreevalsan and Lockart, 1966;
Friedman et

al., 1966).

These forms of RNA sediment in sucrose gra-

dients with sedimentation coefficients of 42S-49S and 26S.

The larger

species of RNA (which will henceforth be called "49S RNA" for con..sistency with the body of this thesis) is identical or nearly identical with the RNA isolated from purified virions and has a molecular
6
weight of approximately 4.3 x 10 daltons (Dobos and Faulkner, 1970 ;
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Simmons and Strauss, 1972a, and this thesis). Virus-specific 26S RNA
6
has a molecular weight of 1.6 x 10 daltons and is a specific onethird of the 49S RNA genome (Simmons and Strauss, 1972a).

Both species

of alphavirus single-stranded RNA have messenger activity in infected
cells although 26S RNA is the predominant (90% by weight) form of
viral messenger (Kennedy, 1972; Ivbwshowitz, 1973; Rosemond and
Sreevalson, 1973; D. T. Sinunons and J. H. Strauss, submitted for publication, and this thesis).
The replication of alphaviruses seems to proceed differently
from the replication of RNA bacteriophagcs (QB, MS2, Rl 7) or p.i conwviruses (poliovirus, Encephalornyocardi tis virus).

'lbe RNA of the

virion is the only major viral form of single,..stranded RNA synthesized
after infection with RNA bacteriophages or picornaviruses (see, for
example, reviews by Weissmann et al., 1973; Hindley, 1973; Baltimore,
1969).

Soon after these viruses infect the cell, the RNA in the

virion functions as messenger for the synthesis of virus-specific
proteins (Tobey, 1964; Godson and Sinsheimer, 1967).

Progeny RNA

molecules are found mainly associated with ribosomes during infection
and function, therefore, primarily as messengers (Penman et a1., 1963;
Godson, 1968).
Other animal RNA viruses appear to replicate in a fashion
similar to the replication of alphaviruses on the basis that fragments
of RNA smaller than the viral genome are synthesized rn infected cells.
Thus, cells infected with paramyxoviruses [Newcastle disease virus
(NDV), Sendai] for example, produce, in addition to the viral genome,
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three or four smaller pieces of RNA which have messenger function and
which are complementary to the RNA in the virus (Kingsbury, 1966; Bratt
and Robinson, 1967).

Similarly, infection with rhabdoviruses

[vesicular stomatitis virus (VSV)] produces four or five species of
messenger RNA which are smaller than the viral genome and complementary
to it (Schaffer et al. , 1968; Newman and Brown ., 1969; Schincariol and
Howatson, 1970; Huang et aL, 1970).

In these systems, the virion RNA

itself does not function as a messenger (Kingsbury, 1973; Morrison
et al. , 19 74) .
Other RNA-containing animal vuuscs must employ different
strategies for replication since their genome is in a segmente<l form.
Influenza virus (myxoviruses) RNA is in at least seven distinct
fragments when isolated from purified virions (Duesberg, 1968;
Pons and Hirst, 1968a).

In infected cells, complementary RNA is made

in different relative amotmts from each fragment of influenza virus
RNA and can be isolated from polysomes (Pons, 1972).
The genome of reoviTI1S and of similar viruses consists of 10
double-stranded RNA fragments which, in infected cells, act as independent templates for the synthesis of the 10 corresponding species of
single-stranded RNA which function as messengers (Prevcc and Graham,
1966;

Bellamy and Joklik, 1967; Shat.kin and Rada, 1967; Shatkin

et al., 1968).
Thus, various forms of messenger RNA, different jn size and/or
in strandedness from the RNA present in virus particles, may be
synthesized in cells infected with various RNA animal viruses.

1he
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reason

for this is _ apparently to control the amolUlts of polypeptides

translated from each species of messenger RNA fanned in infected
cells.

Regulation at the level of RNA synthesis would then directly

or indirectly influence the relative amolUlts of virus-specific proteins made during infection.

One level of regulation might be placed

on the relative affinity of various Ri.\JA species for ribosomes

(i.e.,

not all viral-specific single-stranded RNA molecules may be found in
polysomes).

A second level of regulation can be executed at the rela-

tive efficiency of translation of various messenger RNA species.
(The relative amolll1ts of virus-specific polypeptides synthesized may
be different than the amounts predicted from the relative amounts of
each corresponding species of messenger RNA.)

It is understandable

that in a highly efficient and successful infection, the protein ·
synthetic machinery of the cell is conserved and util:izcd optimally
to make the correct relative an10unts of vurious v:irus-spccific pro~
teins.

Virion-associated structural proteins almost always (with the

possible exception of picornaviruses) constitute the major polypeptide
products of an infection with an RNA virus.

Regulatory proteins and

virus-specified enzymes are usually made in smaller relative amounts.
The flillction of Sindbis virus 26S RNA as a messenger is most
probably to code for the structural proteins of the virion (D. 'f.
Simmons and J. H. Strauss, in press, and this thesis; R. Cancedda and

M. J. Schlesinger, in press).

In infected ce1ls, the structural

proteins of the virus or their precursors constitute the large major-ity
of virus-specific proteins (sec below).

'[his is easily un<le-rstood in

terms of the predominance of 26S RNA in association with ribosomes.
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In vivo, 26S RNA is probably translated into one large polypeptide
precursor (molecular weight 130,000 daltons) which contains the amino
acid sequences present in all three structural proteins (Strauss et al.,
1969; Schlesinger and Schlesinger, 1973).

Very rapidly, and possibly

while still on the polysomes, the precursor polypeptide chain is cleaved
to yield the nucleocapsid protein and a second polypeptide (protein
B) which contains the amino acid sequences of the two glycoproteins
of the virus (Schlesinger and Schlesinger, 1972; D. T. Simmons and
J. H. Strauss, in press).

Protein Bis cleaved and the resulting

polypeptides are glycosylated in a series of steps to yield the two
glycoproteins of the virion (Schlesinger and Schlesinger, J 972; Sefton
and Burge, 1973).
The translation products of Sindbis messenger 49S RNA in
infected cells are not known.

In vitro, 49S RNA is translated into

8 or 9 polypeptides ranging from 60,000 to 180,000 daltons in molecular
weight (D. T. Simmons and J. H. Strauss, in press, and this thesis).
It is not known if these polypeptide products are also synthesized in
infected cells .
.As in the case of the alphaviruses, proteolytic cleavages of

viral polypeptide precursors occur in cells infected with poliovirus
(or other picomaviruses) (SUJTD11ers and Maizel, 1968; Jacobson and
Baltimore, 1968; Holland and Kiehn, 1968).

'The formation of specific

proteins occurs at the post-translational stage since an:irnal virus
messenger RNA probably lack start/stop signals for translation and
since in these cells, there is only one species of viral messenger
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RNA .

.Apparently, these viruses cannot regulate the relative amounts

of viTI1S-specific proteins in infected cells, since structural and
non-structural proteins are made in approximately equal quantities.
The restriction on start and stop signals for translation of
viral messenger RNA is solved in a different fashion by other RNA
animal viTIJSes.

Thus, the multiple species of viral messenger RNA

in cells infected with reovirus are each monocistronic (Loh and
Shatkin, 1968; Smith et al., 1969) and proteolytic cleavage is not
necessary (although some cleavage does occur).

Although all 10

species of messenger RNA are found associated with ribosomes, only
six or seven reovirus-specific proteins (the structural proteins) are
detectable in infected cells (Watanabe et a~., 1968; Zweerink and
Joklik, 1970).

In the absence of very rapid polypeptide degradation,

this implies that, in addition to transcriptional control, there is
a control at the level of translation of each reovirus messenger, such
that some messengers are translated more efficiently than others.
Several and possibly all of the species of influenza vinis
messenger RNA (complementary to virion RNA) are monocistronic (Content
and Duesberg, 1970).

Etchison et al. (1971) have observed cleavage of

influenza-specific polypeptides in infected cells, but there has been
a report to the contrary (Holland e1:_ al., 1972).

In these cells, the

polypeptides whid1 predominate are the ones found in purified virions
(Joss et _§11., 1969; Taylor et al., 1969).

However, the relative amoW1ts

of messenger RNA fonns would predict different relative amounts of
influenza proteins in infected cells.

As with the reoviruses, the
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translation of influenza virus messenger RNA is probably controlled.
Similarly, the VSV specific messenger RNA species are mono ..
cistronic since, in vitro, translation of each species of messenger
RNA produced a specific polypeptide also folilld in infected cells
(Morrison et ~l., 1974).

Proteolytic cleavage of VSV proteins 1n vivo

has not been detected (Wagner et al., 1970).
Finally, the several species of NOV complementary RNA are
related in size and ablllldance to the NDVrspecified polypeptides in
infected cells and is indicative that each species of paramyxovirus
messenger RNA is monocistronic (Kingsbury, 1973; B. S. Collins and
M.A. Bratt, in press).
~chanisms of RNA Replication in Infected Cells.
Bacteriophage a.11<l pi comavirus RNA rep }j cat.ion procec<l
a very similar manner.

in

Ihe first step is the synthesis of a comple-

mentary "minus" strand from the infecting "plus"-stranded genome
(Montagnier and Sanders, 1963; Erikson et al., 1964; Weissmann and
Feix, 1966; Hori et al., 1967; Feix et al., 1968).

The minus strand,

in turn, becomes the template for the synthesis of "plus"-stranded
RNA molecules indistinguishable from virion RNA (Weissmann e~ ~~-, 1968;
Girard, 1969).

The complex on which the synthesis of "plus" single-

stranded RNA occurs is called the replicative jntcnnediatc (Rl).

Ac.:..

extracted from the cell, the RI is composed of a double-stranded RNA
"backbone" and of one or more single-stranded RNA chains of varying
lengths (Baltimore, 1968).

In the infected cell,

the replicative

intennediate is probably largely in a single-stranded fonn; however,
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when the complex is deproteinized, complementary regions of the RI
anneal to fonn a partially double-stranded structure (Weissmann et al .,
1968).

Treatment of RI's with RNase illlder controlled conditions

degrades the single-stranded regions and the resistant portion is
nearly or fully double~stranded (this structure has been called the
replicative form or RF) (Baltimore and Girard, 1966).
In other virus systems where the replication of the RNA has
been well characterized, more than one form of replicative intennediate
may be involved.

For example, each segment of influenza virus RNA

replicates independently on a template which is partially double M
stranded when isolated from infected cells (Duesberg, 1968; Pons and
Hirst, 1968b; Lerner and Hodge, 1969; Content and Duesberg, 1971).
In reovirus-infected cells, the 10 double~stranded viral RNA
segments serve as independent templates for the synthesis of 10
corresponding pieces of single-stranded RNA (Watanabe ct al., 1967;
Prevec et al., 1968).

However, several segments of reovirus RNA arc

transcribed more frequently than others in infected ccl ls (.Jok 1 i k
et al., 1970; Zweerink and Joklik, 1970).
We have proposed the existence of two forms of replicative
intermediates in cells infected with Sindbis virus (Sirrnnons and Strauss,
1972b, and this thesis).

One RI is believed to serve as the template

for the synthesis of virion RNA and the second RI for the synthesis
of 26S RNA, the major fonn of messenger RNA in infected ce1ls.
A similar mechanism which allows for the independent synthesis
of messenger RNA on one RI templutc and of vir.ion RNA on a second RJ
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template is likely to operate in cells infected with any of the togaviruses, the pararny:xoviruses (NDV, Sendai) or the rhabdoviruses (VSV).
Thus, cells infected with flavoviruses (group B arboviruses) synthesize two species of single-stranded RNA which apparently correspond
to Sindbis 26S and 49S RNA (Stollar et al., 1967; Trent et al., 1969).
We expect, therefore, that flavovirus-specific RNA replication involves
two forms of replicative intennediates as has been postulated in the
case of Sindbis virus.
Similarly, there appear

to be two classes of replicative

intennediates in cells infected with NOV.

One fonn of RI synthesizes

only NDV messenger RNA since, when it is denatured, the various
fonns of messenger RNA and the virion RNA are released (note that NDV
messenger RNA is complementary to the RNA in the virion) (Portner and
Kingsbury, 1972).

A second species of replicative intermediate has

been detected in cells infected with Sendai virus

and appears to be

the template for synthesis of virion RNA (this second fonn of RI pre.sumably also exists in cells infected with NDV) (Robinson, 1971;
Portner and Kingsbury, 1972).
To date, only one fonn of replicative intermediate has been
detected in cells infected with VSV (Huang et al., 1970; Schaffer
et al., 1968).

This RI is the template for the synthesis of the four

or five species of VSV messenger RNA.

A second RI might not be readily

detectable since virion RNA is synthesized in relatively small amounts
compared to the fonns of messenger RNA.
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This thesis deals with three main problems of the replication
of Sindbis virus.

1)

What species of virus-specific single-stranded

RNA are fotmd in infected cells and how are they related to the RNA
in the virus?
questions.

The first chapter of this thesis discusses these

2)

Mlat is the flillction of these fonns of RNA?

discussed in Chapters 2 and 3.
replicated?

This is

Finally, how are these RNA molecules

This is described in Chapter 4.
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Replication of Sindbis Virus
I. Relative Size and Genetic Content of 26 s and 49 s RNA
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The genome of Sindbis virus, 49 s RNA, iA a single, intact polynucleotide chain
having a molecular weight of 4·3±0·3 X 106 daltons. This has been dctormine<l
using a variety of methods including polyacrylami<le gel electrophorm1i1:1, sedimentation after reaction with formaldehyde, determination of the molecular
weights of tho double--st,rarnlod forms of Sinduis-spocific RNA and hybridization
competition. '£he second major speci0s of single-stranded RNA made aftor infriction
with Sinclbis, 26 s RNA, has boon found to havo a molocul1.u- weight of 1·6 x 10°
daltons as determined by tmdimentation in dimothyhmlfoxido. Hybl'idizutioncornpetition experiment8 carried out betwoon thoso two species of RN A, using
double-stranded forms of SindbiA RNA isolatod from infocto<l cells, Bhowod that
20 s RNA contains only ono-third of the btu:m soqtw1acos in 40 s RNA nud thuH
1·£,prosentB a uniquo fru.otion of t,ho virnl gonomo.

1. Introduction
At least two species of single-stranded RNA are made after infection of animal cell
cultures with group A arboviruses (Sonnabend, Dalgarno, Friedman & Martin, 1964;
Pfefferkorn, Burge & Coady, 1967; Sreevalsan & Lockart, 1966). In the case of Sindbis
virus, these have sedimentation coefficients of 26 s and 49 s. Purified virions contain
only 49 s RNA (Pfefferkorn et al., 1967), and subviral core particles contain predominantly, if not exclusively, 49 s RNA (Yin & Lockart, 1968; Friedman & Berezesky,
1967). It has been suggested that26 sand49 sRNAhavethesamegeneticinformation;
i.e. that they differ 0I1ly in configuration (Sreevalsan, Lockart, Dodson & Hartman,
1968), or that 49 s RNA is a dimer or a trimer of 26 s (Dobos & Faulkner, 1969,1970;
Dobos, Arif & Faulkner, 1971; Cartwright & Burke, 1970). In these exporiments, 49 s
RNA was treated with dimethylsulfoxide, urea or heat, and apparently was reduoe<l
to the size of 26 s RNA. Sreevalsan et al. (1968) found that both species of RNA had
the same base ratios, and that tho RNA from the 26 s region of sucrose gradients was
partially infectious, although the infectivity may have beou due to Sindbit:1 rt1plicativt)
intermediates which sediment in tho same region (Pfofferkorn et al., HW7; Yin &
Lockart, 1968). 'fhe possibilitiy that thm•m t.wo moloouleH wore only oonfiguratio11u.l
vn.rhint,s was oliminato<l hy tho findiug thu,t 4H H ltNA mig1·11,t(-)d moro 1:1lowly in polyaorylamide gels than did 26 s RNA (Dobos & Faulkner, lOUH; Levin & Friedman,
1971). Other evidence suggested that 49 s RNA is not a structural dimer or trimer of
26 s. End-terminal analysis of Sindbis RNA gave a minimal molecular weight estimate
of 4 X 106 daltons (E. R. Pfefferkorn, personal communication). The viral RNA has
599
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been denatured by heating with formaldehyde and found to remain in one large piece of
comparable size (Mudd & Summers, 1970). Finally, Scheele & Pfefferkorn (1969)
showed that puromycin affected the synthesis of 49 s and 26 s RNA differently,
implying that these two species were synthesized independently.
In this report, we show that 49 s RNA is a single polynucleotide chain with a
molecular weight of 4·3 ± 0·3 X 106 , whereas 26 s RNA has a molecular weight of
1·6 X 106 • Hybridization competition experiments showed that 26 s RNA contains
only one-third the base sequence information in 49 s, as expected on the basis of their
respective molecular weights, and therefore represents a unique fragment of the
genome.

2. Materials and Methods
(a) Materi.ala
Actinornycin D was purchased from Calbiochem. [5- 3 H]Uridine (spec. act. 23 Ci/m-mole)
and [32 P]phosphoric acid (carrier free) were obtained from Schwarz/Mann. [2- 14 C]Uri<lino
(spec. act. 55 mCi/m-mole) was from New England Nuclear. Sodium dodecyl sulfato,
TEMEDt and dimethylsulfoxido (Me2 SO) (epeotroquality) were 11,ll purchased from
Matheson, Coleman and Bell. 'rho sodium dodecyl eulfuto was roeryatn.llizod onco from
95% ethanol; TEMED was either uaud fresh or was vacuum rodistilled at 15 mm 1mwcury
and stored under nitrogen. British Drug Houses Ltd supplied the 4-aminosalicylate.
Tri-isopropylnaphthalenesulfonate, diethyl oxydiformate, acrylamido ("for electrophoresis") and N,N'-methylenebisacrylamide (bis-acrylamide) were all from Eastman
Organic Chemicals. The acrylamide was further purified by recrystallizing it once from
chloroform. Mallinckrodt supplied the liquefied phenol and mota-cresol, which woro
redistilled and stored frozen at -20°0, as well as the 8-hydroxyquinoline, tho formaldehyde solution and the ammonium persulfate. Agarose (pure powder) was obtained from
Aldrich Chemical Co., and a 2% solution was filtered hot before use. Vinyl tubing (electrophoresis tubing) was purchased from Cadillac Plastic Co. and was soaked in a 1 : 4 dilution
of sulfuric acidfNa 2Cr2 0 7 cleaning solution before uso. Dimethylsulfoxide-<l 6 was purchaso<l
from BioRad Laboratories. Pancreatic ribonuclease was obtained from Sigma and deoxyribonuclease was "RNase-free" from Worthington Biochemical.
(b) Preparation of RNA

(i) Infection and labeling of Sindbia-specijio RNA

Six hr after changing the medium over the cells, confluent monolayers of chick embryo
fibroblasts (Pfefferkorn & Hunter, 1963) or of hamster cells (BHK21), in 75 cm2 T-flasks
or in 800 cm2 roller bottles, were infected with Sindbis virus (HR strain; Burge &
Pfefferkorn, 1966) at a multiplicity of 10 plaque-forming units per cell. The medium used
was Eagle's minimal essential medium (Eagle, 1959), containing Earle's salts (QIBCO)
5% dialyzed calf serum and 1 µ,g actinomycin D/ml. After a 1-hr adsorption period,
sufficient amounts of the above medium were added to completely bathe tho coils (6 ml./
75 cm 2 ). Radioactive label was added at various times after infection depending upon tho
experiment. Usually [5- 3H]uridine was used at a concentration of 20 µCi/ml., [2- 16C]uridine at 2 µCi/ml. and H 3 32PO, at 0·1 to 1 mCi/ml. (tho last in medium containing onetenth the normal phosphate concentration).
(ii) Lysis and extraction of the RNA
At the end of the appropriate labeling period, the medium overlay was removed and tho
cells were rapidly chilled to 0°C by dipping the T-flask (or tho roller bottle) into an ioowater slurry. The cells were then washed 3 consecutive timo1,1 with cold 0·01 M-Tris,
0·0015 M-MgC1 2 , 0·01 M-KCI, pH 7·4, and tronte<l in ono of three waye.
Method A. The cells wero lysed with 1'ris/NaCl/EDTA buffer (0·01 M-'rl'is, 0·06 M-Nt.t.Cl,
0·001 M-EDTA, pH 7·2) containing I% sodium dodecyl 1mlfo,te and 3% diothyl oxy-

t Abbreviation uaed: TEMED, N,N,N',N'-tetro.mothylethylone<.J.iamine.
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diformate. In all oases, the volumes of lysis mixture were 1·5 ml./T-flask and 10 ml./roller
bottle. This lysis buffer had to be added at room temperature, but it was allowed to cool at
the bottom of the culture vessel before coming in contact with the cell monolayer. The
lysate was then extracted at 0°C by the phenol/chloroform technique of Penman (1966).
Method B. The cells were lysed at 0°C with the lysis mixture of Parish & Kirby (1966)
(Tris/NaCl/EDTA buffer containing 1 % w/v tri-isopropylnaphthalenesulfonate, 6%
w/v 4-aminosalicylate, l % w/v NaCl and 6% v/v phenol/meta-cresol/8-hydroxyquinoline
(900 : 100 : 1)). Extraction of the lysate was carried out in the cold with one volume of the
phenol/cresol/8-hydroxyquinoline mixture 2 consecutive times followed by a chloroform/
1 % isoamyl alcohol extraction.
Method C. The cells were lysed at 0°C with Tris/NaCl/ED'rA buffer containing 1 %
sodium dodecyl sulfate, and the lysate was extracted by the Penman method at 55°C.
The extracted aqueous solutions were made 0·2 Min potassium acetate (pH 6·0) and tho
RNA was precipitated at -20°C overnight following the addition of 2·5 vol. of 05%
ethanol. The RNA precipitate was oollocted by oontrifugation at 10,000 g for IO min ,it
0°C, washed onoo with 9tS% ethanol and then dissolved in a small vol. (usually 0·4 to
0·5 ml.j'f-flask) of the appropriate buffol'. Tho RNA solutions were stol'od at, -M°C in o.
Rovco freezer.
(iii) Preparation of 1H- or "'P-labeled Bingle-stranded RNA/or hybridiwtion
One or more T-flasks of chick embryo fibroblasts was infected with Sindbis and mru1f.llabeled from l to 8 hr post-infection with either [5- 3 H]uridino or H 3 32 P0 4 • The RNA was
prepared by method A and dissolved in 0·4 ml. of Tris/NaCl/EDTA buffer containing
0·2% sodium dodecyl sulfate. To purify the RNA from residual protein and DNA, it was
sedimented at 40,000 rev./min for 4 hr at 23°C in a linear 15 to 30% sue.r ose gradient mado
in the same buffer. The fractions containing 49 sand 26 s RNA were pooled together, and
the RNA was precipitated with ethanol and resuspended in 0·2 ml. of 0·01 M-Tris, 0·005 M·
sodium acetate, 0·0005 M-EDTA (pH 7·8). Preparative electrophoresis was carried out to
separate the two RNA species and is described below.

(iv) Preparation of double-stranded RNA for hybridization
An infected roller bottle of hamster cells (BHK21, about 108 cells) was labelo<l with
[5- 3H]uridine from l to 8 hr after infection. The RNA was prepared by method C and
resuspended in 4 ml. of 0·01 M-Tris, 0·1 M-NaCl, 0·01 M-MgC1 2 , 0·001 M-EDTA (pH 7·2),
containing 10 ,-,,g pancreatic RNase/ml. and 50 µ.g DNaso/ml., and incubated at 37°0 for
30 min. The solution was made 1 % in sodium dodecyl sulfate, and extracted twice with
phenol and once with ether at room temperature. The RNA waR precipitated and diasolvod
in 0·5 ml. of 0·001 M-EDTA, 0·05 M-NaCl, pH 7·0. It was then passed through n Heph11dox
0150 column (25 cm x 1 cm) in the same buffer. Double-stranded RNA was totally
excluded from the column while all other RNA fragments wero retained on it. FractionA
containing the excluded volume wore pooled; the RNA waA precipitat,ed and resuspondnd
in 0·001 M-EDTA, pH 7·0.
(v) Preparation of hamster ribosomal RNA

Actively growing hamster cells were labeled for 6 hr with 10 µCi [5- 3 H]uricline/ml. The
label was chased with fresh complete medium containing 1 µg actinomycin D/ml. for 2 hr,
and the RNA was prepared by method B.
(vi) Preparation of other RNA's
Escherichia coli ribosomal RNA was prepared by the method of Godson & Sinsheimer
(1967).
(c) Polyacrylamide-agarose gel electrophoresis
The technique used was a modification of that of Peacock & Dingman ( 1968a). Hore we
describe the preparation of 10 ml. of gel solution containing 1·85% acrylamide, 0·0026%
bis-acrylamide, and 0·4% agaroso, Appropriate changes wore made for gelR of othor
concentrations.
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Two ml. of gel buffer (0·2 M-Tris, 0·l M-sodium acetate, 0·01 M-EDTA (pH 7·8)) and
l ·65 ml. of water were mixed and kept at 45°C. Two ml. of a 2 % solution of agarose were
melted by heating to 90°C, cooled to 60°C and then added to the diluted gel buffer at 45°C.
This mixture was transferred to a 37°C warm room which contained all solutions, pipettes
and tubes used in making the gel. 2·5 ml. of a 0· 14% solution of ammonium persulfate
were immediately added to the agarose gel buffer mixture and the tube mixed well.
Finally l ·85 ml. of a solution containing 10% acrylamide, 0·5% bis-acrylamide and 6 µ.l. of
TEMED were added. The gel solution was poured in vinyl tubing or occasionally in glass
tubing (15 or 10 cm long, 3/8 or 1/4 in. inside diameter) with Parafilm sealing the bottom.
The gels were left at 37°C for 30 min to allow the acrylamide to polymerize. They were then
transferred to room temperature, and the agarose permitted to solidify for at least 2 hr
before using the gel. A piece of nylon stocking was attached with a rubber band to the top
of the gel tube. The Parafilm was removed, the gel tube was inverted and the gel was
allowed to slide down. This gave a flat surface for sample application. The 1/4 in. gels woro
pre-run for 1 hr at 5 mA/gel and tho 3/8 in. gels woro pre-run for l ·5 hr at, 8 mA/gel with
the reservoir buffer consisting of 0·04 M-Tris, 0·02 M-sodium nootn.tn, (H)02 M-gDTA
(pH 7·8) and also containing 0·2<¾, Hodium dodooyl 1mlfot,o if t;ho gol wus t,o bo wmd for
single-stranded RNA. Tho H,NA H11.mplo in n. 1 t,o 4 cliluUon of t,his rosorvoir buffur (but
c1ontnining 0·2% sodium doclooyl 1rnlfot,n) wu,H 1111tdn 8\1/c, in Rt10r0Hn, tl.ncl I'S to Io /LL or (H)fi<¼,
bromophonol l,luo was addod. Tho i:inmpln wu.A ln.yorml ont,o tho t,op of tho go) n.ncl Hubjocl,ort
to oloctrophoresis at tho samo o.rnporugo ancl with tho su,mo rosorvoir buffor usod in t,ho
pre-run.
Analytical gels were fractionated with a gel slicer made from razor blades set 1· l mm
apart, and the slices were transferred to scintillation vials. The RNA in the slices was
hydrolyzed with 0·5 ml. of concentrated NH 4 OH at 40°C for 6 hr or more. The ammonia
was allowed to evaporate before adding Bray's scintillation fluid (Bray, 1960).
Preparative gel electrophoresis was carried out in a 10 cm long and 3/8 in. diameter gel
within an apparatus made in our shop. The RNA was eluted from the bottom of the gel
and transported in anode buffer to a fraction collector. The fractions from each peak were
pooled, the RNA precipitated with ethanol and dissolved in 1 ml. of 0·001 M-EDTA,
pH 7·0. Alternatively, large amounts of RNA were preparod by using the gels described
earlier. The RNA was eluted. from the gel slices with 1 ml. of 0·001 M-EDTA, 0·2% sodium
dodecyl sulfate over a period of 12 hr at room temperature. Unfortunatf➔ly, this al1,10
liberated small particles of gel which provent,ed the RNA from being conc:ontrated morn
than IO-fold. Nevertheless, 32 P-labeled RNA was pmparod in this mU,nnor n.ncl used for
hybridization after removing tho sodium dodocyl sulfate by dialysis.
(d) Dimethylsuljoxi<le gradients
The <leuterated Me 2 SO gradionts of Sedat,, Lyon & Sinsheimor ( 1960) woro usml. A
10-fLl, sample of RNA solution in Tris/NaCl/F~DTA buffor, 0·2% sodium dodocyl Hulfatn
wn.s mixed with 100 µ.I. ofMe 2 SO 11,nd 10 ILL of dimothylfc>rn111.mido fl.rid them lnyorod on tho
top of the grudient. Sedimentation wUB for 12 hr nt 50,000 rov./min in a Spineo SWoO.l
rotor at 25°C. Two or three-drop fractions woro collected on filter papor discR, tho RN A
precipitated with trichloroacetic acid and each fraction counted for radioactivity in
toluene-fluor.
(e) Pormaldehyde-sucrose gradients
The method used was that of Boedtker (1968) adapted for sucrose grudionts. 'l'he
gradients were linear 15 to 30% sucrose in 1 M-formaldehyrle, 0· l M-phosphate, 0·001 M·
EDTA and 0·2% sodium dodecyl sulfate, adjusted to pH 7·1. The RNA was dissolved in,
or dialyzed into, the above buffer. The RNA solution was then heated to 63°C for 10 min
and applied to the top of the abov(~ gradient. Sedimentation was at 40,000 rev./min for
10 hr at 23°C in a Spinco SW41 rotor. Tho gradient was fractionated and assayed for
radioactivity as described in section (d) above.

(f) Hybrid:izat,i on
The mothod of Weissman (H}6o) was mmd with somti mouificatiorn~. 'l'lw appropriuto
amounts of double-stranded RNA an<l of 3 H- and 32 P-Jn,h(llod Aingle-Rknndnd RNA wo1·n
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allowed to evaporate on a sheet of aluminium foil. The RNA was taken up in 30 to 40 µ.l.
of water, adjusted to 0·4 M-NaCl and introduced quantitatively into a capillary tube which
was then sealed at both ends. The capillary tubes were heated to 120°0 for 3 min in an
ethylene glycol bath to denature the RNA and then incubated at 80°0 for 12 hr to permit
annealing. Following the annealing period, both ends of each tube were broken and the
sample mixed in with 0·5 ml. of 0·01 M-Tris, O·l M-NaCl, 0·01 M-MgC1 2 , 0·001 M-EDTA
(pH 7·2) containing 10 µ.g pancreatic RNase/ml. The enzyme treatment was for 1 hr at
37°0. The hybridized RNA was then acid-precipitated and counted for radioactivity as
before.
The 26 s RNA preparation used as competing RNA waa found to be contaminated with
49 s RNA fragments. Since we were not able to determine directly t,he fraction of the
32
P-labeled 49 s RNA which was effectively competed by the competing 20 s RNA, wo
derived a function (equation (2)) which gave us this value by back extrapolation to zero
competing RNA. We also derived a relation (equation (1)) which operates when tho
competing RNA competes effectively with all of the 32P-labeled RNA.
Let: a = picomoles of complementary strand in doublo-strandod RNA,
b = picomoles of 32 P-labeled RNA,
c = picomoles of 3 H-labeled competing RN A,
a = the molar fraction of contamination of tho compot,ing 21> s RNA proparn.tion
with 49 s fragments,
f1 = the fraction of tho baso sequences in tho moloculo of 32 P-ln,boled ltN A which
is also present in tho competing RN A, and
Z = percentage of maximum 32 P hybridized,
or
Z
<¾> of input which hybl'idizeH_in tho presoneo of compot,ing R~A
100
% of input which hybl'idiwH in t,ho abHonco of competing RNA ·
Noto that plus strands of RNA (RNA with tho polftrity of tho virion RNA) 111'0 contl'ibuted by the double-stranded RNA a<ldod t,o the annoaling mixturn as woll 118 by tho
32 P-labeled (single-stranded) RNA and by the compoting RNA. Thus thoro aro moro
plus strands in the mixture than minus strands (RNA complementary to the virion ltNA).
If tho efficiency of annealing is high, so that all of the minus strands end up in hybrids, tho
1
fraction of plus strands that hybridizes is given by the ratio of minus strands to plw,
strands.
Then, if fJ = l,
Z
a/(a+b+c),
100
a/(a+b)
or
(I)
Z = -Zc/(a+b)+IO0.
A plot of Z ver8U8 Zc gives a straight line of slope= -1/(a+b) and a Zc intercept =
100 (a+b) .
If fJ =I= 1, as is the case when 26 s RNA is used to compete with 32 P-labelod 49 s ~NA,
then
Z
afJ/(a+b+c) +a( l -fJ)/(a+b + ac}.
100
a/(a+b)
If a is small and c » a+b, then

z

ioo

~ (a-t-b)(l-,8)/(a+b-t-ac},

or
Z = - aZc/(a-f-b)+ 100(1-- ,8).
(2)
A plot, of Z versu.s Zc gives a stmight lino of slope = - a/(a-+-b) and a Z intorcopt =
100 (1-fJ).

3. Results
Polyacryl.amide-agarose gel electrophoresis of Sindbis-specific RNA
Aorylamide gel electrophoresis has been used to estimate the molecular weight of
single-stranded RN A (Mills, Peterson & Spiegelman, 1967; Peacock & Dingman,
(a)

81>
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1968b). These authors found empirically that the distance traveled by an RNA species
varies approximately as the logarithm of its molecular weight. Configurational
differences between different RNA molecules appeared to have a negligible effect on
the rates of migration.
Dobos & Faulkner (1969) and Levin & Friedman (1971) have subjected Sindbis 49 s
and 26 s RNA to acrylamide gel electrophoresis and estimated their molecular weights
to be around 4 X 106 and l ·7 X 106 daltons, respectively. These results were verified
when we analyzed Sindbis-specific RNA by gel electrophoresis in the presence of
purified E.coli rRNA as markers (Fig. 1). Using the molecular weights for the E.coli
rRNA of0·56 and 1·07 X 106 daltons (Stanley & Bock, 1965), the molecular weights for
49 s and 26 s RNA extrapolate to 4 X 106 and l ·6 X 106 daltons, respectively.
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F10. 1. Aorylamide gel electrophoresis of the RNA made in Sindbis-infected cells. HS x 10 7 chiok
embryo oells were infected at a multiplicity of 10 and labeled with IM µ,Ci/ml. H 3 32 PO, from l to
8 hr after infection in the presence of l µ.g actinomyoin D/ml. The RNA was purified by method A
of Materials and Methods and dissolved in 0·5 ml. of 0·01 M-Tris, 0·01 M-sodium acetate, 0·0005 M•
EDTA (pH 7·8). l % of this RNA was mixed with 3 H-labeled E.coli rRNA, bromophenol blue and
sucrose, and the total volume brought to 50 µ.l. Electrophoresis was for 4 hr at 5 mA on a 15 cm
by 0·25 in. gel containing 1·85% acrylamide, 0·0925% bis-acryla.mide and 0·4% ago.rose. The gel
was sliced and counted for radioactivity. The bromophenol blue band was found near fraction 125.
( - - ) 32 P-labeled Sindbis-specific RNA; (----) 3 H-labeled E. coli rRNA; -0-0-, log
mol.wt.

(b) Dimethylsulfoxide ve'locity Bedimentation

When 49 s RNA was prepared from infected hamster cells lysed with sodium dodeoyl
sulfate alone, the RNA received l ·5 cleavages per moleoulo, on the average, as
determined by sedimentation under denaturing conditions (unpublished observations).
Yet, under non-denaturing conditions, in sucrose gradients or in polyacrylamide gels,
this same RNA appeared over 00% intact. The same phenomenon was observed
qualitatively with 26 s RNA. Thus, both 49 sand 26 s RNA seemed to "hide" their
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nicks very well. For the purposes of studying Sindbis-specific RNA under denaturing
conditions it was, therefore, necessary to use a lysis method which would introduce as
few nicks as possible. The tri-isopropylnaphthalenesulfonate method of Parish &
Kirby (1966) was found to introduce no more than one cleavage for every four molecules of 49 s RNA, and was the lysis method used in these experiments.
Strauss, Kelly & Sinsheimer (1968) showed that Me 2S0 completely denatures
single-stranded and double-stranded RNA, and that, in this solvent, the sedimentation
coefficient of RNA varies as the 0·31 power of the molecular weight. To establish the
molecular weight dependence on sedimentation coefficient in our Me 2 S0 gradients,
which also contained deuterated Me 2S0, we sedimented hamster rRNA and E. coli
rRNA in the same gradient (Fig. 2). When the logarithm of the molecular weight of
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Fm. 2. Calibration of MeaSO gradients. Five µ.I. of ho.meter coll rRNA in Trie/Na.Cl/EDTA
buffer containing 0·2% sodium dodecyl sulfate was mixed with 3 µI. of uc.Jabeled E.coli rRNA,
100 µ.l. of Me 2 S0 and 10 µ1. of dimethylforma.mide and sedimented in a MoaSO gradient for 12 hr
at 50,000 rev./min. The top of the gradient is at fraction 51.
( - - ) 3 H-labeled hamster cell rRNA; (----) uc.Iabolod E.coli rRNA.
Insert. Plot of the logarithm of the moleoulo.r weight versua logarithm of tho diato.noe tro.vulod
(log D). Molecular weights used were 0·56 and 1·07 x 106 de.ltons for E. coli rRNA (Sto.nloy &
Book, 1965) and 0·71 and 1·90 x 106 de.ltons for hamster cell rRNA (McConkey & Hopkins, 1969).

the RNA was plotted against the logarithm of the distance traveled, all four points
fell on a straight line (see insert of Fig. 2). This result indicates that these Me 2 S0
gradients can be used to determine molecular weights in this range.
When Sindbis-speoifio RNA was sedimented in a Me 2S0 gradient, only a single peak
was observed (Fig. 3). From its position in the gradient (relative to E.coli rRNA), this
RNA has a molecular weight of l ·58 ± 0·02 X 108 daltons (average of four dctermina-
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Fm. 3. Me:;aSO gradient of Sindbis-specific RNA. Hamster cells were labeled with [14C]uridine
at 1 µ,Ci/ml. from 4 to 7 hr after infection. The RNA was purified by method B with the addition
that the RNA was also twice precipitated from 2 M-LiCI. 3 H-la.beled E.coli rRNA was also adde<l
in the overlay. The top of this gradient is at fraction 77·5.
(--) Sindbis-specific [ 14C]RNA; (----)E.coli 3 H-labeled rRNA.

tions), which is in good agreement with the molecular weight expected for 26 s RNA.
It was possible that 49 s RNA was being broken down to a size which cosedimcn ted with
26 s RNA, but we suspected that the 49 s RNA had pelleted because 30% of the
radioactivity in this gradient was found at tho bottom of the centrifuge tube. To
determine directly where 49 s RNA sediments in Me 2SO, it was first purified from
other Sindbis-specific RNA species by sucrose-velocity sedimentation, and then
examined on a Me 2 SO gradient. Approximately 50% of the RNA was found in a pellet
(mol. wt > 3 x 107 ), and the rest was evenly distributed throughout the lower fifth of
the gradient. No single peak of radioactivity was ever observed when 49 s RNA was
sedimented in Me 2 SO. Furthermore, no significant amount of radioactivity was ever
found at the position corresponding to a molecular weight of l ·6 X we daltons. The
viral RNA was not being reduced in size to pieces smaller than 2·5 X 10 8 daltons, but
instead aggregated in this solvent to a rapidly sedimenting form. We conclude, therefore, that the species of RNA sedimenting at l ·58 x we daltons is 26 s RNA.
We have tried several methods in an attempt to prevent or reduce the aggregation
of 49 s RNA in Me 2SO. These include hot phenol re-extractions, repeated treatment
of the RNA with 0·01 M-EDTA, 5% sodium dodeoyl sulfate/phenol extractions,
passage of the RNA through ion-exchange columns, reacting the RNA first with
formaldehyde before sedimenting in Me 2SO, sedimentation in Met;iSO gradients
containing 0·5 M-LiCI, sedimentation in Me 2SO gradients lacking duutorated Me:;iSO
and isolation of the 49 s RN A from purified virionH. All thmm methods failed to
prevent 49 s RNA from aggrogating. Hownvor, tho RNA clid not aggregate when it waH
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degraded into smaller pieces. We can offer no explanation for the apparent insolubility
of the intact molecule in Me 2 S0.
(c) Formaldehyde-sucrose velocity sedimentation

Since 49 s RNA did not sediment as a band in Me 2 SO, we decided to denature the
RNA and sediment it in the presence of formaldehyde. This experiment should
distinguish between different structural forms of the RNA (i.e. intact versus dimer or
trimer), and should give an approximation of its molecular weight. Boedtker (1968)
found that reliable molecular weights could be obtained from sedimentation coefficients in formaldehyde for many species of single-stranded RNA.
When the same RNA used in the Me 2 S0 gradient of Figure 3 was heated in tho
presence of formaldehyde and sedimented in a sucrose gradient containing formalde hyde, two peaks of Sindbis RNA were clearly visible (Fig. 4). Relative to tho E. col·i
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FIG. 4. Formaldehyde-sucrose velocity gradient of Sindbis-specific RNA. The RNA used in
Fig. 3 was dialyzed for 3 hr against 1 M-formaldehyde in 0·l M-phosphate, 0·001 M-EDTA, 0·2%
sodium dodecyl sulfate (pH 7·1) and analyzed on a formaldehyde-containing sucrose gradient as
described in Materials and Methods.
(--) Sindbis-specific [HO] RNA; (----)E.coli 3 H-labeled rRNA.

rRNA, these have molecular weights of 4·0 ± 0·2 x 108 daltons and 1·35 ± 0·02 X 10 6
daltons (average of two determinations). To show that the RNA with a molecular
weight of 4 X 106 corresponded to Sindbis 49 s RNA, we isolated 49 s RNA from a
sucrose gradient and resedimented it after reaction with formaldehyde (Fig. 5). 'l1he
single peak in the formaldehyde gradient corresponds to a molecular weight of 4· l X 10°
daltons. Hence, 49 s RNA remains aH a Hingle intact polymwlootide chain aft<lr formaldehydt-) denatnration.
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Fm. 5. Formaldehyde-sucrose velocity gradient of 40 s Sindbis RNA. Chick embryo cells wore
infected and labeled with 400 µ.Ci Ha3 11 PO 4 /ml. from l to 9 hr •~ftor infection, Tho cells were lysed
by method A of Matorials and Mothoda. Tho RNA in 0·4 ml. of'l'ris/NaCI/ElYfA huffor cioutuining
0·2% sodium dodeoyl sulfa.to was sodimontotl in a J 5 to 30<,1/c, 1mc:roso gradient in tho Ro.mo l,uf'for
in order to isolate tho 49 s RNA. l◄'ivo µl. of tho pouk fru,ction of 40 s HNA wore mixod with 20 /LI.
of 3 H-la.beled E. coli rRNA and with 200 µI. of tho J M-forrno.lclohy,lt, buffer. 'l'hiR rnixturo wa.H
heated and sedimented in a formaldohydo-sucroHfl gmdiont aH Loforo.
(__._) 49 s Sindbis [1'C]RNA; (----)E.coli 3 H-lulmlod rH.NA.

(d) Hybridization competition

The relation between the base sequences of 26 sand 49 s RNA was determined by
hybridization of each of these two species of RNA with Sindbis-specific doublestranded RNA in the presence of increasing amounts of the other RNA. The doublestranded RNA was obtained from Sindbis-infected cells after treating the extracts
with RNase and DNase. This preparation contained a mixture of RNA's (Simmons &
Strauss, 1972) equivalent to the double-stranded form of 49 s RNA. In addition, two
preparations of RNA, one labeled with 32 P at a very high specific activity (approximately one 32P atom per 4 X 106 daltons of RNA), the other with [3 H]uridine for use as
competing RNA, were made. (3H was used to simplify the isolation procedure and to
determine relative RNA concentrations.) From both of these samples, the 49 sand
26 s RNA were separated by preparative gel electrophoresis. To give an indication of
the resolution obtained, the gol pattern of the 3 H-labeled RNA is shown in Figure 6.
In a preliminary experiment, it was found that 49 sand 26 s RNA do not hybridize
to themselves or to each other ('fable 1). These RNA's have the same polarity,
therefore, and these RNA preparations contain no dotootable minus strands.
Hybridizations with double-stranded RNA added as a source of minus t:1trand were
carried out such that each annealing tube containocl tho samo amount of double-
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FIG. 6. Preparative acrylamide gel electrophoresis of Sindbis 26 s and 49 s RNA. Preparation
and electrophoresis of the RNA are doscribed in Materials and Methods sections (b) and (o).
Starting 11 hr after electrophoresis at 4 mA, 10-min fractions wore collected. The amperage wa.e
increased to 5 mA at fraction 58. Peak fractions between marks were poolocl and ea.ch speoios of
RNA concentrated by ethanol precipitation.

TABLE

1

Absence of intra- and intermolecular annealing by 26 sand 49 s RNA
Input (ote/min)
(1) 3 H-la.beled 26 s RNA alone
(2) 3 H-la.beled 49 s RNA a.lone
(3) 3 H-la.beled 49 s RNA
and 32 P-labeled 26 s RNA

20,000
10,000
10,000
1500

Cts/min after treatment with H.Naao
Hybridized
Not hybridized
324

168

260
61

69
36

26 s and 49 s Sindbie RNA were purified by preparative gel electrophoresis. The RNA was
denatured and allowed to hybridize as described in Materials and Methods. The concentrations of
RNA in the annealing mixture were 1·3 µ,g/ml. and 0·7 µ,g/ml. for 3 H-labeled 26 s RNA and 49 s
RNA, respectively, and 20 ng/ml. for the 32P-labeled 26 s RNA.

stranded RNA (15 ng) and the same amount of either 32 P-labeled 49 s or 32P-labeled
26 s RNA (1 ng). Varying amounts (0 to 400 ng) of competing RNA (26 or 49 s) were
added to each mixture. Following the 12-hour annealing period, the RNA was
treated with RNase, and the amounts of hybridized 32 P-labeled RNA were determined
for each reaction mixture. The concentration of double-stranded RNA in each tube
was sufficient for complete (,-...; 90%) reannealing, under the conditions used, in the
absence of other RNA. After addition of 32 P-labeled RNA (26 s or 49 s), tho ratio of
minus strands to plus strands is such that 75% of the input 32P hybridizes in the
absence of competing RNA.
Figure 7 shows the percentage of this maximum 32 P hybridized as a function of
the amount of competing RNA added, for each of four different combinations of RNA.
When 49 s RNA was used in competition with 32P-labeled 49 s RNA or when 26 s
RNA competed with 32P-_labeled 26 s RNA, the levels of 32P-labeled hybrids remaining
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Fm. 7. Hybridization competition between 26 s and 49 s RNA for Sindbia-speoiflc tloublostranded RNA. Approximately 15 ng of Sindbis-specific double-stranded RNA was mixod with
Ing of 32P-labeled, gel purified 26 s or 49 s RNA. Various amounts of competing RNA (lu.belud
with 3 H), either 26 s or 49 s, were also added. The RNA solutions, in 0·001 M-F~DTA, wore tukou
to dryness and brought up in 33 µI. of 0·4 M-NaCI. '!'he annealing capillary tubea wcm, huatod
to 120°C for 3 min followod by incubation at 80°0 for 12 hr. Each RNA sample was digestod with
RNase (IOµg/ml.) for l hr at 37°0. Tho RNA was precipitato<.l with trichloroaciotic acid and oountod
for radioaotivity. The amount of 32 P hybridized, expressed as a percentage of tho 32 P hybridiwd
in the absence of competing RNA, is plotted as a function of tho amount of competing RNA uACd.
Concentrations of RNA wore estimated by o.bsorbance a.t 260 nm (singlo-strandod HNA) or hy
electron microscopy (double-stranded RNA).
49 s 32P-labeled RNA competing 49 s 3 H-labeled RNA; - ■-■-, 49 H 3 :ap.
labeled RNA competing 26 Iii 3 H-labeled RNA; -0-0-, 26 s 32 P -laboled RNA compoting
49 s 3 H-labeled RNA; -0-0-, 26 s 32 P-labeled RNA competing 26 s 3 H-labelod RNA.

-e-e-,

dropped rapidly to very low levels, as expected. The same situation was observed when
49 s RNA was used in competition with 32P-labeled 26 s RNA. Therefore, we conclude
that all base sequences in 26 s RNA are found in 49 s RNA. However, where 26 s
competed with 32P-labeled 49 s RNA, only a portion of the 49 s RNA was rapidly
competed. Competition is incomplete, even at a 40-fold excess of competing RNA
to complementary strand in the double-stranded RNA. Thus, there are some base
sequences present in 49 s RNA which are not present in 26 s RNA.
Since the competing 26 s RNA preparation was obviously contaminated with 49 s
RNA fragments (as evidenced by the continuing decline in 32 P-labeled 49 s RNA
hybridizing in the presence of increasing amounts of 26 s ~NA), it waa necmtsary to
determine more accurately the fraction of the 49 s RNA molecule identical to 26 s
RNA. The percentage of maximum 32P hybridized (Z) was plotted against the percentage of maximum 52P hybridized multiplied by the picomoles of competing RNA (Zc)
(Fig. 8). This function should result in a straight line (see Materials and Methods for
derivation). For the three curves involving complete and rapid competition, equation
(1) applies, and the reciprocal of the slope of the line as well as the Zc intercept
divided by 100 should correspond to the picomoles of plus strand in the reaction
mixture in the absence of competing RNA. The points from the competition curve
where 26 sis the 32P-labeled RNA and 49 sis the competing RNA are shown on an
expanded scale in the insert. The scatter of the points is due to the difficulties in
obtaining precise numbers when only a small fraction of the 32P hybridizes and the
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40 s RNA.

amount of radioactivity is therefore small. Nevertheless, the Zc intercept divided by
100 gives a value of 2·4 X 10- 3 picomoles of plus f:itrand per tube (in the absence of
competing RNA), in good agreement with the actual amo1:1nts used (2·1 X 10- 3
pioomoles).
When 26 s RNA was used in competition with 32 P-labeled 49 s, on the other hand,
equation (2) applies. The Z intercept gives a value of 66% for 1-{J, or 34% for /J, the
term which denotes the fraction of the 49 s RN A molecule that is identical to 26 s
RNA. This indicates that 26 s RNA contains only 34% of the base sequences present
in 49 s RNA. The ratio of the slopes of the two lines of Figure 8 gives a value of 2 to 3 %
for the percentage mass contamination of the 26 s competing RNA with fragments of
49 s RNA (ot 0·8% molar contamination). Therefore, 26 s RNA must be a unique
fragment of the genome.
r'-J

4. Discussion
The molecular weight of Sindbis 26 s RNA is approximately 1·6 x 106 <laltons 11H
determined by sedimentation in Me 2S0 and by acrylamide gel oleotrophoree.itt.
Sedimentation after reaction with formaldehyde giveH the somowhat lowor value of
l ·35 X 106 daltons. However, sediment,ation coefficients in formaldehyde may not give
exact molecular weights, presumably because denaturation of RN A may h~ inoom-
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plete. Thus the large species of eukaryotic rRNA behaves anomalously (Strauss, 1967;
Fenwick, 1968). Although 28 s rRNA has a molecular weight of l ·9 x 106 daltons
(McConkey & Hopkins, 1969), its sedimentation coefficient in our formaldehyde
system corresponds to a molecular weight of 3 x I 06 daltons. On the other hand, Me2 SO
is a very effective denaturing agent for RNA (Strauss et al., 1968), and sedimentation
coefficients in this solvent are expected to give more reliable estimates of molecular
weight.
We have obtained three experimental values for the molecular weight of Sindbis
49 s RNA. These are:
(1) 4·0 X 106 daltons. This value was obtained by electrophoresis in polyacrylamide-agarose gels and by sedimentation after reaction with formaldehyde. However,
molecular weight estimates based on gel electrophoresis are not always accurate
because the RNA is not denatured. (For example, this method gives a value of 1·6 x 10 6
as the molecular weight of the larger species of hamster rRNA; whereas sedimentation
in Me 2SO gives the more accurate figure of l ·9 X 108 .) Tho molecular weight estimate in
formaldehyde is subject to the limitations discussed above.
(2) 4·6 X 108 daltons. Several lines of evidence indicate that 49 s RNA is almost
three times the size of 26 s RNA. 1,hese include hybridization-competition experiments, the ratio of molecular weights obtained from sedimentation in formaldehyde,
and the ratio of the molecular weights of double-stranded forms of 49 s and 26 s RNA
(Simmons & Strauss, 1972). The value of 4·6 x 108 daltons is based upon a molecular
weight of l ·6 X 106 daltons for 26 s RNA.
(3) 4·4 x 106 daltons. This value is based on the molecular weight of the doublestranded form of 49 s RNA (8·8 x 106 daltons; Simmons & Strauss, 1972).
Hybridization-competition data showed that 49 s RNA must be a polynucleotide
chain containing three times as many base sequences as does 26 s RNA. The absence of
any significant amount of hybridization between 26 sand 49 s RNA also indicates that
these two molecules have the same polarity, and therefore that 26 s RNA must be a
fraction of the genome. Furthermore, 49 s RNA must be a single covalently linked
molecule since it resists dissociation when denatured with formaldehyde or Me 2 SO.
We believe that our results differ from those obtained previously by other authors
(see Introduction) primarily because of the difficulties in obtaining unnicked RNA
from cultured cells or from purified virions. Nicked RNA maintains its integrity quite
woll in the absence of denaturing agents, but falls apart when it is denatured by heat,
Me 2S0 or formaldehyde.
Recently, Arif & Faulkner (1972) have also concluded that 49 s RNA is a single
polynucleotide chain. In contrast to our results, they found that their 49 s RNA
preparations sedimented as a discrete band in Me 2SO. Since the molecular weight they .
obtained in Me 2S0 was only slightly larger than that of 28 s rRNA, however, their
sedimentation pattern may have resulted from slight degradation of their 49 s RNA.

We a.re pleased to aclmowledge the expert technical assistance of Edith M. Lonches and
Mildred Quisenberry Hoover. We thank Dre Ellen G. Stmuss and John S. Pierce for their
helpful editorial advice for tho construction of this manuscript. This investigation wae
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SlffiARY

Cells infected with wild-type Sindbis virus contain at least
two fonns of messenger RNA, 26S RNA and 49S RNA. Sindbis 26S RNA
(mol. wt. 1.6 x 10 6 daltons) constitutes 90% by weight of the mRNA in
infected cells and is thought to specify the structural proteins of
the virus. Sindbis 49S RNA, the viral genome (mol. wt. 4.3 x 10 6
daltons), constitutes approximately 10% of the mRNA in infected cells
and is thought to supply the remaining viral ftmctions.
In cells infected with ts2, a temperature-sensitive mutant of
Sindbis virus, the messenger forms are 26S RNA and a second species
of RNA with a sediirentation coefficient of 33S and an apparent
molecular weight of 2.3 x 10 6 daltons. Hybridization-competition
experiments showed that 90% of the base sequences in 33S RNA from
these cells are also present in 26S RNA.

Sindbis 33S RNA was also

isolated from cells infected with wild type virus.

After reaction

with fonnaldehyde, this species of 33S RNA appeared to be completely
converted to 26S RNA.

These results indicate that 33S RNA isolated

from cells infected with either wild-type Sindbis or ts2 is not a
W1ique and separate fonn of Sindbis RNA.
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INIRODUCTION
In cells infected with group A arboviruses (alphaviruses), at
least two species of virus-specific single-stranded RNA are manufactured (14, 15, 4).

In the case of Sindbis virus, these two species

of RNA have sedimentation coefficients of 49S and 26S.

Sindbis 49S

RNA is the viral genome and has a molecular weight of 4.3 .::._ 0.3 x 10

daltons (3, 12).

6

Sindbis 26S RNA has a molecular weight of 1.6 x 10 6

daltons and consists of one-third of the viral genome (12).
It has been detennined that 26S RNA flIDctions as a messenger
in the infected cell (5, 7, 11).

Since 26S RNA has only one-third of

the coding capacity of the genome, it is expected that the other twothirds of the viral ftmctions are specified by oth~r species of
Sindbis-specific messenger RNA.

Kennedy (5) and Mowshowitz (7)

described a second species of Sindbis messenger RNA having a sedimentation coefficient of 33S and a molecular weight of 2.2 to 2.4 x 106
daltons.

Rosemond and Sreevalson (11) described several species of

messenger RNA smaller than 26S RNA in infected cells.

In an earlier

publication (13), we obtained indirect evidence for the existence of
a species of single-stranded RNA with a molecular weight of 2.8 x 10

6

daltons which contains two-thirds of the base sequence infonnation
present in 49S RNA but none of the information present in 26S RNA.

We

hypothesized that this species of RNA flIDctions as a messenger in infected cells.

In this paper, we support the evidence that 26S RN/\ is the
predominant messenger in cells jnfcctcd with Sindbis virus and we
show that 49S RNA, the viral genome, serves as the second fonn of
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messenger in infected cells.

We also present evidence that Sindbis

33S RNA is a structural variant of 26S RNA and not a separate species
of Sindbis-specific RNA.

No other unique species of RNA was detected

in preparations of messenger RNA.
MATERIALS AND MEIBODS

Except as described below, the materials and methods used in
these experiments have been previously described (12).

These include

the methods for sucrose gradient- and formaldehyde sucrose gradientvelocity sedirentation, analytical and preparative acrylam.ide gel
electrophoresis and hybridization-competition.
Isolation of Sindbis-specific polysomes.

Oiick embryo fibro-

blasts were infected with Sindbis virus as previously described (12).
The cells were labeled with s- 3H-uridine (specific activity 22.4
Ci/rrnnole) for various periods of time and/or with 14 c-amino acids
(Schwarz hydrolysate, specific activity 50 mCi/rrnnole) for 2 min.

In

some cases, the cells were treated with SO pg/ml of cyclohcx-in1ide
(Nutritional Biochemicals Corporation) for 7 min prior to harvesting
the infected cells.
The flask of cells was rapidly cooled to O C in an ice-water
slurry and the cells washed three times in ice cold 0.01 M Tris,
0.01 M KCl and 0.0015 M MgC1 2 (pH 7.4).

The cell monolayer was

scraped off the surface of the flask with a rubber policeman into
0.5 inl of the same buffer.

After 10 min at O C to allow the cells to

swell, the cells were homogenized with 10 to 15 strokes of a glass
Dounce homogenizer.

Nuclei and unbroken cells were pelleted at 1000 g
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for 8 min at O C.

The supernatant was made 0.5% with respect to

deoxycholate (Matheson, Coleman

&Bell)

and sedimented at 10,000 g_

for 10 min to remove cell fragments and tmdissolved membranes.

The

clarified supernatant containing the polysomes as well as other cytoplasmic material was sedimented in a linear 15 to 40% sucrose gradient
in the above buffer for 2 hr 15 min (mless otherwise stated) at
40,000 rev/min and 1.5 C in the Spinco SW40 or SW41 rotor.
If the gradient was to be analyzed for radioactivity, it was
first pumped through a flow-cell in a Gilford recording spectrophotometer to detennine the position of the monosome band.

The

material in each fraction was precipitated with trichloroacetic acid
and comted in toluene-fluor scintillation fluid.
If the labeled RNA in the gradient containing Sindbis-spec.i.fic

polysomes was to be analyzed by velocity sed.imentation, the gra<licnt
was first fractionated directly into 2 ml beakers containing 20 µ I of

of 10% SDS and the RNA from selected fractions was subjected to
sucrose gradient-velocity sedimentation (13) ·for 4.5 hr at 40,000
rev/min in the Spinco SW41 rotor.
Preparation of messenger RNA from infected cells.

To prepare

messenger RNA, polysomes were sedimented through a sucrose gradient
such that those consisting of more than 10 ribosomes were pelleted in
the centrifuge tube.

The gradient above the pellet was carefully

removed by aspiration and the pellet was resuspended in 0.2 ml of

0.01 M Tris, 0.01 M KCl an<l 0.0015 M MgClz (pll 7.4).

The solution was

made 0.01 Min EDTA to release the messenger RNA from ribosomes and
100 µg/ml in dextran sulfate (Sigma Chemical Co.) to inhibit RNase.
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To separate the released mRNA from nucleocapsids present in the poly-

somal pellet, the material was sedimented in a sucrose gradient as
described above for the sedimentation of polysomes with the exception
that the time of centrifugation was increased to 3 hr.

The gradient

was collected in beakers containing 20 µl of 10% SDS and an aliquot
of each fraction was collllted for radioactivity.

The RNA in the pooled

fractions was made 0.2 Min K acetate (pH 6.0) and precipitated with
2. 5 vohnnes of ethanol overnight at - 20 C.

The RNA was resuspended in

0.01 M Tris, 0.06 M NaCl, 0.001 M EUfA and 1% SDS (pH 7.2), extracted
twice with phenol-chlorofonn (8) at O C and twice more at room temperature.

The RNA was then subjected to electrophoresis in an

acrylamide-agarose gel as previously described (12).
Preparation of Sindbis 33S RNA.

Sindbis 33S RNA was prepared

from chick cells infected with either wild-type Sindbis virus or ts2.
When the source of the 33S RNA was ce l Ls infected with wild-type
Sindbis (fffi.), total cellular RNA was prepared as previously described
(12, Method A, but without diethyl oxydifonnatc).

The RNA was sub-

jected to sedimentation in a 15-30% sucrose gradient in 0.01 M Tris,
0.06 M NaCl, 0.001 M EDTA, 0.2% SDS (pH 7.2) for 4.5 hr at 40,000
rev/min and 23 C in the Spinco SW41 rotor, and the fractions corresponding to Sindbis 26S RNA and 33S RNA were pooled together.

The RNA

was precipitated with ethanol and the resuspended RNA was subjected to
preparative gel electrophoresis (12).

The fractions containing 33S

RNA were combined and the RNA was concentrated by ethanol predpi-
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When the source of the 33S RNA was cells infected with ts2 at
39 C, polysornes were prepared and subjected to sedimentation as
described above.

The fractions containing polysomes with 4 to 10

ribosomes were made 1% with respect to SDS and the samples were
extracted with phenol-chloroform (8).

The species of 33S RNA was

purified by electrophoresis in a preparative acrylamide gel (12).
Preparation of viral nucleocapsids.

Nucleocapsids were iso-

lated from detergent-treated Sindbis virus which had been purified as
previously described (9).

The virus solution was diluted 3-fold in

0.01 M Tris, 0.01 M KCl and 0.005 M EDTA (pH 7.4) and Tri ton X-100

(Sigma 01emical Co.) was added to a final concentration of O. 5%•

'Ihe

nucleocapsids were sedimented in a 15 to 40% sucrose gradient in the
same buffer for 3 hr at 40,000 rev/min and 1.5 C in the Spinco SW40
rotor.

The fractions containing the nucleocapsids were pooled and

stored frozen.
RESULTS
Polysomes of infected cells.

Polysomes prepared from cells

infected with Sindbis virus served as the source of the messenger RNA
in these experiments.

It was therefore important to analyze the size

of these polysomes and to determine if they were involved in protein
synthesis.
When cells infected with wild-type (HR strain) Sindbis virus
were briefly labeled for 2 min with 14c-labeled amino acids, the sedimentable radioactivity was associated primarily with monosomes,
disomes, and trisomes (Fig. 1) indicating that these structures were
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FIG. 1.

Polysomes from cells infected with wild-type Sindbis
virus. 1.5 x 10 7 chick embryo cells were infected with wild~type (HR)
Sindbis virus and labeled with 20 µCi/ml of 5- 3H... uridine from 0.5 to
4.5 hr after infection and with 100 µCi/ml of 14 c-amino acids (Schwarz
hydrolysate) for 2 min prior to cell harvesting.

The polysomes were

prepared and sedimented as described in Materials and Methods.

The

bars labeled a, b, c, or d indicated in the figure refer to certain
fractions which were pooled for analysis of the labeled RNA (sec Fig.
4).

The arrow on the right in this and al 1 other figures represents
the top of the gradient. Symho ls: (----J 311-ur i dine 1abc l, (,... - ~ - - J
14 c-amino acid label.
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involved in protein synthesis.

Smaller amounts of amino acid label

were incorporated into larger polysornes. The polysomes were also
labeled with 3H-uridine which was added at 30 min after infection in
the presence of actinornycin D (in order to label only virus-specific
RNA).

In addition, the uridine label was incorporated into viral

nucleocapsids which sediment at 140S.

In these gradients, most of the

nucleocapsids sedimented slightly faster than trisornes and at the
position shown by barb in Fig. 1.

Little amino acid label was

associated with nucleocapsids after only 2 min of labeling.
In cells infected with certain mutants of Sindhi s virus (ts2,
tsS, tsl3, and ts106), the synthesis of viral nuc1cocnpsids is
temperature sensitive (1, 2; E. Strauss, personal conunun i cation).

When

polysomes were prepared from cells infected with ts2 at the restrictive
temperature, uridine label was found in polysomes as expected, but
little or no uridine had been incorporated into nucleocapsids (Fig. 2)
(nucleocapsids, if present, would be found near fraction 27 in this
gradient).

These polysomes were also labeled with amino acids rn a

2 min pulse showing that all classes of ts2 polysomcs were involved
in protein synthesis.
Since polysome preparations from cel1 s .in fccted with ts2 were
free from large amounts of nuclcocapsids, we were able to calculate
·
t 11e relative
amounts o f

14 c-amino
· aCJ..d s to ·311 -u-n. d.rne .rncorporate <l rnto
.

14
each class of polysornes. 'I1ms, in Fig. 2, the ratio of c-amino aci <l
to 3H-uridine label increases as the polysomes get larger. 'This is
expected on the basis that larger polysomes synthesize a greater total
length of polypeptide chains per unit length of messenger RNA than do
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FIG. 2.

Polysomes from cells infected with ts2.

The experi~

mental procedures were as described in the legend to Fig. 1 with
the exception that the cells were infected with ts2 at 39 C.
3
14
( - - ) H-uridine label, (--~--)
c-amino acid label.

Symbols:
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smaller polysomes.

In Fig. l; the 14 c to 3H ratio in polysomes cannot

be calculated due to the presence of large amounts of nucleocapsids in
the gradient (see below).

However, these results suggest that poly-

somes from cells infected with wild-type Sindbis virus are smaller
than polysomes from cells infected with ts2.
Furthermore, to show that polysomes were not degraded during
the isolation procedure, we prepared polysomes from uninfected cells
after a brief labeling period with amino acids.

Most of the scdi-

mentable radioactivity was associated with large polysomes consisting
of 5 or more ribosomes while relatively little label was in monosomcs
or disornes (Fig. 3).

Moreover, as shown below, the RN/\ isolated from

polysomes of infected cells was usually undegraded.

These results

indicate that, under the conditions of infection, polysomes from cells
infected with either wild-type Sindbis or ts2 were smaller than those
from uninfected cells.
Oiaracterization of the RNA from gradients of Sindbis-specific
polysomes. Polysomes labeled with 3H-uridine were prepared from cells
infected with wild-type (HR) Sindbis virus and subjected to velocity
sedimentation in a sucrose gradient. In this gradient, the profile of
311 radioactivity was similar to the one shown in Fig. l. Four different samples of this gradient were pooled as shown by the bars labeled a, b, c, or d in Fig. 1, and the structures in these samples
were disrupted with SDS.

The RNA in each sample was sedimented in a

linear sucrose gradient in the presence of~- coli rRNA (Fig. 4).
Sample (a) which apparently consisted of large polysomes and sample
(b) which consisted of trisomes, tetrasomcs and viral nucleocapsid'3
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FIG. 3.

Polysomes from llllinfected cells.

fected chick embryo cells

WqS

A culture of illlinlabeled with 100 µCi/ml of 3H-amino

acids (Schwarz hydrolysate) for 2 min prior to cell harvesting.

The

polysornes were subjected to velocity sedimentation as described 1n
the legend to Fig. 1 with the exception that the time of centrifugation
was reduced to 2 hr.
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FIG. 4.

Characterization of the RNA from gradients of Sindbis-

specific polysomes.

Chick cells infected with wild-type Sindbis virus
were labeled with 20 µCi/ml of s- 3H~uridine from 0.5 to 4.5 hr postinfection.

The polysomes were prepared and sedimented, and the gra-

dient was collected for analysis of the RNA as described in Materials
and ~thods.

The RNA in each of the 4 samples, corresponding to the

regions of the gradient shown by bars a, b, c, o·r d in Fig. l, was
subjected to sedimentation in a 15-30% sucrose gradient at 40,000
rev/min and 23 C for 4.5 hr in the Spinco SW41 rotor using 14 clabeled E. coli rRNA as markers. Symbols: Fig. 4 (a) to (d) ( - - )
3H-labeled Sindbis-specific RNA in samples (a), (b), (c), and (d)
respectively, (-----) 14 c-labeled E.coli rRNA.
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so
contained both Sindbis 26S RNA and 49S RNA [Fig. 4(a) and (b)].

On

the

other hand, samples (c) and (d) which consisted of monosomes and slower
sedimenting structures, respectively, contained primarily 26S RNA
[Fig. 4(c) and (d)].

The interpretation of these results is compli-

cated by the presence of large amollllts of nucleocapsids which sedimented faster than 140S throughout the bottom half of the gradient
containing polysornes.

(For example, it was shown that after EJITA

treatment and resedimentation of the material in sample (a) of Fig. 1,
35% of the 3H-label was in viral nucleocapsids.) This observation and
the data shown in Fig. 4 probably indicate that the large majority of
the 49S RNA in these gradients of Sindbis-specific polysomes was in
the fonn of nucleocapsids whereas most of the 26S RNA was associated
with ribosomes.
The RNA in each of the samples (a) through (d) was treated with
RNase to detect the presence of labeled double-stranded RNA.

Only

sample (d) contained RNase-resistant RNA, and this was shown to consist of the three fonns of Sindbis RF's (13) (results not shown).
The conclusion was that only sample (d) contained the Sindbis replicative intermediates.
Messenger RNA in cells infected w:i th wild-type Sindbis virus.
In order to isolate messenger RNA, polysomes from cells infected with
wild-type Sindbis virus were sedimented such that those consisting of
more than 10 ribosomes were pelleted in the centrifuge tube.

For this

experiment, the cells were treated with cycloheximide to increase the
average size of the polysomcs an<l to rc<luce the re 1at ivc
nucleocapsids in the pelleted material.

amow-1ts

of

'Inc polysomcs in the pellet
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were dissociated with EDTA and the components sedimented in a sucrose
gradient to separate released RNA (i.e., mRNA) from nucleocapsids
(Fig. 5).

The polysomal pellet contained relatively little uridine

label in nucleocapsids as shown by the small amolll1ts of 3H radioactivity sedimenting with the nucleocapsid marker.

Fig. 5 shows as

well that the RNA released by EDTA was associated with structures
(presumably RNA-protein complexes) sedimenting at approximately 3SS
to 40S (sample I) and at 60S to 70S (sample II).

After deprotein-

ization, the RNA in each of samples I and II was subjected to
acrylamide gel electrophoresis (Fig. 6).

Sample I consisted primarily

of 26S RNA [Fig. 6(a)] whereas 49S RNA was the predominant species of
RNA in sample II [Fig. 6 (b) ] .

Other species of Sindbis mRNA could

possibly be present in sample II since another band (or bands) could
be hidden under the leading side of the 49S RNA peak in Fig. 6(b).
Approximately 10% of the label in the mRNA fraction (samples I an<l II)
was in 49S RNA.

These results indicate that 26S RNA is the predominant

species of messenger RNA in infected cells but that 49S RNA has messenger activity as well.
Messenger RNA in cells infected with ts2.

Since the virus-

specific polypeptides synthesized in cells infected with ts2 are
different in size from the polypeptides synthesized in cells infected
with wild-type Sindbis virus (16), we characterized the species of
messenger RNA in ts2-infected cells.

The messenger RNA forms were

subjected to electrophoresis in an acrylmnidc gel us:ing purif.ie<l
Sin<lb.is 2(1S RNA as

marker (Fig. 7).

'lhcy consisted primarily of 26S

RNA and of small amounts of another species of RNA with an apparent

52

FIG. 5.

Disruption of polysomes with EDTA.

1. S x 10

7

chick

embryo cells were infected with wild~type (HR) Sindbis vinis and
3
labeled with 20 µCi/ml of s- H-uridine from 3 to 5 hr after infection.
Seven min prior to cell harvesting, the medium was made SO µg/ml with
respect to cycloheximide to increase the average size of the polysomes,
The polysomes were sedimented at 40,000 rev/min for 2 hr 15 min and
1.5 Cina Spinco SW40 rotor and the polysomes in the pellet were

treated with EDTA.

The material was subjected to velocity sedimenta ..

tion as described in :Materials and Methods.
Sindbis nucleocapsids were added as a marker.

14

c-1abeled purified
Bars labeled I an<l II

refer to certain fractions of the gradient whid1 were pooled for analysis

of the RNA by acrylamide gel electrophoresis (see Fig. 6). Symbols:
( - - ) 3H-uridine label, (-----) 14 c-labeled Sindbis nucleocapsids .
/
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FIG. 6.
Sindbis virus.

Messenger RNA from cells infected with wild-type
The RNA in each of samples I and II shown in Fig, 5

was subjected to acrylamide gel electrophoresis as described in
Materials and ~thods. 14c~labeled E.coli rRNA were added as markers
and the direction of electrophoresis was from left to right, Symbols;
Fig. 6(a) and (b) ( ~ ) 3H,..labeled Sindbis mRNA in sample I and in
sample II respectively, (,..~~~-) 14 c~labelcd E. coli rRNA.
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FIG. 7.

~ssenger RNA from cells infected with ts2,

Qiick

cells infected with ts2 at 39 C were labeled with 20 µCi/ml of
s- 3H--uridine from 0.5 to 3.25 hr postinfection. The messenger RNA
fraction was isolated as described in Materials and Methods and the
RNA was subjected to acrylamide gel electrophoresis using purified
32 P- labeled Sindbis 26S RNA as marker. Symbols: ( - - ) 31+ labeled
ts2 mRNA, (-----) 32 P-labeled purified Sindbis 26S RNA.
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6
molecular weight of 2.3 x 10 daltons.

This second species of RNA has

been detected previously in cells infected with Semliki Forest vi1US
or with Sindbis virus (6) and in mRNA preparations from these infected
cells (4, 7).

Unlike mRNA from cells infected with wild-type Sindbis,

little 49S RNA was detected in messenger RNA from cells infected with
ts2.
Characterization of Sindbis 33S RNA. The species of RNA with
6
a molecular weight of 2.3 x 10 daltons (33S RNA) was isolated from
polysomes of cells infected with ts2 at the restrictive temperature
and purified by preparative gel electrophoresis.

A hybridization-

competition experiment using 33S RNA was perfonned to determine whether
or not this fonn of Sindbis-specific RNA was separate and distinct
from Sindbis 26S RNA.

When 33S RNA was hybridized to Sindbis

double-stranded RNA, unlabeled 26S RNA was able to effectively
compete with it for the sites on the complementary strand of the
double-stranded RNA (Fig. 8).

Only about 10% of the base sequences

in 33S RNA were not in competition with excess tmlabeled 26S RNA.
The curve for the control experiment where 26S RNA was hybridized to
Sindbis double-stranded RNA in the presence of increasing amounts of
lllllabeled 26S RNA is also shown in Fig. 8.

These results indicate

that at least 90% of the base sequences in 33S RNA from cells infected
with ts2 are also present in 26S RNA.
If, as the hybridization-competition results indicate, 33S RN/\
is a structural variant of 26S RNA, <lenaturation of this form of RNA
should convert it to 26S RNA.

For the following experiment, 33S RNA

was isolated from total cellular RNA after infection with wild-type

59

FIG. 8.

Hybridization-competition experiments with 33S RNA.

10 8 chick embryo cells were infected with ts2 at 39 C and labeled with
250 µCi/ml of H332 ro4 from 0.5 to 4,5 hr postinfectiont The 33S RNA
was isolated from polysomes as described in Materials and Methods. The
annealing mixtures contained 20 ng of double~stranded RNA (12)~ 2 ng of
32 P- labeled 26S or 33S RNA and various amOl.mts of lllllabe led purified
26S RNA.

RNA was hybridized as previously described (12). Symhols;
32 P-1abcled 33S RNA, (1-- --e) Hybri<l.i.zati on
(0----0) Hybridization of
TI1e

of 32 P-labeled 26S RNA.
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Sindbis virus and was purified by electrophoresis in a preparative
acrylamide gel.

The native fonn of the RNA was subjected to sucrose

gradient-velocity sedimentation with~- coli rRNA as markers (Fig. 9).
In agreement with its size estimated by gel electrophoresis, the RNA
had a sedimentation coefficient of 33.SS.

However, when the purified

RNA was denatured by heating in formaldehyde, it sedimented with an

apparent molecular weight of only 1.4 x 10 6 daltons (Fig. 10).

After

reaction with formaldehyde, Sindbis 26S RNA sedimented with this same
apparent molecular weight (12).

It appears, therefore, that when

33S RNA from cells infected with wild-type Sindbis virus was denatured
with fonnaldehyde, it was converted to 26S RNA.
DISCUSSION
Polysomes isolated from cells infected with either wild-type
Sindbis virus or ts2 appear to be smaller, tmder the conditions of
infection, than polysomes of tminfected cells.

This is in contrast

with the results obtained on polysomes of cells infected with poliovirus (10).
Sindbis 26S RNA is the predominant messenger in cells infected
with either wild-type Sindbis or ts2.

In wild-type infections, Sindbis

49S RNA serves as a messenger as well but to a lesser extent than 26S
RNA.

The majority of the 49S RNA in gradients containing Sin<lbis-

specific polysomes was fotmd in nuclcocapsids whereas the majority of
the 26S RNA was probably associated with ribosomes.
In vitro and, by inference, i.n infectccJ cells, 2<,S RNA co<lcs
for the structural proteins of the virus (D. T. Simmons and
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FIG. 9.

Sedimentation of 33S RNA in sucrose gradients.

Chick

cells were infected with wild-type (HR) Sindbis vinis and labeled with
s- 3H-uridine from 0.5 to 4,5 hr postinfection. 1he 33S RNA was isolated
from total cellular RNA as described

in Materials and Methods and sub-

jected to velocity sedimentation as described in the legend to Fig. 4.
Symbols: ( - - ) 3H~labeled 33S RNA, (r~ ~-~) 14C~labeled g. co~~ rRNA,
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FIG. 10.
dehyde,

Sedimentation of 33S RNA after reaction with fonnal~

33S RNA was prepared as described in the legend to Fig~ 8,

denatured by heating in the presence of fonnaldehyde (12) and sedi~
mented in a fonnaldehyde-sucrose gradient for 10.S hr at 40,000 rev/min
and 23 C in the Spinco SW40 rotor.
were used as markers.

Fonnaldehyde-treated ~. ~li rRNA
( - - ) 3H-labeled formaldehyde-

Symbols:
14
treated 33S RNA, (-----)
C-labeled formaldehyde-treated~. coli rRNA.
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J. H. Strauss, in press; R. Cancedda and M. J. Schlesinger, in press).
In infected cells, the remaining viral fllllctions seem to be coded for
by 49S RNA.

The proteins specified by the 49S RNA genome are not

lmown but they prestnnably include one or two RNA replicases and
regulatory proteins needed in small quantities.

In lysates of rabbit

reticulocytes, 49S RNA specifies 8 or 9 polypeptides ranging in
molecular weight from 60,000 to 180,000 daltons (D. T. Simmons and

J. H. Strauss, in press).

It is not known if these polypeptides are

synthesized in infected cells.

Our results indicate that 33S RNA

isolated from infected cells (5, 6, 7) is not a llllique species of
Sindbis RNA.

When 33S RNA isolated from cells infected with wild-type

Sindbis virus was denatured with fonnaldehydc it appeared to be
completely converted to 26S RNA.

Hybridization-competition experiments

indicate that 33S RNA from cells infected with ts2 shares 90% of its
base sequences with 26S RNA.

We hypothcs i.ze that 33S RNA from c :i thcr

source is either a structural variant of 26S RNA or a complex of
26S RNA in association with a nonribonuclcic acid component.
In a previous publication (13), we presented a model for the
replication of Sindbis-specific RNA which showed the synthesis of a
hypothetical unique species of single-stranded RNA (molecular weight
2.8 x 10 6 daltons) equivalent to two - thirds of the genome. A rigorous
search for this species of RNA has failed.

We have abandoned the

possibility that 33S RNA is the molecule in question.

I lowevcr, in that

publication (13), we presented strong evidfncc that such
synthesized on Sine.Ibis replicat i vc fotcnncd i ates.

a

rrK.>lccule is

'lhcrcforc, i r this

67
species of RNA is released from the replicative complex, it is most
likely very rapidly degraded and does not accumulate.
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CHAPTER 3

Translation of Sindbis Virus 26S RNA and 49S RNA
in Lysates of Rabbit Reticulocytes
by
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Sunnnary
Sindbis virus-specific polypeptides were synthesized in lysates
of rabbit reticulocytes in response to added 26S or 49S RNA.

Sindbis

26S RNA was translated into as many as three polypeptides which comigrate in acrylamide gels with proteins found in infected cells.
Wild-type 26S RNA was translated primarily into two polypeptides which appear to be the Sindbis nucleocapsid protein (molecular
weight 30,000 daltons) and the precursor of the two glycoproteins of
the virion (molecular weight 100,000 daltons).

A larger polypeptide

(molecular weight 130,000 daltons) was synthesized in response to ts2
26S RNA a species of RNA which was isolated from cells infected with
the ts2 nrutant of Sindbis virus.

This large polypeptide is apparently

the protein which accl.Ul1lllates in cells infected with the mutant virus
and which is thought to be a precursor of all three viral structural
proteins.
111ese results support the hypothesis that 2(>S RNA

Is

the

messenger for the three structural proteins of the virion an<l that the
RNA codes for one large polypeptide precursor.

The precursor may then

be cleaved at a specific site to yield the nucleocapsid protein and a
second polypeptide which, in infected cells, is cleaved in a series of
steps to yield the two glycoproteins of the virion.
Sindbis 49S RNA was translated into 8 or 9 polypeptides ranging
from 60,000 to 180,000 daltons in molecular wejght.

'Inc viral structur-

al proteins, as such, were not synthesized in response to the added 49S

RNA.
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1.

Introduction

Sindbis virion RNA, 49S RNA, is a single polynucleotide chain
6
with molecular weight of 4.3 ~ 0.3 x 10 daltons (Dobos &Faulkner,
1970; Sinnnons

&Strauss,

1972a).

In cells infected with Sindbis viIUS

a second species of virus-specific single-stranded RNA is also synthesized. This species of RNA, 26S RNA, has a molecular weight of
6
1.6 x 10 daltons and represents a specific region of the viral genome
(Sinnnons & Strauss, 1972a).

It has been detennined that 26S RNA

functions as a messenger in the infected cell (Kennedy, 1972; Rosemond

U Srecvalsan, 1973; Mowshow:itz, 1973; Simmons 4 Strauss, suhmHtcd for
publication).

Sinrnons

&Strauss

(1972b) suggested that 26S RNA codes

for the structural proteins of the virion which consist of a nuclcocapsid protein and two envelope glycoproteins.

We have shown that, in

addition to 26S RNA, Sindbis 49S RNA has messenger activity during the
virus life cycle, although it constitutes only a fraction (10% by
weight) of the messenger RNA in the infected cell (D. T. Simmons

J. H. Strauss, submitted for publication).

&

Nothing is known of the

products of translation of 49S RNA during infection.
We have used lysatcs of rahbit reticulocytc.s to translate
Sindbis 26S and 49S RNA in vitro.

Successful translation of several

species of exogenous messenger RNA is possible in reticulocyte lysatcs.
These include the messengers for hemoglobins (Schapira et al., 1968;
Lockard

&Lingrel,

1969), innmmoglobulins (Stavnezer

&Huang,

1971),

reovirus (McDowell et al., 1972), vesicular stoma.ti tis virus (1vbrrison
et al _., 1974), Dictyosteliwn discoi<lewn (Lodish, H. F., personal
commllllications), Sendai virus (Kingsbury, 1973) and duck feather
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keratin (Partington et al., 1973).

Several species of animal viIUS

messenger RNA have been translated with lesser efficiency in lysates
of cells other than reticulo~ytes.

Polio and encephalomyocarditis

messenger RNA were translated by cell free extracts of Krebs ascites
twnor cells (Kerr et al., 1966; Ma.thews & Komer, 1970; Smith et al.,
1970).

The species of reovirus messenger RNA have been translated in

S-30 fractions of L-cells (Graziadei

&Lengyel,

1972), and polyoma

proteins have been synthesized in extracts of~- coli (Crawford

&

Gesteland, 1973).
In this study, we describe the translation of Sindbis 26S an<l
49S RNA in lysates of rabbit reticulocytes, we characterize the products
obtained and compare them with some of the proteins made in jnfocted
cells.
2.

Materials and Methods

Except as given below, the materials and methods used in these
experiments were stated previously (Sirrnnons
(a)

&Strauss,

1972a).

Preparation of RNA

i) Preparation of 26S RNA
Chick embryo fibroblasts were infected with either the 1-ffi strain
of Sindbis virus or a temperature sensitive mutant of the virus, ts2
(Burge
1972a).

&Pfefferkorn,

1966) as previously described (Sinuoons

&Strauss,

3
The infected cells were labeled with 10 µCi/ml. of [S- H]

uridine ~pecific activity 24 Ci/nnnole) from 0.5 hr to 6.5 hr post
infection at 37°C for the wild-type (HR strain) .infection or at 39°c
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(the non-pennissive temperature) for the ts2 infection.

The cells

were collected and homogenized in a glass Dotmce homogenizer
(Sirrunons

&Strauss,

submitted for publication).

cells were pelleted at 1000 g for 10 min at

Nuclei and tmbroken

o0 c.

The supernatant was

made 0.5% with respect to sodium deoxycholate (Matheson, Coleman

&

Bell) and 1.0% with respect to soditun dodecyl sulfate and extracted
with phenol-chlorofonn at

o0 c

(Penman, 1966).

The RNA was precipitated

with 0.1 volmne of 2 M potassitun acetate (pH 6.0) and 2.5 vollllJles of
95% ethanol overnight at

-zo0 c.

The resuspended RNA was sedimented at

27,000 rev./min in a linear 15-30% sucrose gradient (Sinnnons
1972b) in a Spinco SW27 rotor for 8 hr at 23°C.

&Strauss,

The 26S RNA in the

gradient was pooled, precipitated with ethanol and resuspcnde<.1 in 0.15
ml. of 0.01 M-Tris, 0.005 M-Na acetate, 0.0005 M-EDTA and o.2i sodium
do<lecyl sulfate (pH 7.8).

Preparative gel electrophoresis

out as previously described (Sinnnons & Strauss, 1972a).

wLJs

carrieJ

'Ihe purified

26S RNA was dissolved in 0.005 M-Tris (pH 7.4) to a concentration of
approximately 20 µg/ml. and was intact as detennined by sucrose gradient-velocity sedimentation.
ii) Preparation of 49S RNA.
Purified Sindbis virus was the source of the 49S RNA used in
these experiments.

Chick fibroblasts were inoculated with virus at
3
a multiplicity of 1/100 and labeled with 4 µCi/ml. of [ S- 1I] ur.i<l inc
starting at 5 hr post infection.

At 20 hr post i.nfccbon, the culture

fluid was harvested and the virus precipitated from the medium with
8% polyethylene glycol (Pierce et al., 1974), and subjected to sucrose
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gradient-velocity sedimentation and to equilibrium density banding
(Strauss et al., 1969).

The banded viI1.1S was diluted 2-fold in 0.05

M-Tris, 0.25 M~NaCl and 0.001 M-EDTA (pH 7.2) and pelleted in a Spinco
SWSO.l rotor at 45,000 rev./min for 3 hr at 4°C.

The virus pellet was

resuspended in 1.5 ml. of 0.01 M-Tris, 0.06 M~NaCl, 0.001 M-EDTA and
0.2% sodiwn dodecyl sulfate (pH 7.2) and extracted by the Penman method
at

o0 c.

The RNA was precipitated with ethanol and resuspended in

0.005 M-Tris (pH 7.4) to a final concentration of 30 µg/ml.
(b)

Preparation of lysates of rabbit reticulocytes

One female New Zealand white rabbit (5.2 lbs) was made anemic
by daily injections of phenylhydrazine-hydrochloride (Matheson, Coleman
& Bell) as described elsewhere (Adamson ct al. , 1968).

'Jhc rabbit was

bled on the eighth day (Lingrel, 1972) and the blood rapidly cooled to

o0 c.

Reticulocytes constitutc<l 75% to 809i, of the blood ceJls as deter-

mined by staining with New Methylene Blue (Matheson, Coleman & Bell)
(Brecher, 1949).

The cells were pelleted by centrifugation at 500 g

for 10 min in the cold and washed according to Lingrel

&Borsook

(1963).

The packed cells were lysed with one volume of an ice cold solution of
5 x 10-S M-hemin (Nutritional Biochemicals Corporation) in 0.001 M-Tris
and 0.001 M-KCl (pH 7.0) (Adamson et al., 1968).

After 1ysis, cc11

debris and mitochondria were removed by centrifugation at 12,000 g for
10 min.

The supernatant (0.3 ml. aliquots) was frozen and store<l in

liquid nitrogen.
(c)

Composition of the in vitro reaction mixtures

The reaction mixtures contained 62 µl. of reticulocyte lysate
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and 20 µl. 0.005 M-Tris (pH 7.4), with or without dissolved messenger
RNA, in a total volume of 100 µl.

In addition, the cell free system

contained, as final concentrations, 0.001 M~ATP, 0,00025 M-GTP, 0.015
M-creatine phosphate, 60 µg/ml. creatine phosphate kinase (all from
Calbiochem) (Lingrel, 1972), 0.025 M-Tris, 0.1 M-KCl, 0.0025 M-Mg
acetate and 0.005 M-2-mercaptoethanol (pH 7.4).

Furthennore, 18 amino

acids (Sigma Chemical Co.) excluding methionine were added at concentrations given in Borsook et al. (1957) and either [methyl- 3HJ
L-methionine at a specific activity of 7.7 Ci/nunole or [ 35 s] L-methionine at 144 Ci/rrnnole (both from .Amersham-Searle) was added to a final
concentration of 10 to 20 µCi/ml.
Certain precautions were taken to destroy possible traces of
ribonuclease activity in the reaction mixtures.

The solutions of ATP,

GTP, creatine phosphate, creatine phosphate kinase and all nonradioactive amino acids with the exceptions of histidine, arginine and
lysine were extracted with 1 mg/ml. bentonite in 0.01 M-K acetate
(pH 7. O) (Fraenkel-Conrat et al., 1961).
heated at 100°c in 1 N-HCl for 30 min.

The basic amino acids were
Finally, all salt solutions

were autoclaved.
(d)

Acrylamide gel electrophoresis

The reaction mixtures were incubated at 27°C or 37°C for 2
to 2.5 hr.

Pancreatic RNase was then added to 4 µg/ml. and the

resulting mixture incubated at 37°c for 15 min.

1wo volumes of 10%

sodium dodecyl sulfate and 1/20 volume of 2-mcrcaptoethanol were added.
The solutions were heated for 1. 5 min at 100°c cmd dialyzed overnight
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against 0.025 M-Tris, 0.1% sodilDil dodecyl sulfate and 1.0% 2rnercaptoethanol (pH 6.8) at room temperature.

To concentrate the

samples, the proteins were precipitated by the addition of 8 to 10
voll.Diles of acetone and pelleted by centrifugation at 10,000 g for 10
min at -20°c.

The pellets were dried and resuspended in two times the

volllllle of the original reaction mixtures in 0.005 M-Na 2HP04 (adjusted
to pH 7.1), 3% sodium dodecyl sulfate, 5% v/v 2-mercaptoethanol and
10% v/v glycerol.

The samples were heated at 1000 C for 30 sec pnor

to electrophoresis in gels containing 9% acrylarrri de in the resolving
gel and 3% acrylamide in the stacking gel (Lacmmli, 1970).

Electro-

phoresis was at constant current for 20 to 25 mA-hr in cylindrical
6 nun by 13 cm gels.

The resolving gels were sliced (Mickle gel slicer)

into 1 nnn slices and cotn1ted for radioactivity in toluene-fluor
scintillation fluid containing 10% v/v NCS solubilizer (Nuclear Chicago
Corporation) and 1% H2o.
(e)

Labeling of Sindbis proteins in infected cells

Ha.Ill.5ter cells or chick fibroblasts were 1nfcctc<l with Sjndbj s
virus, either the HR strain or tsl06 as previously <lcscr.ibc<l (Simmons
& Strauss., 1972a).

\I]

The cells were labeled with 20 µCi/ml. of [methyl -

L-rnethionine (speci fie activity 7. 7 Ci/rmnolc) from 6 hr to 9 hr

post infection and washed as in part (a).

Cells were lysed by the

addition of 1 ml. per T-flask of 0.01 M-Tris, 0.06 M-NaCl, 0.001 M-EDTA,
1% sodium dodecyl sulfate and 5% v/v 2-rnercaptoethanol (pH 7. 2).

Prior

to gel electrophoresis, the samples were heated at 100°c for 1 min and
dialyzed as in part (d).
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3.
(a)

Results

Translation of wild-type 26S RNA

In cells infected with Sindbis viTilS, 26S RNA serves as the

predominant messenger (Kennedy, 1972; Rosemond
Mowshowitz, 1973; Sinnnons

&Strauss,

&Sreevalsan,

1973;

submitted for publication) and

has been postulated to be the messenger for the three structural
proteins of the virion.

To test its messenger activity in vitro, 26S

RNA was isolated from cells infected with the HR strain of the viTI1S,
purified by acrylamide gel electrophoresis and incubated in a lysate
of rabbit reticulocytes.

Sindbis-specific polypeptides were detected

when the polypeptides synthesized in this system were subjected to
electrophoresis in acrylamide gels (Fig. 1.).

Two separate reaction

mixtures were analyzed by electrophoresis in the same gel. One was
35
incubated in the presence of 26S RNA an<l l s] L-methioninc, und the
3
other was in the presence of [methyl- HJ L-methionine hut without added
RNA (Fig. la).

The pattern of labeled rabbit proteins was cssent.ialJ.y

simple.

Hemoglobin migrated with the dye front and accoW1ted for
approximately 90% of the 3H-methionine labeled material in the gel.
Most of the remaining 3H-label was associated with a protein with
molecular weight of 64,000 daltons (protein 1) and one of 20,000 daltons
(protein 2) (Lodish

&Desalu,

1973).

Figure lb shows that two major

polypeptides were synthesized in response to added Sindbis 26S RNA,
which together accotmt for approximately 7% of the incorporated
methionine label. 'lhis pattern was obtained by suhtracting, in each
35
gel slice, the
s ra(.U oact iv i ty present in rabb 1t- sped fi c protc ins
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FIG. 1.
27°C in vitro,

Protein synthesis directed by wild~type 26S RNA at
26S RNA was isolated from chick cells infected with

wild~type (HR strain) Sindbis virus and purified by preparative gel
electrophoresis.

The RNA was mixed with a lysate or rabbit reticulocytes and incubated at 27°c in the presence of [ 35 s] L-methionine~ A
second lysate was incubated in the presence of [methyl- 3H] L-methionine
without added RNA.

Both reaction mixtures were subjected to

electrophoresis in the same acrylamide gel (see Materials and ~thods).
In this and all other figures, the arrow represents the position of the
bromophenol blue tracking dye after electrophoresis.

The designatjons

shown in the figures for various rabbit or Sindbis . . specific proteins
are described in the Results section.
a)

( - - ) polypeptides labeled in the presence of 26S RNA;

(·····) polypeptides labeled in the absence of added RNA.
b)

Polypeptides made in response to 26S RNA.

The 35 s ra<lio-

activity present in rabbit proteins was subtracted from the total 35 S
radioactivity in each gel slice.
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from the total

35

s

The

35

s

label in rabbit proteins in
each slice was calculated by multiplying the 3H label by a constant
number such that the 3H label in hemoglobin was equal to the 35 s label
in hemoglobin.

radioactivity.

These calculations used the asswnption that the presence

of Sindbis messenger RNA in the reaction mixture had a unifonn effect
on the synthesis of all rabbit proteins.

M-iile this asswnption may not

be completely true, it is useful and allows for a more convenient
presentation of the data.
To identify the Sindbis-specific polypeptides made in vitro,
the reaction mixture was subjected to electrophoresis in the presence
of marker proteins labeled in hamster cells infected with Sindb:is virus
(Fig. 2).

The larger of the two major polypeptides synthesized in vitro

migrated with the same mobility as a Sindbis-specific protein having a
molecular weight of 100,000 daltons (Strauss ct al., 1969) which we
refer to as protein B.

'There is evidence that protein B contains the

amino acid sequences present :in the two envelope glycoproteins (protejns
M) of the virus (Schlesinger

&Schlesinger,

precursor to these glycoproteins.

1973} and thus serves as

The smaller of the two major polypep-

tides specified by 26~ RNA migrated with the same mobility as the
nucleocapsid protein of the virus (protein C) with molecular weight of
30,000 daltons (Strauss et al., 1969).

Since the two major polypeptides

synthesized in vitro comigrated with proteins of infected cells, we
assume that the in vivo and in vitro polypeptides are identical or
nearly identical, although proof of this assumption nrust await protein
sequence studies.
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FIG. 2.
made in vitro.

Identification of two major Sindbis-specific proteins
Sindbis 26S RNA was translated in a lysate of reticule~

cytes as described in the legend to Figure 1.

The reaction mixture was

subjected to gel electrophoresis in the presence of proteins labeled
with [methyl- 3HJ L"'methionine from 6 hr to 9 hr post infection in
hamster cells infected with Sindbis viTIIS.

(---) polypeptides

labeled in vitro in the presence of 26S RNA; (---r-.-) polypeptides
labeled in infected hamster cells.
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To provide further evidence that protein B synthesized in vitro
was Sindbis-specific, the reaction mixture was incubated with antibodies (IgG fraction) directed against Sindbis virus (antibodies were
prepared by C. Birdwell in our laboratory).

In the resulting innnlll1o-

precipitate, the polypeptide which comigrated with protein B was
enriched approximately 30~fold with respect to the total incorporated
radioactivity as detennined by acrylamide gel electrophoresis.

In

contrast, the nucleocapsid protein, an internal protein of the virion,
was precipitated very poorly by anti-Sindbis antibodies.
In addition to protein Band the nucleocapsid protein, two
other polypeptides with molecular weights of 40,000 and 22,000 <laltons
appeared to be made in response to acldccJ 26S RNA (Fig.

·1h).

Becaus(~

of the tmcertainties in subtracting the label in rabbit spcci fi.c
proteins, it is difficult to be sure these polypeptides are virus
specific.
cells.

They do not seem to correspond to proteins folll1d in infected

In other experiments with phenyl methyl sulfonyl fluoride

(1.5 mM) (Sigma Chemical Co.), an inhibitor of trypsin and chymotrypsin,
these smaller polypeptides were made in lesser amounts relative to
protein B (results not shown).

'Thus, they may represent cleavage

products of the larger B protein or of other polypeptides.

Al tcrna.-

tively, they could represent proJucts arising [rorn improper tenninatjon
of the polypeptide chain (Cance<lJa li Sch lcs i.ngcr, 1974).
1hese observations arc consistent with the hypothesis that 26S
RNA codes solely for the structural proteins of the virus or for their
precursors.

(b)
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Translation of ts2 26S RNA

In cells infected with certain mutants of Sindbis virus (ts2~
ts5, tsl3, and tsl06), the synthesis of viral nucleocapsids is
temperature sensitive (Burge
personal connnunications).

&Pfefferkorn,

1966, 1968; Strauss, E.,

At the restrictive temperature, these cells

fail to synthesize nonnal amolUlts of structural proteins and acclDTIUlate
instead a large polypeptide with molecular weight of approximately
130,000 daltons (Strauss et al., 1969; Waite, 1973).

Thjs polypeptide,

which we designate as the ts2 protein, generates tryptic peptides in
corrnnon with those of all three viral structural proteins (Schlesinger

&Schlesinger,

1973), and is thought therefore to represent a precursor

of these three proteins.

We therefore investigated the possibility

that the ts2 protein is a product of the translation of ts2 265 RNA
in vitro.
Ts2 26S RNA was isolated from cells infected with the mutant
virus at the restrictive temperature.

The purified RNA was translated

in a lysate of rabbit reticulocytes, as before.

When the reaction

mixture was incubated at 27°C, a permissive temperature, polypeptides
which comigrated with the nucleocapsid protein (C) and the B protein
were synthesized as predicted (Fig. 3).
the ts2 protein appeared to be made.

In addition, small amoLIDts of

Notice that in the gels shown in

Figures 3 to 5, the markers used are Sindbis-specific proteins lahelcd
in cells infected with tsl06 at the restrictive temperature.

lhc

tsl06 mutation does not completely shut off synthesis of the stn1ctural
proteins.
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FIG. 3.

Protein synthesis directed by ts2 26S RNA at 27°c.

Ts2 26S RNA was isolated from chick cells infected at 30°C with
Sindbis nrutant ts2 and translated at 27°c in a lysate of rabbit
35
reticulocytes in the presence of [ s] L~methionine. The reaction
mixture was subjected to gel electrophoresis in the presence of
3
proteins labeled with [methy1 . . H] L.-methionine from 6 hr to 9 hr post
infection in chick cells infected at 39°C with tsl06.
peptides labeled

Jn

(--- - ) poly-

vitro at 27°C in the presence of ts2 26S RNA;

(-----) polypeptides labeled in cells infected at 39°C with tsl06.
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When ts2 26S RNA was translated at 37°C, a restrictive
temperature, the presumptive ts2 protein was the only Sindbis~
specific polypeptide detected (Fig, 4).

The material in peaks 1 and

2 consist primarily of rabbit~specific proteins.

Little or no

nucleocapsid protein or B protein were made at the restrictive
temperature.

Thus, these observations correspond with the results

obtained previously on the synthesis of Sindbis-specific proteins
in cells infected with these mutants.

Furthcnnore, in pul sc-chase

experiments with either reticulocyte 1ysates or infected eel ls, the
label in the ts2 protein did not disappear when the temperature was
shifted from restrictive to permissive (Scheele

&Pfefferkorn,

1970,

and our observation).
Figure 5 shows that when wild-type 26S RNA was translated in a
lysate of rabbit reticulocytes at 37°C rather than 27°c, the polypeptides which comigrated with the nucleocapsid protein and the B
protein were both made as predicted.

A large polypeptide with molecular

weight of 130,000 daltons di<l not accumulate as was the case when the
messenger was ts2 26S RNA.

The relative amow1t of B protein to
0

nucleocapsid protein in the reaction mixture was greater at 37 C than
at 27°C, however.

At 37°c, the molar ratios of the two proteins was

approximately 1 to 1, as the case would be if they were derived from a
common precursor.

It is therefore possible that the RNA chains were not

completely translated at the lower temperature.

If this is true, then

the cistron for the nucleocapsid prote1n is on the 5'-terminus of the
26S RNA molecule in agreement with Sch I es i ngcr

fj

Sch les i ngcr ( I ~72).
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FIG. 4.

Protein synthesis directed by ts2 26S RNA at 37°c.

The experiment was performed as described in the figure legend to
Figure 3 with the exception that the reaction mixture was incubated
at 37°C instead of 27°C.

(---) polypeptides labeled in vit.!-9_ at

37°C in the presence of ts2 26S RNA;
in cells infected at 39°C with tsl06.

(~~~-r)

polypeptides labeled
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FIG. 5.
37°C.

Protein synthesis directed by wild-type 26S RNA at

The experiment was perfonned as described in the figure legend

to Figure 3 with the exception that the reaction mixture was incubated
at 37°C with wild-type 26S RNA.

( - - ) polypeptides labeled in vitro

at 37°C in the presence of wild.-type 26S RNA; (-.-r-.-) polypeptides
labeled in cells infected at 39°C with ts106.
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(c)

Translation of Sindbis virion RNA

Nothing is known of the products of the translation of 49S RNA
in infected cells.

It seems likely from the foregoing results that

Sindbis-specific proteins detected in infected cells are translation
products of 26S RNA.

The proteins specified by 49S RNA have probably

been l.Illdetected because of the high background of host protein synthesis
occurring early in infection, and because 49S RNA accoW1ts for only a
fraction (10% by weight) of the messenger RNA in infected cells (D. T.
Sirrnnons

&J.

H. Strauss, submitted for publication) .

Sindbis 49S RNA was isolated from purified virus and incubated
at 27°C in the presence of a lysate of rabbit reticulocytcs.

The poly-

peptides labeled in the presence of the RNA were compared to those made
in its absence as described above, and at least 8 or 9 v.i rus-spccjfi c
polypeptides were detected (Fig. (l).

The positions in the gc] of the

nucleocapsid protein (C) and glycoprotc.ins (M) were <lctcrm.ine<l from a
separate gel.

The virus-specific polypepti<les specified by 49S HNA

varied from 60,000 to 180,000 daltons in molecular weight.

Neither

protein B nor the structural proteins were made in response to Sindbis
49S RNA.

Nevertheless, it is possible that some of the polypeptides

made in vitro contained sequences in corrnnon with the structural
proteins of the virion.

However, none of these polypepti<les correspond

with any Sindbis-specific proteins labeled .in infected cells.

Together,

these products exceed the total coding capac i ty of the genome an<l thus
some of the larger polypeptides are precursors to others and/or they
accumulate as a result of polypeptide chain tcrndnation at various
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FIG. 6.

Protein synthesis directed by Sindbis virion RNA.
Sindbis virion RNA (49S RNA) was incubated at 27°c with [ 35 s]
L-methionine in the presence of a lysate of rabbit reticulocytes.
3
A second lysate was incubated in the presence of [methyl- HJ L-methionine without added RNA.

Both reaction mixtures were subjected to

electrophoresis in the same gel.
a)

( - - ) polypeptides labeled in the presence of 49S RNA;

(·····) polypeptides labeled in the absence of added RNA.
b)
Fig. 1).

Polypeptides made in response to 49S RNA (sec legend to
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internal sites in the messenger RNA.

No differences were observed when

49S RNA was translated in the presence of phenyl methyl sulfonyl
fluoride indicating that any cleavage which occurred was catalyzed by
enzymes different from trypsin or chymotrypsin.

When 49S RNA was

translated at 37°C, the larger polypeptides were labeled more heavily
than the smaller ones (results not shown), although at that temperature,
relatively less methionine label was incorporated into Sindbis-specific
polypeptides.
4.

Discussion

Wild-type Sindbis 26S RNA was translated in vitro by ribosomes
of rabbit reticulocytes into two major polypeptides which comigrated in
acrylamide gels with two proteins fotnld in infected cells.

These in

vivo proteins are the nucleocapsid protein and a protein (protein B)
which contains the same amino acid sequences present in the two glycoproteins of the virus (Schlesinger

&Schlesinger,

1972).

The poly-

peptide made in vitro which comigrated with protein B can be precipitated from the reaction mixture with antibodies (IgG fraction) directed
against Sindbis virus.
Under certain conditions, 26S RNA specified, in ~~tro, a polypeptide chain with a molecular weight of 130,000 daltons.

1his poly-

peptide chain migrated with the same electrophoretic mobility as a
protein (the ts2 prote:i.n) isolated from cells infected at the restrictive
temperature with certain temperature sensitive mutants of Sindbis virus
(ts2, tsS, tsl3, and tsl06) (Strauss et al., 1969).

The ts2 protein
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contains the amino acid sequences present in all three viral structural
proteins (Schlesinger

&Schlesinger,

1973).

The large polypeptide

which appears to be the ts2 protein was the only Sindbis-specific
product synthesized in vitro at the restrictive temperature in response
to 26S RNA isolated from cells infected with ts2.

This polypeptide

was also made at the permissive temperature in response to ts2 26S RNA.
A polypeptide of the same size was also synthesized in very small
quantities in response to wild-type 26S RNA (results not shown).
However, in the last two cases, the majority of the label in Sindbis~
specific polypeptides was in the presumptive nucleocapsi<l and B
proteins.
In light of the fact that polypeptide chain cleavage has not
been previously observed in reticulocyte lysates, it is possible that
the nucleocapsid and B proteins are generated i~ vitro as a result of
internal chain tennination and reinitiation signals in 26S RNA.

Another

possibility is that the polypeptide which comigrates with protein Bis
formed as a result of random termination events.

The most reasonable

interpretation of these results is that wild-type 26S RNA directs the
synthesis of a single polypeptide chain which is cleaved at some point
in time, to produce the nucleocapsid and B proteins.

Such an inter-

pretation is suggested from the approximate 1 to 1 nx:>lar ratio of the
presumptive Band nucleocapsid proteins made in response to 26S RNA at
37°C, and from the restriction that animal virus messenger RNA probahly
lack

internal chain termination and :in1tiatjon signals for translation

(Surrnners & .Maizel, 1968; Jacobson & Baltimore, 1968).

It may he <lif-
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ficult, however, to distinguish one mechanism whereby a large protein
is first synthesized and then cleaved, from a second mechanism where
cleavage occurs in nascent unfinished chains.

Since the large poly-

peptide directed by ts2 26S RNA at the restrictive temperature was not
cleaved by shifting to the pennissive temperature, we can hypothesize
that the chain acquired an irreversible configuration which was not
recognized by a cleavage enzyme.

It is also possible that the ts2

protein serves as its own protease and that cleavage docs not rcqu-ire
an external source of a specific cleavage enzyme.
A study of the initiation of Sindbis-specific polypeptide chains
in reticulocyte lysates should distinguish between the internal
initiation/tennination and cleavage hypotheses.
In infected cells, protein Bis, at some stage, cleaved to E
1
and to PE 2 , the immediate precursor to one of the viral glycoproteins
(E 2) (Schlesinger & Schlesinger, 1972).

Proteins E and J~ arc
2
1
collectively referred to as Min Figs. 2 and 6. In reticulocyte lysates,
this cleavage apparently did not occur.

In infected hamster cells,

E and E2 are completely glycosylated, Pl: 2 is only part-ially g1ycosyl:JteJ
1
and protein B is not at all glycosylated (Sefton & Burge, l 973; .J. Bel I ,
personal comnrunication).

A possible interpretation of these results is

that protein Bis first partially glycosylated and then very rapidly
cleaved.

At the present time, we do not know whether or not protein B

is glycosylated in vitro.
Approximately 8 or 9 Sindbis~specific polypeptides, ranging i n
molecular weight from 60,000 to 180,000 daltons, were synthesized in
vitro in response to virion 49S RNA.

'The structural proteins of the
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virus or their precursors were not made as such in the reaction
mixture.

If none of the polypeptides specified by 49S RNA contained

the amino acid sequences present in the structural proteins of the
virus, then the portion of the 49S RNA molecule corresponding to 26S
RNA was not translated in the reticulocyte lysates,

If this is true,

either there is an internal initiation or tennination codon in the
virion RNA, or translation stops prematurely along the chain.

Nothing

is lmown of the ftmction of any of the polypeptides made in response to
49S RNA.

If they are synthesized in infected cells, they exist in

quantities too small to detect.

Further investigations are necessary

to characterize all the proteins specified by Sindbis RNA.
Cancedda and Schlesinger (1974) have recently ohserve<l the
production of nucleocapsid protein in reticulocyte lysatcs with ad<le<l
Sindbis messenger RNA.
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Replication of Sindbis Virus
II. Multiple Forms of Double-stranded RNA Isolated from Infected Cells
DANIEL

T.

SIMMONS AND JAMES

H.

STRAUSS

Division of Biology, California Institute of Technology
Pasadena, Calif. 91109, U.S.A.
(Received 14 February 1972, and in revised form 10 July 1972)
Three species of double-stranded RNA (replicative forms) have boen isolated
from cells infected with Sindbis virus after treating the uxtracts with pu.rwreatic
ribonuoloase. Their molecular weights have been estimatocl to be 8·8 x I 06 , o·O x I Ott
and 2·9 x 106 daltons (RFI, RFII and RFIII, rospoctivoly). H,U'II and Rlflll
were found to exist in a ono-to-ono molar ratio throughout tho infection cyolt1,
although the total amounts of those roplicativo forms varied. The moln.r ratio .
of RFI to the other two roplicativo forms was difforont u.t various timos uft1H•
infection. However, in the mi<l<llo of tho viruH lifo-eyelo, from two to ttix hount
post-infeotion, this ratio wns con.stunt at 0·4 to I.
Sedimentation analysis of pulso-labolrnl RNA from SindbiH-infootll<l <:olls
indicated that all replicative intnrmodiu.tos had moloculnr woightR gron,tm· Uu.m or
equal to 8·8 X 106 daltons. Since 11.ll throe replicu.tivo forrnH wem lihorutod from Uu,
poak of roplioativo intermodiu.t,es by troatmont with ribonuclou.Ho, thiH 1mggt.,Htod
that RFU and RFIII wore joined together bofore digo1:1tion. Tho constant onoto-one molar ratio of RFII and RFIII supported this hypothesi1-J. Kinetic
experiments demonstrated that while RFI and RFIII woro la holed equally rapidly,
RFII was labeled some 20 to 50 times more slowly.
Hybridization competition experiments showed that the minus strand of
RFIU is complementary to 26 s RNA, a species of single-stranded RNA found
in infected cells, and that the minus strand of RFU is complementary to the
remainder of the 49 s viral genome. We postulate, therefore, that a precursor-·
product relation exists between RFI and 49 s RNA, between RFIII and 26 s
RNA and between RFU and a third species of Sindbis-specific RNA, which wo have
not yet detected. Our results are consistent with the hypothesis that two classes
of replicative intermediates exist in Sindbis-infected cells. One serves as the
template for the synthesis of 49 s RNA, and the second manufactures two smaller
segments of viral-specific RNA.

1. Introduction
The replication of viral RNA is known to involve the synthesis of and subsequent use
of the complementary strand (minus strand) as a template. This cornplomentary
strand is associated with one or more plus strands of varying longt}u; but is largely
present in a single-stranded form inside the coll (Weissman, Feix & Slor, 1968). Aftt~r
the removal of protein, complementary regions of the plm1 and minuH 1-1tran<lH join to
form a partially double-stranded structure (Montagnier & Sanders, 1963; Erikson,
Fenwick & Franklin, 1964) which is called a replicative intermediate, or Rit, if single-

t Abbreviations used:

RI, replicative intermedia.to; Rli' replicative form.
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stranded tails are present. The single-stranded tails can be removed by controlled
degradation with pancreatic RNase. This produces fully double-stranded molecules
(cores, duplexes, or RF's for simplicity) with single-strand breaks, since doublestranded RNA is only partially resistant to the action of RNase at moderate ionic
strength (Geiduschek, Moohr & Weiss, 1962).
The replicative intermediates of Sindbis virus have been found to sediment between
20 sand 28 s (Pfefferkorn, Burge & Coady, 1967; Yin & Lockart, 1968), while those
from Semliki Forest virus were reported to secliment between 16 sand 23 s (Friedman,
1968). Little has been reported on the characterization of arbovirus-specific doublestranded RNA cores. Only recently, Levin & Friedman (1971) have observed, by sucrose
gradient-velocity sedimentation and by polyacrylamide gel electrophoresis, two or
three species of RNase-resistant material in extracts of cells infected with Semliki
Forest virus.
In the preceding paper (Simmons & Strauss, 1972), we showed that 26 s RNA, a
species of single-stranded RNA made in Sindbis-infocted cells, is a segment of viral
RNA equal to one-third the size and containing one-third of the sequence informa,tion
of the entire viral genome (49 s RNA). We report hero on the existence of three specie,;
of double-stranded RNA (RF's) in RNase-treated extracts of Sindbis-infoctod cells.
We give estimates of their molecular weights and of the molecular weights of the
replicative intermediates. The relative amounts of the three RF's and their kinetics of
labeling are described. Based upon our results, we present a model for the replication of
Sindbis RNA, which is further supported by hybridization data. This model describes
the origin of the RF's and their relation to the rep)icative intermediates and to tho
species of single-stranded RNA.

2. Materials and Methods
Most of the materials and methods used have been previously described (Simmons &
Strauss, 1972). These include cell culture conditions, cell lysia, polyacrylamide gel electrophoresis, procedures for the preparation of single-stranded RNA and conditions for
hybridization. Modification of these methods specifically for partially or fully doublestranded RNA are detailed below.
(a) Lysis and extraction of the RNA from Sindbis-infected cell8
Cells infected with Sindbia virus were washed with a cold solution of 0·01 M-KCI,
0·0015 M-Mg01 2 , 0·01 M-Tris (pH 7·4) and wero lysod with Tris/NaCl/EDTA buffer (0·01
M-Tris, 0·06 M-NaCl, 0·001 M-EDTA (pH 7·2)) containing l % sodium dodocyl sulfate. The
lysate was extracted 3 consecutive times with cold phenol equilibrated with O· l M-Tria,
pH 7·2. In turn, the phenol layers were extracted with the same vol. of cold 0·01 M-Tris,
0·06 M-NaCl (pH 7·2). The aqueous phases were combined and extracted once with fresh
ether. Alternatively, the phenol/chloroform extraction technique of Penman (1966) was
used at room temperature. For analysis of the RNA by polyacrylamide gel electrophoresis,
it was necessary to carry out the phenol/chloroform extraction at 55°C.

(b) Preparation and anal,ysis of the replicative forms
For analysis of the RF's by sucrose gradient-velocity sedimentation, the RNA was
treated with 10 µ,g pancreatic RNase/ml. in 0·01 M-Tris, O· l M-NaCI, 0·01 M-MgCl~,
0·001 M-EDTA (pH 7·2) and incubated for 15 min at 37°C. It was made 0·5% in sodium
dodeoyl sulfate and immediately subjc-'loted to sedimentation.
For the separation of the RF's by polyaorylamido gel electrophorosis, the HNA Holution
was incubated in the presence of 50 µ,g DNaso/ml. as well. Sodium dodeoyl sulfa.to wa11
added to a final concentration of 1 % and the RNA was t1xtnwted twiou wit,h phnnol 11,rnl
once with ether at room temperature. '£he RNA was precipitated with ethanol, oolleot{'Jd by
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centrifugation and resuspended in a small vol. of sample buffer for electrophoresis (0·01 MTris, 0·005 M-sodium acetate, 0·0005 M-EDTA (pH 7·8)).
(c) Sucrose gradient-velocity sedimentation
A sample of the radioactively labeled RNA in Tris/NaCl/EDTA buffer containing
0·2% sodium dodecyl sulfate was layered over a 15 to 30% linear sucrose gradient in tho
same buffer and sedimented at 40,000 rev./min in a Spinco SW41 rotor at 23°C for 8 or
10 hr, depending upon tho sample. The bottom of tho tube was pierced with a Rizo "0"
insect pin, and 60 to 80 fractions (4 to 5 drops each) were collect ed dir€1ctly in scintillation
vials. One-half ml. of water and 10 ml. of Bray's scintillation fluid (Bray, 1960) wero adclod
to each vial for counting radioactivity.
(d) Polyacrylamide-agaro8e gel electrophoresis
The method used for preparing the gels has boon described (SimmonA & StmuHs, 1972)
except that tho gels consisted of l ·60% acrylamide, 0·08% bis-acrylamido and O·G'¼,
agarose, and sodium dodecyl sulfate was omitted from all buffers. Thoso golf.~ wol'O Rli<'.ocl
with a gel slicer, the slices dissolved in l m l. of dimethylsulfoxido and countorl in 10 ml.
of Bray's scintillation fluid.
For hybridization studies, double-stranded RNA was proparod from infoctod c:oll
extmcts as previously described (Simmons & Strauss, 1972), and Aoparatod by polyacrylamido gel electrophoresis. Gels wore sliced and tho RNA olutod from tho Rli1:nH with
0·001 M-EDTA, pH 7·0, for at least 12 hr at room t,omporature. Altornativ<1ly, llNA w1tA
collected from the bot,tom of a gol using a prepa1'1.1,Livo gol apparo.tuA. Tho latto1· rnot,bocl
prevented the contamination of the RNA proparution with acrylamido and u,g1.1,ro1-10 dobriH
and allowed the RNA to bo used at a higher concentration.

3. Results
(a) Jdentification of the three replicative f ormB

In RNA virus systems studied so far, the RF's (the double-stranded RNA cores
remaining after treatment of RI's with RNase) have been found to have twice the
molecular weight of the single-stranded RNA (or RN A's) found in the virion (Bishop
& Koch, 1967; Franklin, 1967; Pons & Hirst, 1968). Since Sindbis RNA has a molecular weight of about 4·3 X 106 daltons (Simmons & Strauss, 1972), we expected to
find a single species of RF with a molecular weight of 8·6 X 10 6 daltons. To our surprise,
however, we found not one but three species of Sindbis-specific RF 's (Fig. 1). This
Figure shows the pattern obtained when RNA is isolated from hamster cells infected
with Sindbis, treated with RNase and then sedimented in a sucrose gradient. The RF
isolated from Escherichia coli infected with bacteriophage MS2 (MS2 RF, a generous
gift from Dr Jane Cramer) was added as a marker. The three Sindbis RF's have sedimentation coefficients of 23·5 s (RFI), 20·1 s (RFII) and 16·0 s (RFIII); MS2 RI? ha8
a sedimentation coefficient of 14·5 s. These values were determined from other
gradients with E.coli rRNA as markers.
Studier (1965) found that the sedimentation coefficient of double-stranded DNA
varies as the 0·346 power of the molecular weight. Assuming that this relation holds
for double-stranded RNA, and using the sedimentation coefficient of MS2 RF and its
known molecular weight of 2·2 X 106 daltons (Strauss & Sinsheimer, 1963; Gesteland &
Boedtker, 1964) for calibration, we have determined tho molecular weights of the
Sindbis RF's. RFI has a molecular weight of 8·8 x 106 daltom~, RFII of 5·6 x 106
daltons and RFIII of 2·9 x 10 6 daltons. RFI has twice the molecular weight of
Sindbis RNA and must, therefore, be the "classical" RF.
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Frn. I. Identification of the three RF's. Hamster eolh:i (BHK2I) wero infoetod with Sindhis virufl
at a multiplicity of 10 plaque-forming units/cell and l11holnd with 100 /LCi/ml. of [o- 3 H]uridino
for 8 min starting at 6 hr after infoction. The RNA was purifind by thn sodium dodoeyl 1rnlfu.to/
phenol method at 0°C and then troatod with RNase ( 10 µ,g/ml. for 15 min at :37"C). It wuH 1:m<limented in a linear sucrose gradient (15 to 30% 1mcr0Ho in Trii:1/NaCl/l•~J)TA l,ulfor a11d 0·2f¼,
sodium dodeoyl sulfate) for JO hr at 40,000 rov./mi11 in tho Rpin,~o HW41 rotor ut, i:r·c ( --).
14 C-labeled MS2 RF was addod as u. molncular wnight rrmrkor ( .. ·- - - ). Tho arrow i11di,!1ttnk Uw top
of the gradient in this and o.11 subsoquont sucrose gradiont po.tt.oruH.

We have been able to obtain excellent separation of the three SindhiH RF'H w1i11g
polyacrylamide-agarose gel electrophoresis (Fig. 2). RFIII migrates moHt rapidly
and RFI most slowly. The single-stranded viral RNA (49 s RNA) migrateH approximately twice as rapidly as RFIII in a gel of this concentration. Variation8 in the
relative sizes of the three peaks are due to different labeling conditions (see below).
(b) Rel,ative amounts of the replicative forms at various times after infection

Since the infecting viral genome is 49 s RNA, RFI should be the first RF made in the
infection cycle. To investigate this possibility and to determine the relative amounts
of each RF at different times after infection, we examined RNA prepared from chick
cells infected for varying lengths of time. This RNA had been labeled continuously
starting at I hour after infection. Each preparation was assayed for its total and its
RNaae-resistant radioactivity (Fig. 3(a) and (b), respectively). Uptake of uridine was
linear from l ·5 until 5 to 6 hours after infection, whereas incorporation into RNaseresistant material was linear from l ·5 to 4 hours. Notice that thfi net amount ofRNaseresistant RNA remained constant from 4 to 10 hourH. After 10 hour8, tho amount of
label in both RNA and in RNase-resistant RNA declined bocawm of loHH of cells from
the monolayers.
To determine the amounts of ea.oh RF in tho pmparatio11, tho RNa1m-reHistant RN A
was analyzed by sucrose gradient-velocity sedimentation. 'fhe amount1:-1 of label in
RFI and in RFII are plotted in Figure 3(b) for nu.ch time point. For clarit.y, the pointA
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corresponding to RFIII (the smallest RF) are not included, but, from the following
discussion, it will become clear that they fall below the respective points for RFII. In
the middle of the infection cycle, from 4 to 6 hours, the amount of each of the RF's did
not vary. After 6 hours, the amounts of RFII and RFIII decreased while the amount of
RFI increased, although the total label in RF remained constant.
The molar ratios of RFI to RFII and of RFII to RFIII were also calculated and are
plotted in Figure 3(c). Throughout the infection cycle, the molar ratio of RFII to

RF!
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2000
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Frac11on no .

Fm. 2. Sopnrat,ior( of tho t,hroo HF'H liy poly11,cry lar11 ido - a~1troHo g11l <Jl11ct.rophon,HiH. I I,unMt,nr
c1nllA woro labolocl with 100 µCi/ml. of [5- :·l l!Juriclino for :o-i rni11, Hl,1.1,rt,i11g nf, IS hr 11.f"t.1 ,r i11frn1t.iori.
Th" sodium do<loeyl sulfo,te-lyRato WlLA oxt.mot,ocl with phnnol/nhloroforrn ut f,fj''C. Tho H.NA w1.1,H
t.rNitecl with RNase (10 µ,g/ml.) and DN1uio (ISO µ.g/1111.) 1t11d rn-oxtrlLf~tocl wiLh phn111,lf1 ,Lh11r.
Etoctrophorosis was from 10ft (oathodo) to right (o.nodn) for I :l hr at; 10 rnA in a :1/H in. dinrn,,tor
gel containing 1·6% acrylamid.o, 0·08% bis-o.crylarnide anrl 0·li% agaroso. The top of tho gol iH at

fraction one; only tho lower half of the gel is shown.

RFIII was a constant one-to-one. The significance of this result will be discussed
below. It is also evident that RFI was the predominant RF early in infection, aR we
predicted, but interestingly enough, it was also predominant late in infection.
As a check on the relative amounts of RF present early in the infection cycle,
another experiment was carried out with the label added at the beginning of the
infection cycle (rather than at 60 min aft.er infection). The same resultR as those given
in Figure 3 were obtained.
(c) Relative rates of RNA "'ynthesis on the replicative f orrn tempw,fo'f

Nascent viral RNA from colls infoctod with Hinglo-Htrundod RNA viruH(JH iH locat<:d
in replicativo intormedi11tes (Fenwick, Erikt-1011 & Franldin, 1064; Oil'lud, Ha.1t.i111oro &
Darnell, 1967; Stampfer, Bu.lt,imorn & Hwing, lHOO). Aftor· RNaHo dig0Htio11, rnucl1 of
this newly synthesized material remains as1:1ooi11te<l with tho doublo-strandod c01·0H or

,o
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RF's. The rate at which label is incorporated into an RF should thus be a direct
measure of the rate of single-strand synthesis from this template. We therefore
examined the kinetics of labeling of the three Sindbis RF's at 6 hours after infection.
For the purpose of comparison the mass distribution of the RF's isolated from hamster
cells at this time is shown in Figure 4. The molar ratio of RFI: RFII: RFIJI was found
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Fm. 3. Relative amounts of the RF's at various times after infection. Chick embryo cells were
infected with Sindbis virus at a multiplicity of 10. At I hr after infection (arrowH), f 5- 3 H]uridine
was added to a final concentration of 20 µCi/ml., and at various times thereafter, cell monolayers
were dissolved with Tris/NaCl/EDT A buffer containing I% sodium dodecyl sulfate. The RNA was
purified by the phenol/chloroform method at room temperature. Acid-insoluble radioactivity in
total RNA (a) and in RNase-resistant RNA (b) was determined. In addition, a portion of uach
RNA sample was analyzed by sucrose gradient-velocity sedimentation following troatmont with
RNase to determine the relative amounts of the RF species. Total radioactivity in RFI, RI◄'Il and
in RFIII (RFIII not shown) was determined (b), and the molar ratioH of the various R~,'s worn
calculated (c). Explanation of the symbols is as indicated in tho l◄'iguro. Values of tho molar ratio of
RFI to RFII are given for 2 difforent expc~rirnouts (opon and elosod eirc:los).

to be 0·4: I: 1, as was the case for the RF's isolated from infectocl chick mnbryo ciells
(Fig. 3(o) ).
When hamster cells were puhmd for I minuto or 2 min11tos at 6 hour1-1 aftor infoction,
the pattern of newly iucorporntod label in R :l◄''A (Vig. u(u.) u.nd (b) ancl Tu.hlu I) was
very different from the mass label in Rl◄''!:1. No RFI I" was <letuctahlo afior a l-minutc
pulse and very little was dotectablo after 2 minutes. Jn both cases, the majority of the
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label was in RFIII (the smallest RF) . In RF's pulsed for 8 minutes and 38 minutes
(Figs I and 2), a rise in the relative amounts of RFII was readily observed. The kinetics
of labeling of RFII are shown in }figure 6 (data for the early points are also given in
Table 1). Figure 6 shows a plot of the molar ratio of radioactivity in RFII to RFIII
(label in RFII to label in RFIII, normalized t o their respective molecular weights)
for several pulse lengths. As the pulse length increases , this ratio increases linearly and
reaches an equilibrium value of one at 45 minutes. Since most of the RFIII molecules
are labeled in a relatively short period of time, it takes approximately 45 minutes to
completely label the RFII molecules. This reprrnient8 a maximum estimate for the

320
RF 11

240
RFl

RFIII

..,:r:

10

20
Fraction no.

Fm. 4. RF's present at 6 hr after infection. Hamster cells were labeled continuously with
20 µ,Ci/ml. [5- 3 H]uridine between 1 and 6 hr after infection. The RNA was purified by the phenol/
chloroform extraction method at room temperature, treated with RNase and sedimented in a
sucrose gradient as described in the legend to Fig. I.

average time required to synthesize a product molecule from an RFU template. ff we
assume that initiation of product chainA iH rate limiting and iB random among the pool
of RFU molecules participating in product syntheBis, then the average timo roquirod
for one product molecule to ho synthosize<l from u.n RFII template would IJo approximately 30 minutes.
RFIII incorporates 2 to 3 times moro label than H.Fl in very short pulHoH u.t thiB
period of the infection cycle (Table 1). At this timo, the mass ratio of 26 s RNA (the
product molecule of RFIII, see below) to 49 s RNA (the product of RFI) is 2·5 to l.
Thus, the pulse data accurately reflect the relative rates of product synthesis. In longer
pulses, the ratio of counts in RFIII to RFI changes (Table I) in the direction of the
mass ratio of these two RF's (0·83 to 1). Since the mass ratio of26 s RNA to 49 s RNA
is 2·5 to 1 and the mass ratio of RFIII to RFI is 0·83 to 1, RFIII is 3 times more active
in RN A synthesis than RFI in terms of product chains per RF molecule.
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FIG. 5. One- and two-min pulse-labeled RF's. Preparation of the RNA and centrifugation is as
described in the legend to Fig. I, except that tho pulse of [5 -3 H]uridine was eithor l min (a) or
2 min (b) long.
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]'IO. 6. Relative labeling kinetics of Rl!"II and U:Flll. Hamster oolls wore infeotod tind la.bofou
as described in tho legend to Fig. 1, except that tho pul1m longth, beginning at Ohr o.ftor infootion,
was varied between 2 and 90 min. RF'R woro propnrod an<l o.no.lyzocl by sucroeo gru.clinnt-volonity
sedimentation (2-, 4-, 0-, 8-, 15-, 00- u.rnl 00-min so.mplos) or by polyaoryla.mido gol u)(l(:trophoroHis
(30- and 38-min samples). The molar ratio of labolo<l Hl◄'II to la.holed Rl◄'III waH ,fotorrninod in
ea.ch case and plotted versus the length of tho pulsfl. ~rhis ]'iguro inclu<lt~s data from 4 clifforent
experiments.
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I
Uridine incorporation into Sindbis RNA's during short pulses
TABLE

Length of pulse (t)
(min)

Total 3 H
(eta/min incorporated)

% RNa.se
resistance

1
2
4
6
8

2,000
24,000
64,000
112,000
240,000

89

RFI : RFII : RFIII
(ratio of 3 H eta/min)
1:
1:
1:
1:
1:

42
30
27
18

:
0·25 :
0·30:
0·31:
0·50:

2·17
3·08
1·82
1-152
1·64

lu1

(sec)

43
40
60
t.14
54

r:

BHK2l cells woro pulso-lo.bolod at Ohr after infootion with 1H]uriuino for tho lnngth of ti111u
shown. 'l'otu.l ote/min in RNA, in RNa1:10-rcit1ietant HNA an<l in ou.oh of tho HJ◄''H worn dotor111i111>J.
1'ho nvorago timo to synthesizo one liinglo-strando1l RNA 111olooulo from H.U'III (lw) wm1 ,~nlculu.tod
by using the following roln,tions:
%RNasorosisto.noo
H.Naso-rosistunt otH/111i11
-·
·
100
·
- HNu.so-rosistant cta/min -j-H.NnHo-sonKitivo cts/min,
+ HFIII
- - - - -- - -RFI
--· ·+ RFII
--- - ··-·-·•- - - - -···- - ·-·- ---- ·· RF! +RFII + RFIII +RFI (X - l) + H.l!'II ( Y -1) +H !◄'III (Z - I),
RFI +RFII +RFIII
X RFI+ Y RFII +z RFIII,
and tm = t/Z
where X, Y, Z a.re, respectively, the number of product molecules ma.de in time t from each
labeled RFI, II and Ill, and where RFI, RFII, RFIII are the eta/min in these RF's. Y is negligible
compared to X or Z, and Xis approximated by Z/3.

RFIII is labeled much more rapidly than RFII, indicating that proportionately
more product is synthesized from RFIII templates than from RFII templates. In tho
shortest pulse in which RFII was detectable (2 min), there was 12 times as much
radioactivity in RFIII as in RFII (Table I).
The rate of synthesis of RNA on RFIII templates was determined in two w,iyH. 1n
one experiment, cells were labeled with uridino for one hour starting at 5 hours after
infection. The amount of label incorporated into 26 s RNA was 43 times greater than
the radioactivity incorporated into RFIII. If only the plus strand of the RFJlI
template was labeled in this experiment, the average time required to synthoi:~ize a 26 s
RNA molecule from an RFIII template was 85 seconds (60 min divided by 43). This
is an upper limit on the time required. If 26 s RNA is unstable and turns over or if
the minus strand in RFIII is labeled in whole or in part under these conditions, the
actual time to synthesize a 26 s RNA molecule will be less.
We can also estimate the time for synthesis of a 26 s RNA molecule from the data in
Table 1. Total incorporated radioactivity, the percentage RNase resistance, and the
distribution of radioactivity among the 3 RF's is shown for RNA labeled during 1-, 2-,
4-, 6- and 8-minute pulses. For this calculation we assume, as a first approximation,
that the pool size of radioactive uridine was constant during the pulse and that each
growing chain releases the previously synthesized plus strand upon termination (or, to
state it differently, that the first strand equivalent of label incorporated into the RF is
RNase-resistant, as indicated by the 89% RNase resistance of the label in the ono
minute pulse: further incorporation of label in longer pulses loads to tho appoamnco of
RNase-sensitive RNA). The equations in Table I WAre derivnd m~ing theso asHumptiouH
and the fact that tho radioactivity incorporated per moloou]o of lUll is tho Hamo for
RFI and for RFIII and is significantly greator than for RF'JI. :From thoso oquatium1,
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the time required to synthesize a product molecule on RFIII is approximately 50
seconds. If the pool size ofradioactive uridine increased during the pulse, this estimate
will be too high, and the actual time required will be less than 50 seconds.
It is difficult to tell whether the pool size of labeled uridine is constant during a pulse
under our conditions. In the experiment in Table 1 and in other experiments (not
shown), radioactivity is incorporated linearly between l minute and 6 minutes after
the start of the pulse, suggesting a constant pool size during this time. After 6 minutes,
however, the incorporation is no longer linear.
We conclude that it takes on the order of l minute to synthesize a product molecule
on an RFIII template. !since RFII and RFIII are found in equimolar proportions and
it takes on the order of 30 minutes to synthesize the product of RFU template, we
would expect on the order of 20 to 50 times more product moleculeA from RFIII aH
from RFII.
(d) Replicative intermediate,'/

In all previously described RN A virus sy1:1toms, oach RU' h1 derived from RI molt.=,cmloH
possossing tho sam() double-strandod backbone aR the\ RF. rrtwso Rl'H vary frorn U10He
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Frn. 7. Ana.lysi~ of 2- and 8-min pulse-la.boled HNA. Hamstor cells woro iufocted and lu.lwled u.H
in Fig. I, except that the pulse length was 2 or 8 min beginning 6 hr after infoction. Tho RNA
was prepared by the cold sodium do<locyl sulfate/phenol method and sodimontod in a 15% to :JO%
sucrose gradient for 8 hr at 40,000 rev./min (--). 14 C-labolo<l 26 H HNA, u. Hin<lbis-spocifie Hpecills
of single-stranded RNA, was a<l<lod as a marker(-·- ·---). Tho Hi:t.e of tho 1mmplo llHo<l wu.s vurio<l
so that approximately equal amount.a of rarlioactivity were layn,.e<l on each gradionL.
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having very short single-stranded RNA "tails" and a sedimentation coefficient
virtually indistinguishable from the RF, to molecules with long tails which sediment
appreciably faster. Since there are three species of RF's derived from Sindbis-infected
cells, we might expect, by analogy, that there would be three sizes of RI's each
synthesizing single-stranded RNA separately. However, when RNA wa8 puh!elabeled for 2 minutes or for 8 minutes and sedimented in the presence of Sindbis 26 s
RNA as marker, most of the label was found in only one broad peak (Fig. 7(a) and
(b)); the RF patterns from these pulse experiments were shown in Fig. 5(b) and
Fig. 1, respectively). The sedimentation coefficient of the maximum of thiH peak waH
23 s for RNA labeled in a 2-minutc pulse and 25 s for RNA labeled in an 8-minute
pulse. The shift in sedimentation coefficient of the maximum from 2:1 s to 2H :; iA
undoubtedly due to the accumulation of 1abele<l single-stranded 26 s RN A moleculrnl
which mask the RI maximum near 23 s. 'I'he i;maller, more slowly sedimenting peak
was almost entirely RNase-sensitive (see l?ig. 8) and most probably reprei-mnts
degradation products (we have some evidence that pu1se-labele<l RN A iH rnoro labile
than pre-existing RNA).
It is possible to define the position of Rl.'s on thci-m gradients by U.HHaying for RNaHn
resistance. For this purpose, RNA was pulse-labeled for 6 minutes and sedimented in u
sucrose gradient. A sample of each fraction was counted for total radiou.ctivit,y and
selected fractions assayed for H,Nasc-resistant label (Fig. 8) . The RI'H wore found aH
one asymmetrical peak between 23 an<l 30 s. Since RFI has a sedimentation coeffident
of 23 s, the double-stranded backbones of all RI's must uc at least as large a,i; RFI.
The two smaller RF's (II and III) probably result from specific cleav11,gn of RI
molecules sedimenting in the 23 to 30 s region since no classes of RI's Hrnaller than
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FIG. 8. Identification of Rl's in RNA pulso-labelecl for O min. HN A wa1:1 proparod uud 1:1odirnoutn<l
as in Fig. 7, except that tho pulse was 6 min long. Tho totu.1 ra<lioac:tivity pru1mnt in ead1 fradion
was determined (--). In addition, soloctorl fractions woro nasayod fur H.NaHn-roHiHt1t11t, mdioactivity (----).

llS

D. T. SIMMONS AND J. H. STRAUSS

626

600

(a)

Sample 1

(b)

Sample 2

400

200

·e......
C:

1/1

u

,,,J:

200

100

L ..
j()

•lO

// ···!

/•i

Fract,on no
l◄'rn. 0. Analysis of the RF's dorived from difforont rogions of tho HI pnu.l<. Tho HNA in H1u11plm1
( l) and (2) of Fig. 8 was concentrated by othanol prucipit1ition, thou trnat;od with HNu.Ho and
n.nnlyzod as in Fig. I.

RFI exist. To test this hypothesis, the RNA from the 23 s region (sample l of Fig. 8)
and the 30 s region (sample 2) were treated with RNase and resedimented (Fig. 9(a)
and (b) ). The distribution of the three RF's from these two points was nearly identical.
This shows that all RF's can be derived from Rl's in the same peak, and are found in
the same proportions throughout the peak. Therefore, before RNasc digestion, RF's
II and III are joined together in an RI of the same size as the RI which yields RFI.
This conclusion is strongly supported by the invariant one to one molar ratio of RFII
to RFIII throughout the infection cycle (Fig. 3).
(e) Hybridization resultll

The molecular weights of Sindbis 49 s and 26 s single-stranded H,N A (8immo11H &
Strauss, 1972), and of the three RF's, as well as the kinetics of labeling of tho lU"1-1
strongly suggests: (a) that RFI is a double-Htrandod form of 40 s RNA, 1wd its minuM
strand is a template for the synthesis of 49 s RNA, (L) thu,t RFllI iH u. douhle-Htra11ded
form of 26 s RNA, and the minus strand of thi1-1 RJ? iH the tnrnpltito for tho H_yntJwMiH of
26 s RNA, and (o) that tho minus Htrand of Hl◄,J I iM tho torn pin.to for t.lw H_y11t.111~HiH of u.
minor species of singlo-1:1trandod RNA who1m molooular wuight iH about !:?·8 X 10°
daltons. Hybridization oomp<~t.ition cxporimontH with Hl•'I r a1Hl H,l•'I IJ 11.rnl with ~H H
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and 49 s RNA were carried out to test this hypothesis. RF's were separated by preparative gel electrophoresis. Preparations of the single-stranded RNA species were
obtained as previously described (Simmons & Strauss, 1972). Each annealing tube
contained 15 ng of RFII or of RFIII, l ·5 ng of 32 P-labeled 26 s or 49 s RNA and
various amounts (0 to 300 ng) of competing 26 s RNA. When RFIII (the smallest RF)
was used as the source of minus strands (Fig. lO(b)), added 26 s RNA competed
effectively with nearly all of the hybridized 32P label, whether it was in 26 s or in 49 s
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FIG. 10. Hybridization competition results. HI!''tt were prepo.rncl from hamster cmllti infeet,1cl
with Sindbis and separated by prepara.tivo gel oloctrophorosis (see Materials ancl Mothoclf.1).
Single-stranded species of Sindbis-Bpeciflc RNA (26 Hand 49 s), la.boled with either 32 P or 3 H woro
prepared from infocted chick embryo fibroblasts as previouBly d<'lscribod (Simmons & Str1.1.uHt1,
1972). Conditions for hybridization are also describocl in tho Bame roforonce. Eaeh ,urnoaling
mixture contained 15 ng of RF, 1·5 ng of 32 P-laholoc1 RNA (t1ither 40 H or 26 H) nud varyi11µ;
amounts (0 to 300 ng) of competing 26 s RNA (3H-lo.boled). In (a), tho souri:e of tho n1inus stru.nd
was RFII nnd in (b), it wns RFIII (from tt cliffornnt, H.1◄' prc1paru.tion). In hoth (u.) and (I,), Uu, Holid
C1irclt1s roprmmnt u.nnealing mixtures cont1d11ing 32 P-labol<Hl 40 8 H.NA, and thn opon c:in,Jm1 ropn ,.
sent thoeo containing 32 P-labolod 20 s UNA.

RNA. This result can be compared to the one obtained previously (Simmons & 8trau1:11:i,
1972), with mixtures ofRF's (i.e. RFI), where 26 s RNAwasabletocompete efficiently
with only one-third of the hybridized 49 s RNA. Therefore, 26 s RNA contaim; all the
information in the plus strand of RFIII. The inverse is probably al1m true since RJ◄TI f
has twice the molecular weight of 26 s RNA.
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Figure lO(a) shows -that 26 s RNA was not able to compete effectively with the
P-labeled 49 s RNA for the complementary strand in RFII. The slight competition
which did occur at very small concentrations of 26 s RNA could be explained by a 2%
contamination (by weight) of the RFII preparation with RFIII. The remainder of
the hybridized 49 s RNA was competed only with large amounts of 26 s RNA,
probably because of contaminating fragments of 49 s RNA in the 26 s RNA preparation as previously described (Simmons & Strauss, 1972). The control curve in Figure
lO(a) shows that 26 s RNA competes effectively with itself for the contaminating RFIII
molecules. Thus, RFII does not contain any of the information in 26 s RNA and
represents, therefore, a molecule genetically distinct from RFIII.
32
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:Frn. 11. Model for the replication ofSindbis RNA. Data. from both thH prti<!flding pupm (Hi111111on1-1
& Strauss, 1972) and this article have boon used in tho eonRtruction nf this rnodnl. Wavy linoH
represent single-stranded moloculos and single-strandod rogionH of tho Hi's. Do11l,lo-F1trm1dod
molecules are shown as straight lines. The minus st.rand is Hhown as a hoavy linf,, th<, plus Htrnnd
as a. thin line.

4. Discussion
Our results on the replication of Sindbis-specific RN A are s.ummarize<l in the rnodd
shown in Figure I 1. We postulate the existence of two different typc8 of replicative
intermediates extracted from Sindbis-infected cclh-1; these arfl called Rfa and Rib.
Both types have a nearly identical distribution of sedimentation coefficients (2:i to
30 s). The complementary strand (minus strand) in Rla is the tern plate for the syn thesis
of 49 s RNA (49 s RNA is then packaged into virionH). When Ria iH treated with
RNaso, only the single-stranded tailH are degraded, 1111d we arn loft, with RFI. IUh
differs from Rla in that it has a gap in a specific region of tho pluH Htrancl, an<l tho
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single-stranded region in the minus strand across from this gap is susceptible to RNase.
Thus the enzyme removes the single-stranded tails and also cleaves the minus strand
to produce two pieces of double-stranded RNA: RFII and RFIII. Rib synthesizes at
least two species of single-stranded RNA. One of these is 26 s RNA, which is made
from that part of Rib which corresponds to RFIII. The other RNA is synthesized from
the part of Rib which corresponds to RFII. Its identity is unknown, but its expected
molecular weight is 2·8 X 10 6 daltons. Recently, Levin & Friedman (1971) have detected
a minor species of single-stranded RNA from Sindbis-infected cells which has an
estimated molecular weight of 2·5 X 106 daltons, and which may well be the product
of the RFII template. In any event, this RNA is made in small quantities, as little as
one molecule for every 20 to 50 molecules of 26 s RNA. 11herefore, there must be an
active and direct control mechanism which activates the synthesis of only part of tho
viral genome.
Probably, both 26 s RNA and the minor species of RNA of molecular wl,ight
2·8 X 108 daltons serve as messengers during irifoction. Specifically, we prl~dict that,
26 s RNA is tho messenger for the virm, struotura,I protoins (tho ooro and mombru.11(1
proteins). It is translated U.H one largo polypopti<lu ehai11, pmisibly tho largo poly1mpt.icl.<1
chain made in large amounts by ecrtain temperature-sonsitivo mutants of Hiudl,is
virus (Strauss, Burge & Darnell, 1969), which is then cleaved in a number of stop1:1
involving other polypeptides made in large quantities in infected cellij (nos 2, 4, 9, 10
and possibly others). The minor RNA species is most likely the messenger for other
virus-specific proteins which are only required in small amounts. The virion RN A
(49 s RNA) must also possess messenger activity, at least during the early i,tages of
virus infection, because Sindbis virions contain no RN A polymerase (Baltimore,
Huang & Stampfer, 1970). Preliminary experiments have suggested that the changes
in the relative amounts of the RF's which occur during the early and late parts of the
infection cycle are due to a reversible, but controlled, conversion between Ria and
Rib. In terms of a successful infection, the significance of this conversion is to allow
for the synthesis of large amounts of 26 s RNA during the middle of the infection
cycle and 49 s RNA near the end of the cycle. The conversion is easily explained by a,
mechanism whereby a replicase enzyme on a growing chain reads through or is
prevented from reading through tho region of the gap. The presence of two replicase
enzymes with different specificities towards termination sequences on tho com plomentary strand could account for 1:mch a conversion, or, alternatively, read-through
could be a probability event influenced by mass action phenomena involving one or
more species of RNA or of viral-specific proteins.
This model for the replication of Sindbis-specific RNA would seem directly applicable to the replication of other group A or group B arboviruses. In the group Barbovirus systems studied so far, molecules apparently corresponding to the 26 sand 49 s
RNA of group A arboviruses are made during the infection, although in different
relative amounts (Stoller, Schlesinger & Stevens, 1967; Trent, Swensen & (Jureshi,
1969).
This mechanism may also operate after infection by other RNA viruses such as
vesicular stomatitis virus and the paramyxoviruses (Newcastle disease virus and
Sendai). Infection by vesicular stomatitis virus produces, in addition to the viral
genome, smaller pieces of single-stranded RN A which serve as messenger. This
messenger is complementary to the infecting viral RNA (Mudd & Summer,;, 1970), and
appears to be made from one class of replicative intermediates (Stampfer et al., 1969).
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The replication of Newcastle disease virus involves the synthesis of at least three
species of single-stranded RNA made in huge excess over the viral RNA and complementary to at least part of the genome (Bratt & Robinson, 1967).
Animal virus messenger RN A's probably lack internal chain termination and reinitiation signals for translation (Summers & Maizel, 1968; Jacobson & Baltimore, 1968).
When faced with this restriction and with the need to manufacture large amounts of
structural proteins, an RNA-containing virus may utilize a control mechanism at the
level of RNA synthesis in order to manufacture virus-specific proteins in unequal
amounts and thus conserve the protein synthetic machinery of the cell. 'J111is control
mechanism involves production of messenger RNA of a size loss than tho ontirn gonomo
length and may occur in two wayi;. In one case, the virul gonomo consil:lt,H of HcgmontH
i;ynthesized from separate templates; tho moliHongm· RNA's oorrei;puntl in Hizo t.u
theso segments. These messengers may be present in the coll in difforont amountH u,nd
may be translated with unequal efficiency. H.oovirusm1 and myxoviruHoH (infiuouza)
are in this category. The RNA from influenza virus is in at least sovon distinct 1:1inglestranded pieces (Duesberg, 1968; Lewandowski, Content & Leppla, 1071) oaeh of
which is synthesized from its own replicative intermediate (Pons & Hin-it, l!W8). Tho
genome of reovirus and similar viruses consists of segments of dou blo-stranded H.N A
which act as templates for the synthesis of the corresponding specie1:1 of Hingle-stranded
RNA in infected cells (Bellamy & Joklik, 1967). In the second control mechani1:1m, the
genome is synthesized as an intact molecule from one template, and additional pieces
of RNA to serve as messenger are made unequally from a second template. ThiH
second category includes tho arboviruses, vesicular stomatitis virus and the paramyxoviruses.
We are pleased to acknowledge the expert tochnica,1 as8ist1mce of Edith M. LoncheH u.nd
Mildred Quisenberry Hoover. We thank Drs Ellen G. Stru.URli ancl John S. ·pi'1reo for thoir
helpful editorial advice for the construction of this manuscript,. 'J'hiH inv11Htign.tion wnH
supported in part by the National Science Foundation grant no. GB13508 u.ncl by tho U.S.
Public Health Service grant no. GM06965. One of us (D. 'l'. S.) was supported by tho
National Institutes of Health training grant no. 5-Tl-GM-86.
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ADDITIONAL DATA
In Fig. 7-9 in this Chapter, Sindbis replicative intennediates
(RI's) were shown to consist of double-stranded RNA of a similar size
as RPI and of single-stranded tails of various lengths.

Replicative

intennediates corresponding to RF's II and III were not detected in
RNA from infected cells.

The evidence indicated that RF's II and III

were joined together in one RI molecule before treatment of the RNA
with RNasc.

'The following experirent is an attempt to <lcmonst rate the

same conclusion in a different way.
Total RNA from cells infected with Sindbis virus was suhjectcd
to sedimentation in a sucrose gradient and the fractions containing
ribonuclease-resistant RNA (20S-30S) were pooled.

These fractions

contained labeled Sindbis 26S RNA as well as replicative intermediates.
The sample of RNA was subjected to acrylami<le gel electrophoresis in the presence of Sindbis RF's as markers (the RF's consisted
of a mixture of RF's I, II, and III).

1.

The results are shown in Fig.

During electrophoresis, single-stranded 26S RNA migrated much

faster through the gel than the smallest RF (RFII I) an<l had therefore
migrated off the gel.

A portion of the Sindbis-specific RI's cornigrated

in the gel with the RPI marker.

In addition some of the label in RI's

was distributed heterogeneously in the top half of the gel.

Few or

none of the RI's comigrated with the RFII or RFIII marker.
These observations arc most eas:ily interpreted if it is
assumed that the RJ's which L·omigrate in the gel with l~FI consist of

double-stranded RNA the same size as RFI hut lack or have very short
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Fig. 1.

Infected cells were labeled with 14 c-uridine from

1 hr to 4 hr postinfection and the RNA extracted with phenol~
chlorofonn at O0 C.

The RNA was subjected to sucrose gradient-velocity

sedimentation and the fractions containing ribonuclease-resistant
labeled RNA (20S-30S) were pooled and used as the source of replicative
intennediates.

The sample of RNA was subjected to electrophoresis

in a gel consisting of 1.2% acrylamide, 0.06% bis-acrylamide, and
0.67% agarose. Sindbis RF's which had been labeled with [s- 311]
uridine from 1 hr to 4.5 hr after infection were added as markers.
The direction of electrophoresis was from left to right for 11 hr at
3.5 mA.
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single-stranded regions.

Furthennore, the RI's which migrate more

slowly in a heterogeneous distribution near the top of the gel are
retarded in the gel by proportionately greater total lengths of
single~stranded tails.

We can argue that RI's corresponding to RF's

II and III do not exist as such since some of them would be expected
to have very short single~stranded tails and migrate with the RFII or
RFIII marker.

These results indicate, therefore, that all Sindbis-

specific RI's contain double-stranded regions of a size similar to
RFI and that treatment of RI's with RNase converts a fraction to RFI
and another fraction to RF's II and III.

