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There is good evidence that the infection with avian myeloblas-

tosis virus BAI strain A causes myeloblasts to retain their primitive

nature. These cells are able to multiply and produce virus at a rela-

tively constant rate. From these observations, a major problem de-

velops in the study of the virus-induced leukemia, that of the mechan-

ism for replication of the viral RNA genome. Consideration was

given to the enzyme(s) involved in viral RNA synthesis.

Evidence was given for the presence of a RNA polymerase abso-

lutely dependent upon the presence of exogenous RNA template for

enzyme activity. DNA-dependent RNA polymerase and a poly A-de-

pendent poly A polymerase were removed by the fractionation proced-

ure.

Polyvinyl sulfate, a known inactivator of ribonuclease, was

used to inhibit a ribonuclease activity associated with the



RNA-dependent RNA polymerase. In the presence of polyvinyl sulf-

ate, the polymerase evidenced a specificity for high molecular weight

viral RNA as template for synthesis of RNA product sedimenting with

preserved RNA template as determined by glycerol gradient centrifu-

gation. There was also shown an absolute requirement for all four

ribonucleoside triphosphates by the enzyme in the presence of poly-

vinyl sulfate and high molecular weight viral RNA.

The reaction product, using high molecular weight viral RNA

as template, was analyzed for sedimentation rate as compared to the

template RNA. It was found to sediment with the high molecular

weight viral RNA template. Nearest neighbor analysis of the product

indicates synthesis of a RNA heteropolymer. There is tenous evi-

dence for a complementary copying mechanism being utilized for

synthesis of the RNA product, since the product is easily dissoci-

able from the template. Annealing the dissociated product with RNA

template results in small amounts of ribonuclease-resistance.

The RNA-dependent RNA polymerase can be dissociated into

at least two components which maintain an enzyme activity dependent

upon exogenous RNA. These separated components are distinguished

by the ribonucleoside triphosphates they utilize. Neither component

has been shown to be capable of synthesizing high molecular weight

RNA product with the high molecular weight viral RNA as template.

Nearest neighbor frequencies of the RNA product are very different.



A complex of the RNA polymerase and associated RNA has

been examined with less detail.
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PURIFICATION OF A RIBONUCLEIC ACID-DEPENDENT
RIBONUCLEIC ACID POLYMERASE

FROM LEUKEMIC CELLS

INTRODUCTION

Myeloblastosis, defined as the pathogenic state manifested as

leukemia involving the myeloid blood forming elements, is primarily

a profound leukemia, in which myeloblasts, the precursors of the

granular series of white blood cells, occur in very large numbers in

the peripheral circulation (Beard, 1963). Studies on this type of dis-

ease began with Ellermann and Bang's discovery (1908) of the viral

etiology of avian myeloblastosis.

Virus-Infected Myeloblast Cells

Inoculation of one to three day old chicks intravenously with

BAI Strain A myeloblastosis virus (Hall, Bean, and Pollard, 1941),

results in the accumulation of primitive myeloblast cells in the circu-

lating blood reaching concentrations of more than two million per mm3,

and often making up more than half of the volume of the blood (Eckert

et al., 1954).

Study of the myeloblast cells in in vitro culture indicates that

the infected cells and their proleny produce virus continuously with

virus formation being a function of cell growth (Beaudreau et al.,

1960a). Numerically, these cells synthesize and liberate virus
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particles into the culture medium at a relatively constant rate of

20-30 particles per viable cell per hour by a budding process (Beau-

dreau et al., 1958) while the cells, themselves, have a doubling time

of three and one-half days (Beaudreau et al., 1960b).

Continued association of the tumor virus with the cell results

in no apparent damage to the myeloblast that can be detected by chang-

es in growth rate, the appearance of the cells in stained smears,

or in the living state in the phase contrast microscope (Beard, 1963).

Therefore, for perpetuation of both the virus and the myeloblasts,

there must exist a balanced relationship between the rate of tumor

virus synthesis and the rate of cell growth. The continuity of malig-

nancy is then dependent on the enduring compatibility of cell and virus

activity, which is possible solely by virtue of growth of infected cells

and of distribution of the tumor virus genome to daughter cells (Beard,

1963). In contrast, other virus types kill host cells, and the disease

can continue only by infection of other cells which involves exposure

of the viral agent to an increasingly unfavorable immunological envi-

ronment.

BAI Strain A Myeloblastosis Virus

Electron microscopy and ultracentrifugation techniques have

combined to provide some physical properties of the virus. Purified

preparations of the virus have evidenced a sedimentation value of
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693S. Of interest also is the relatively low value, 1.059, for the

density of the hydrated particles as determined by sedimentation in

bovine serum albumin. The calculated water content of the particles

is 80% (Sharp and Beard, 1954). The virus particles are approxi-

mately spheroidal in shape and variable in size with an average diam-

eter of 120-140 millimicrons in shadowed electron micrographs

(Beard, Sharp, and Eckert, 1955). Electron microscopy of thin

sections of the particles reveals images showing a central dense

nucleoid which is surrounded peripherally by a definite membrane.

A second, inner membrane-like structure may be situated in the

matrix about the nucleoid (Beard, 1963).

Chemically, the virus is a complex particle containing 35%

lipid, 2% ribonucleic acid (RNA)', and about 60% protein with a

'List of abbreviations used throughout this paper: RNA, ribo-
nucleic acid; DNA, deoxyribonucleic acid; HMW viral RNA, high
molecular weight viral ribonucleic acid; rRNA, ribosomal ribonucle-
ic acid; tRNA, transfer ribonucleic acid; UTP, uridine 5'-triphos-
phate; CTP, cytidine 5' -triphosphate; ATP, adenosine 5' -triphos-
phate; GTP, guanosine 5' -triphosphate; UDP, uridine 5'-diphosphate,
ADP, adenosine 5' -diphosphate; CDP, cytidine 5' -diphosphate; GDP,
guanosine 5' -diphosphate; UMP, uridine 5' -monophosphate; CMP,
cytidine 5' -monophosphate; AMP, adenosine 5' -monophosphate; GMP,
guanosine 5' -monophosphate; MgC12, magnesium chloride; EDTA,
ethylenediaminetetraacetic acid; NaCl, sodium chloride, KC1, potas-
sium chloride; KPi, potassium phosphate; PS, protamine sulfate;
SDS, sodium dodecyl sulfate; TCA, trichloroacetic acid; AmSO4,
ammonium sulfate; DEAE-cellulose, diethylaminoethyl-cellulose;
Ecteola, mixed amine-cellulose; TEAE-cellulose, triethylamino-
ethyl-cellulose; CM-cellulose, carboxymethyl-cellulose; CM-Sephadex,
carboxymethyl-Sephadex; DNAase, deoxyribonuclease; RNAase, ribo-
nuclease; Mg++, magnesium ion; Mn++, manganese ion; poly A,
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small amount of non-nucleic acid carbohydrate (Bonar, Heine, and

Beard, 1964). Discovered early in the study of the virus was the

presence of adenosinetriphosphatase activity (Mommaerts et al.,

1952). This phenomenon was found to be a property unique among

viruses, to the myeloblastosis agent (Bonar et al., 1957). The

reaction is directly and quantitatively related to the number or mass

of virus particles (Eckert et al. , 1954). A micro-method has been

developed for the rapid screening of virus containing plasma

(Beaudreau and Becker, 1958).

The Nucleic Acid of the Virus

The nucleic acid contained in the virus particle was found to

be of the ribose form with an estimated 9. 7 x 106 molecular weight

units of total RNA per particle (Sonar and Beard, 1959).

The RNA that is extracted from purified avian myeloblastosis

virus can be resolved into two major components by density gradient

centrifugation (Bonar et al., 1967; Robinson and Baluda, 1965; Harel

et al., 1965; Bauer, 1966). Robinson and Baluda (1965) reported

sedimentation values for the high molecular weight (HMW) RNA

polyadenylic acid; poly C, polycytidylic acid; poly G, polyguanylic
acid; poly U, polyuridylic acid; poly (G, I), polyguanylicinosinic acid
(1:1); tris, tris(hydroxymethyl)aminomethane; BBOT, [2, 5-bis[2-(5-
tert-butylbenzoxazoly1) ]- Thiophene].
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fraction to be 71S and for the low molecular weight (LMW) RNA to

be about 4S. The RNA base composition of the total RNA extracted

from the virus, the high molecular weight RNA fraction, and the low

molecular weight RNA fraction is shown in Table 1 (Taken from Bonar

and Beard, 1959; and Robinson and Baluda, 1965).

Table 1. Base composition of RNA extracted from BAI strain A avian myeloblastosis virus.

Base

RNA Fraction
Total RNA HMW RNA LMW RNA

(Moles per 100 moles of recovered base)

Cytosine 25 23.0 28. 5

Adenine 23 25.3 19. 3

Guanine 30 28.7 34.4

Uracil 22 23.0 17. 6

It has been proposed that the high molecular weight RNA frac-

tion represents the viral genome (Bonar et al., 1967; Robinson and

Baluda, 1965). The low molecular weight RNA fraction has been

described as fragments of the high molecular weight RNA or as

contaminating extraviral RNA (Robinson and Baluda, 1965; Harel

et al., 1965). However, Bonar et al. (1967) have ruled out the pos-

sibility of the presence of extra-viral RNA, and it has been shown

that the low molecular weight RNA fraction has two biological proper-

ties that distinguish it from the high molecular weight RNA. Accom-

panying the observation that the low molecular weight RNA will



6

accept amino acids (Beaudreau et al., 1964, Bonar et al., 1967;

Tra'vniCek, 19 6 8) in the presence of aminoacyl synthetases is the

transfer of amino acids into polypeptide linkages in a cell-free pro-

tein synthesizing system (Carnegie et al., 1969). This RNA fraction

has also been observed to inhibit peptide synthesis in vitro at a very

low level of RNA (Olson, Deeney, and Beaudreau, 1968; Riman,

Tr,vnfZek, and Vepi-ek, 1967).

Viral RNA Replication

The existence of RNA viruses results in obvious questions con-

cerning information transfer and storage of an RNA genome. Of

particular interest in the early studies of viral RNA replication was

the involvement of DNA in the replication mechanism. Using a bac-

terial system, Doi and Spiegelman (1962) demonstrated by hybridiza-

tion techniques that neither before nor after infection with an RNA

virus could sequences be detected in the DNA of the host cell which

were complementary to the viral RNA, implying that the DNA to RNA

pathway was not employed for viral RNA replication. The use of

specific inhibitors of DNA-directed RNA synthesis such as actino-

mycin D also led to the conclusion that the replication of many RNA

viruses did not require the synthesis of DNA of the host cell (Simon,

19 6 1; Reich and Franklin, 1961; Reich et al., 1962; Salzman, Shatkin,

and Sebring, 1963). This conclusion was further strengthened when
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one considered that all available evidence made it unlikely that an

enzyme utilizing an RNA template for replication of pro),Fny RNA

functioned in normal cells. The pathway of formation of all recog-

nized cellular RNA components was adequately explained by the DNA-

dependent RNA synthesizing mechanism since these RNA components

were shown to be complementary to some sequences in homologous

DNA (Hayashi and Spiegelman, 1961; Yankofsky and Spiegelman, 1962;

Goodman and Rich, 1962; Hoyer, McCarthy and Bolton, 19 63).

In view of these data, it was believed that the RNA, which was

the genetic material of the RNA virus, was responsible for the genetic

characteristics of the virus, and upon entering the host cell, induced

the synthesis of proteins necessary for its replication.

However, more recent studies of bacterial systems infected

with RNA bacteriophages suggest that the host cell DNA is, in some

way, involved in virus RNA replication. Eikhom and Spiegelman

(1967) first demonstrated that the RNA-dependent RNA polymerase

purified from E. coli cells infected with Qp bacteriophage could be

separated into two components, a heavy component and a light com-

ponent, both necessary for replication in vitro of Q(3 RNA. They

showed later that the light component was a protein from the normal

uninfected E. coli cell (Eikhom, Stockely, and Spiegelman, 1968).

This not only was evidence that the normal cell contained a neces-

sary component of the functional Q13 replicase, but also suggested
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that the host cell DNA was involved in providing the necessary com-

ponent.

In attempting to explain the observed symbiotic relationship

between the myeloblast cell and tumor virus, no evidence has yet

been presented to indicate that the continued cell-virus interaction

is under direct control of chromosomal activity, although cell growth

and DNA synthesis are essential for continuous production of virus

particles (Beaudreau et al., 1960a). Nothing has been found to sug-

gest chromosomal aberrations in virus-induced tumors, that is, there

exists no basis for implicating the genetic activity of the cell to any

extent more than the genetic influence determining the distribution

of cell components to daughter cells. Complexes of virus with cellu-

lar material behave as new specific cell components analogous to
9-

normal structures and they are transmitted to cell pro:jeny by the

same mechanisms (Beard, 1963). Therefore, it seems safe to assume

that the influence of the avian tumor viruses, like that of other viral

agents, is expressed by nucleic acid which is the genetic material of

the virus, and that if genetic activity is to be involved in explanation

of the observed phenomena, then it must be concerned with the genetic

constitution of the virus and not that of the host cell. In seeking a

possible role of DNA in Rous sarcoma virus2 replication, Temin

2 An avian tumor virus with similar properties to avian
myeloblastosis virus.
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(1964) postulated the existence of a Hprovirus-containing" DNA and

has presented some tenuous evidence for the existence, in infected

cells, of DNA homologous to viral RNA. However, the question of

the precise role of DNA in Rous virus production as well as in other

tumor virus systems is by no means answered. Alternatively, as

with other less complex systems infected with RNA viruses, one is

led to propose the induction of proteins including a RNA polymerase

in cells infected with tumor virus containing RNA, which is uniquely

dependent on RNA to evidence RNA polymerizing activity.

RNA-Dependent RNA Polymerase

The replication of the nucleic acid component of many small

animal viruses containing RNA has been shown to be mediated by an

RNA polymerase similar to the enzyme first described by Baltimore

and Franklin (1962) with viral RNA synthesis occurring in the particu-

late fraction of the cytoplasm of L cells infected with menogovirus.

Similar enzymatic activity was observed in He la cells infected with

poliovirus (Baltimore and Franklin, 1963); Kreb II cells infected

with encephalomyocarditis virus (Horton et al., 1964); chick embryo

cells infected with vesicular stomatitis virus (Wilson and Bader,

1965); and chorioallantoic membranes of chick embryos infected with

influenza virus (Ho and Walters, 1966). Detailed studies of RNA
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replication of these animal viruses in cell-free systems have been

hindered by high levels of ribonuclease or membrane-bound polymer-

ase complexes, or both (Dalgarno et al., 1966; Girard, Baltimore

and Darnell, 1967; Martin and Sonnabend, 1967; Plagemann and

Swim, 1968; Arlinghaus, Bachrach, and Polatnick, 1968). In no

case was an enzyme isolated in a sufficiently purified state to per-

mit a definitive demonstration of RNA dependence, which is essen-

tial in establishing a RNA specificity, and in elucidating the viral

RNA replicating mechanism using in vitro studies.

Examination of bacterial systems infected with bacteriophages

(Haruna et al., 1963; Weissmann, Simon, and Ochoa, 1963; Haruna

and Spiegelman, 1965a; August, Shapiro, and Eoyang, 1965) resulted

in the extraction of RNA polymerase activities of varying degrees of

purity and RNA-dependency. Of special significance was the isola-

tion of RNA-dependent RNA polymerases from E. coli infected with

the RNA bacteriophages MS2 (Haruna et al., 1963) and Qp (Haruna

and Spiegelman, 1965a). Not only was it demonstrated that these

enzymes had an absolute RNA requirement for enzyme activity, but

each polymerase specifically required its own viral RNA for enzy-

matic activity. They both exhibited other general features including

requirements for all four nucleoside triphosphates and Mg++.

The RNA-dependent RNA polymerase (Q(3 replica,se) from the

E. coli cells infected with Qp bacteriophage was purified and
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characterized further (Pace and Spiegelman, 1966). Extended synthe-

sis for several hours resulted in net synthesis of biologically active

Q3 RNA (Haruna and Spiegelman, 1965b; Spiegelman et al., 1965).

Using this highly purified Qp replicase, detailed studies of the RNA

replication mechanism have been made (Bishop et al., 1967; Feix,

Pollet, and Weissmann, 1968; August, 1969).

At the present time, very little is known about viral RNA repli-

cation in animal cells infected with tumor viruses. Detection of

RNA-dependent RNA polymerase activity in chick embryo cells in-

fected with Rous-associated virus was unsuccessful (Wilson and

Bader, 1965). To more fully understand this extremely complex

subject of cell-tumor virus interactions at the biochemical level,

the role of viral RNA replication must be considered further and

certain questions must be asked concerning the mechanism of repli-

cation of the tumor virus RNA.

The purpose of this study was to investigate the presence of

a viral-induced RNA polymerase in myeloblast cells infected with

BAI strain A myeloblastosis virus. After indications of the pres-

ence of such an enzyme were evident, purification of the enzyme was

attempted with the objective of showing an RNA template require-

ment for enzymatic polymerization of ribonucleotides, an RNA

template specificity for the high molecular weight viral RNA, and

in vitro synthesis of an RNA product. Characteristics of the enzyme
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were compared with RNA polymerases reported to be present in other

animal virus-infected cells and were found to be quite different.
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MATERIALS AND METHODS

Collection and Isolation of Virus Particles
and Virus-Infected Myeloblast Cells

Myeloblastosis virus and virus-infected myeloblast cells were

obtained from the blood of chicks having myeloblastic leukemia.

Inoculation of one to three day old chicks intravenously with BAI

strain A myeloblastosis virus resulted in the disease. The blood

from chicks in the terminal stage of the disease was collected by

heart puncture using heparin as an anticoagulant.

The heparinized blood was centrifuged at 800 x g for 15 min

resulting in separation of the red cells, white cells, and plasma.

The plasma containing virus particles was removed and centrifuged

again at 1800 x g for 10 min. The plasma to be used for virus RNA

isolation was pooled and stored at -20°C. The white cells (virus-

infected myeloblast cells) from each tube were then carefully sus-

pended in a 50% v/v solution of chick serum and dilute mixture 199

(Microbiological Associates, Bethesda, Maryland). After pooling

these suspensions, they were centrifuged at 1800 x g for 7 min and

the supernatant discarded. The pellet of myeloblasts was then

washed two times in an equal volume of 0. 9% w/v NaCl -0. 01M tris,

pH 7.4 and centrifuged as described above. The washed cells were

stored at -20°C.
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Standard Assay for RNA-Dependent
Polymerase Activity

Reaction mixtures for assay of polyribonucleotide synthesis

contained the following in 0.25 ml: 20 ilmoles of Trizma Base (pH

8.5); 2 p,moles of MgC12; 50 mt.i.moles each of ATP, CTP, GTP, and

UTP, one of which was radioactively-labeled; 5-40 µg of template

RNA; and 50-500 F.I.g of polymerase enzyme protein. Thirty 1.1.g of

salmon sperm DNA or calf thymus DNA was used as template in

those assays testing for the presence of the normal cellular DNA-

dependent RNA polymerase. Endogenous reaction was measured by

the deletion of template RNA in the reaction mixtures.

The reaction mixture was incubated in a 37°C water bath for

10 min unless otherwise stated atid terminated in an ice bath with

the addition of 0.5 ml of a 1:1:1 v/v mixture of 100% w/v TCA, satur-

ated sodium orthophosphate (NaH2PO4 ° H2O) and saturated sodium

pyrophosphate (Na4P2O7 10 H2O). This mixture is continually re-

ferred to as TCA Mixture. The TCA-insoluble material was col-

lected on a nitrocellulose-membrane filter, washed eight times with

4 ml of cold 10% v/v TCA, dried 10 min at 70°C, and the radioactivity

representing polyribonucleotide synthesis was determined in a liquid

scintillation spectrometer using a BBOT-toluene scintillation fluid

(4 g of BBOT per liter of toluene).



15

Radioactively-Labeled Ribonucleoside Triphosphates

32 P-labeled ribonucleoside monophosphates were synthesized

as described by Haruna et al. (1963). The labeled mononucleotides

were converted enzymatically to the corresponding ribonucleoside

triphosphates by a kinase preparation isolated according to Bresler

(1962) and kindly supplied by Dr. S. Spiegelman. The 32P-labeled

ribonucleoside triphosphates were added to reaction mixtures at a

level of 5 x 105 - 1 x 106 cpm. Tritium-labeled ribonucleoside

triphosphates were utilized in reaction mixtures at a level of 2-5 x

105 cpm. The specific activity of the tritiated substrates was one to

three curies per millimole.

RNA Preparations

RNA from Whole Cells and Membrane Fraction
of Infected Myeloblast Cells

One hundred grams of infected myeloblast cells were mixed

well in 100 ml of Buffer 0 (0. 1M Tris, pH 7.4; 0. O1M MgC12; and

0. OO1M reduced glutathione) and homogenized one minute at high

speed using a VirTis 45 homogenizer. The homogenate was centri-

fuged 30 min at 30,000 x g. After removing the turbid supernatant

from the tubes, a thin layer of membrane was collected and resus-

pended in 100 ml of 0.01M Tris, pH 7.4; 0. OO1M MgC12; 0. OO1M
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EDTA solution. After making the mixture 1% v/v in SDS (from 20%

solution), the membrane fraction was placed in ice for 10 min. An

equal volume of phenol (saturated with 0. 1M Tris, pH 5.0) was added

and the mixture was shaken 45 min at 40. After centrifugation for

10 min at 20,000 x g, and washing of the phenolic layer, the aqueous

phase was extracted a second time with an equal volume of phenol.

Following centrifugation, the aqueous layer was extracted two times

with an equal volume of ether and the nucleic acid was precipitated

with the addition of two volumes of 95% ethanol and one-tenth volume

of 20% w/v sodium acetate, pH 4.8. After three hours at -20°C, the

precipitated nucleic acid was collected by centrifugation and resus-

pended in 0. 02M Tris, pH 7.4 and 0. 005M MgCl2 containing 50 mg/

ml DNase (RNase-free). After complete solubilization of the nucleic

acid, the solution was phenol extracted one time and treated as pre-

viously described. Following alcohol precipitation overnight, the

membrane RNA was redissolved to a concentration of 10 mg/ml

(20 A260 units 3
= 1 mg), centrifuged at 2000 x g for 10 min, and then

made 0. 4M in potassium chloride. After three hours at 0°C, the

solution was centrifuged and the RNA resuspended in a small volume.

Following alcohol precipitation overnight and centrifugation, the RNA

3A260 or A280 unit - A unit of material which in a volume of
one ml will have an absorbance of one at 260 nm or 280 nm when
measured in a cell of one cm path length.
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was redissolved in 0. O1M Tris, pH 7.4; 0.001 M MgC12, at a concen-

tration of 2 mg/ml and stored at -70°C in one ml volumes. This

membrane RNA was used routinely in the purification studies of the

enzyme because of its availability in large quantities and because of

its superior template activity as compared to all other RNA species

examined except the high molecular weight RNA fraction of the virus.

When RNA from whole cells was desired, the homogenization

step was followed by the SDS treatment, omitting the centrifugation.

RNA from myeloblast cells labeled with 14C-uridine or 3H-uridine

which were grown in tissue culture in the presence and absence of

actinomycin D, was extracted in a similar manner. Tritiated or

14 C-labeled 28S ribosomal RNA from myeloblasts was fractionationed

by glycerol gradient centrifugation described later in Methods.

High Molecular Weight RNA from Myeloblastosis Virus

Virus Concentration and Purification. Using virus-containing

chick plasma (2-6 x 1011 virus particles/ml by ATPase assay of

Beaudreau and Becker, 1958) collected as previously described in

Methods, virus particles were purified and the RNA from the virus

particles was extracted (Deeney, 1969).

All steps were carried out at 0o
-4

o C with 300-400 ml of virus-

containing chick plasma after thawing the plasma. All glassware

was pre-heated to 350
oF for 1 hr.
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Two grams of washed kieselguhr was added to the plasma and

mixed thoroughly, followed by centrifugation in 50 ml plastic conical

centrifuge tubes at 1700 x g for 10 min. The supernatant plasma was

collected and filtered through a thin layer of kieselguhr on a S & S

Black Ribbon filter paper in a Buchner funnel into a pre-cooled suc-

tion flask. The filter pad may need replacing during the filtering

process depending on the fibrin content in the plasma. After filter-

ing the plasma, the filter pads were washed with a small volume of

tris- saline buffer (0. 15M NaCl and 0. 01M tris, pH 8.8). Following

this treatment, the plasma was filtered through S & S White Ribbon

filter paper in a Buchner funnel, washing the filter with tris-saline

buffer after the filtering process. Then 46 ml of the filtered plasma

was placed in each of three 60 ml nitrocellulose centrifuge tubes

containing 10 ml of concentrated glycerol and centrifuged one hour

using a SW 25.2 rotor at 25,000 rpm and 3°C. After carefully aspi-

rating the last plasma supernatant, the virus layers were carefully

removed resulting in a solution of about 50% v/v glycerol. This

solution was then diluted with tris- saline buffer giving a maximum

glycerol concentration of 10% v/v. If this solution volume was less

than 46 ml, it was diluted to 46 ml. It was then placed on a new 10

ml pad of concentrated glycerol in a 60 ml nitrocellulose centrifuge

tube. After 1 hr at 25,000 rpm in the SW 25.2 rotor, the supernatant

buffer was removed and the virus collecting and washing procedure
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was repeated.

After collecting the virus from the tube the last time, it could

be stored at -20o C as a 50% glycerol suspension, or the virus could

be treated immediately for extraction of the RNA.

Virus RNA Extraction. The virus suspension (about 5 ml) was

diluted to 10 ml with tris-saline buffer and made 0.5% v/v in SDS

(from 3X crystallized 20% w/v SDS) and allowed to lyse at 0°C for

10 min. If all viral aggregates were not lysed, the suspension was

centrifuged 5 min at 2,150 rpm in a clinical centrifuge. The lysed

virus was placed in a flask for further treatment and the viral aggre-

gate pellet was further treated with the 0. 5% v/v SDS solution until

no aggregates remained. To the pooled virus lysate was added 5 ml

of concentrated dimethylsulfoxide with mixing and tris-saline buffer

that was 0. 5% v/v in SDS bringing the final volume to 50 ml. An

equal volume of freshly saturated phenol 4 was added and the mixture

was shaken at 4° for 15 min. After centrifugation of the mixture at

20,000 x g for 10 min, the aqueous phase was transferred to a clean

flask and the phenol phase was washed two times with 10 ml of tris-

saline buffer, pH 8.8. The aqueous phase of the washes was pooled

with the original. If a sizeable white intermediate phase resulted in

4Phenol was saturated with tris-saline buffer, pH 11.0, until
the aqueous phase above the phenol was pH 7.2-7.4.
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washing the phenol phase, it was removed and centrifuged 10 min at

23,500 x g. After placing the aqueous phase in the pool, the phenolic

phase was washed with 5 ml of tris-saline buffer, pH 8.8 and after

centrifugation for 10 min at 20,000 x g, the aqueous phase was pooled

with the original.

The aqueous pool was then treated with one-half volume of

freshly saturated phenol and shaken 15 min at 4°C. Following cen-

trifugation for 10 min at 20,000 x g, the aqueous phase was removed

and the phenolic phase was washed two times with 10 ml portions of

tris-saline buffer, pH 8.8, pooling the aqueous washes with the origi-

nal.

The aqueous pool was then extracted one time with two volumes

of diethyl ether and two times with one volume of ether in a 500 ml

separatory funnel. The aqueous layer was then transferred to another

separatory funnel, extracted one time with one volume of ether, and

the aqueous layer was slowly dripped into a 500 ml flask. Two vol-

umes of 95% ethanol and one-tenth volume of 20% w/v sodium acetate,

pH 4.8 were added and the mixture was stored at -20°C overnight for

precipitation of the RNA.

Separation of RNA Species . The alcohol-precipitated RNA was

collected by centrifugation at 23,500 x g for 20 min and resuspended

in a small volume of 0. O1M Tris, pH 7.4 buffer containing 0. 003M

EDTA, resulting in a RNA concentration of 1 mg/ml. This RNA
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solution was then placed on a 30 ml 10-30% v/v glycerol gradient (one

mg RNA/gradient) containing 0. 1M NaC1, 0. 01M Tris, pH 7.4, and

0.001M EDTA, and centrifuged at 24,000 rpm for 9 hrs in a SW 25.1

rotor at 3 o C. The gradient fractions were collected in one ml vol-

umes by needle puncture at the bottom of the centrifuge tubes. Ab-

sorbancy at 260 nm and 280 nm was determined for each fraction (see

Figure 1).

Other RNA Species

Qp bacteriophage RNA was prepared using a procedure de-

scribed by Olson, Deeney, and Beaudreau (1968). E. coli K10 was

grown by a procedure of Overby et al. (1966) and the RNA extracted

by a phenol technique (Olson, Deeney and Beaudreau, 1968). The

23S ribosomal RNA component from E. coli K10 was isolated by

glycerol gradient centrifugation described elsewhere in Methods.

E. coli MRE 600 ribosomal RNA was prepared by similar procedures

and supplied for these experiments by E. A. Possehl of this labora-

tory. Liver bulk RNA from 12-month old White Leghorn chickens

was isolated by a phenol-extraction procedure similar to that de-

scribed previously for the myeloblast cell RNA preparation. Pea

root transfer RNA and yeast transfer RNA were prepared by a pro-

cedure similar to that of Hodnett and Busch (1968) and kindly supplied

for these studies by Dr. P. C. Scott of the Department of Agricultural
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Figure 1. Glycerol gradient centrifugation of the RNA extracted from BAI
strain A myeloblastosis virus. The RNA was extracted from
myeloblastosis virus and fractionated by glycerol gradient cen-
trifugation following the procedure described in Methods.
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Chemistry, Oregon State University, Corvallis, Oregon.

Radioactive-labeling of E. coli MRE 600 with 32P-labeled

phosphate and extraction of the radioactively-labeled RNA were car-

ried out following the procedure of Hayashi and Spiegelman (1961).

The 32 P-labeled ribosomal RNA was collected by glycerol gradient

centrifugation.

Virus-infected myeloblasts cells were grown in tissue culture

(Beaudreau et al. ' 1960) in the presence of actinomycin D and 14C---
uridine to obtain 14 C-labeled RNA. Cells were incubated with actino-

mycin D (5 Fig/m1) for 10 min and then diluted to 0.5 µg /ml actino-

mycin D. After 20 min at 37°, 14 C-uridine was added (1 µc /ml) and

the cultures were then shaken two hours at 37°. Cells were collected

by centrifugation and stored at -70° until used. The 14 C-labeled RNA

associated with the S-13 enzyme complex fraction from gel filtration

was extracted using the procedure previously described for the myel-

oblast RNA extraction.

Cellular Location of Enzyme Activity

All steps were carried out at 0-4°C.

One hundred grams of frozen, virus-infected myeloblast cells

were suspended in 100 ml of Buffer 0 (previously described), and

DNAase I (RNAase-free) was added to a final concentration of 5 [ig

per ml. The suspension was stirred at 4°C for 60 min and then
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homogenized at high speed for five sec using a VirTis 45 homogenizer.

Following the addition of 100 ml of Buffer 0 and enough 1M sucrose

to make the solution 0.25M sucrose, the homogenate was centrifuged

for 10 min at 800 x g. After the pellet was washed one time with two

volumes of Buffer 0 -0.25M sucrose solution and centrifuged 10 min

at 800 x g, the pellet was resuspended in two volumes of the Buffer

0 0. 25M sucrose solution and designated as the nuclei fraction.

The supernatant from the first centrifugation was combined with

the wash supernatant and centrifuged 90 min at 78,000 x g. The pel-

let from this spin was resuspended in ten volumes of the Buffer 0 -

O. 25M sucrose solution with the aid of a tissue grinder apparatus,

and called the microsomal fraction. The supernatant from the 78,000

x g spin was called the soluble fraction. Each major fraction was

examined for RNA polymerase activity.

Fractionation of RNA-Dependent RNA Polymerase

All enzyme fractionation steps were carried out at 0-4°C.

One hundred grams of frozen, virus-infected myeloblast cells

were suspended in 100 ml of Buffer 0 (0. 1M Tris, pH 7.4; 0.01M

MgC12; and 0. OO1M reduced gluathione) and homogenized in 50 ml

aliquots with a VirTis 45 blender for one minute at high speed. The

suspension was centrifuged at 30,000 x g for 30 minutes and the super-

natant was carefully removed, whereas, the precipitate which
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consisted of nuclear and membrane fractions was either discarded,

or the membrane fraction was recovered as a source of RNA.

The supernatant was made 5% v/v glycerol and protamine sulf-

ate (5 mg/ml water) was added to a level of 0.04 mg per A260 unit.

After 15 minutes of stirring, the suspension was centrifuged 15 min-

utes at 23,500 x g. The resulting supernatant was concentrated using

polyethylene glycol (described elsewhere in Methods) to about one-

third of original volume and then submitted to CM-Sephadex chro-

matography in the following manner.

A 2 x 25 cm column of CM-Sephadex C-50 was prepared and

equilibrated with 500 ml of 0. O1M KPi, pH 8 containing 5% v/v glycer-

ol. After placing the sample on the gel, the 0. O1M KPi, pH 8 solu-

tion containing 0. OO1M reduced glutathione as an additional compo-

nent, was used to wash the column of all non-adsorbing material

(absorbance at 260 nm was less than 0.1 optical density units). The

enzyme protein was then eluted with a 0. 3M KPi, pH 8 solution con-

taining 5% v/v glycerol and 0.001M reduced glutathione. Protein

concentration was determined for all studies using the procedure of

Warburg and Christian (1942).

Fractionation of RNA-Dependent RNA
Polymerase from Normal Chick Liver

Twenty grams of liver tissue from seven day old chicks was
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homogenized 90 sec at high speed with a VirTis 45 homogenizer in

30 ml of Buffer 0 containing 5 µg /m1 DNAase I. The homogenate was

centrifuged 30 min at 30,000 x g, and 0.04 mg of protamine sulfate

(5 mg/ml) was added with stirring per A260 absorbancy unit of super-

natant. After 15 min, the solution was centrifuged 15 min at 23,500

x g and the supernatant was removed for further treatment. A pre-

washed slurry of DEAE-cellulose was added to the supernatant at a

level of 1 g/100 mg supernatant protein. After stirring well, the

suspension was centrifuged 5 min at 1800 x g. The supernatant was

then chromatographed on CM-cellulose as described elsewhere in

Methods. Fractions from the protein peak removed from the column

as result of the potassium phosphate gradient were pooled and precipi-

tated with two volumes of saturated ammonium sulfate, pH 7 (4°C).

Following centrifugation for 15 min at 23,500 x g, the supernatant

was removed and the precipitate was resuspended in two ml of 0. 01M

Tris, pH 7.4 containing 10% v/v saturated ammonium sulfate and

0. OO1M reduced glutathione.

Ten grams of liver tissue from one day old chicks was treated

as above through the protamine precipitation step. Then the super-

natant was concentrated in dialysis tubing using G-25 (coarse) Sepha-

dex (similar to procedure using polyethylene glycol described in

Methods).

Equivalent amounts of virus-infected myeloblasts were taken
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through the same purification procedures and the polymerase activi-

ties were compared.

Fractionation of RNA Polymerase-RNA Complex

All enzyme fractionation steps were carried out at 0-4°C.

Twenty-five grams of frozen, virus-infected myeloblasts cells

were suspended in 15 ml of Buffer .0 containing 0. 25M sucrose with

the addition of DNAase I (RNAase-free) at a level of 5 Fig/mi. Follow-

ing homogenization at high speed for five seconds in a VirTis 45

blender, the suspension was diluted with 10 ml of Buffer 0 and cen-

trifuged 10 min at 1000 x g. The supernatant (S-10) was then centri-

fuged 30 min at 30,000 x g and the resulting supernatant (S-11) was

made 5% v/v glycerol. After centrifugation of this supernatant for

90 min at 78,000 x g, the supernatant (S-12) fraction was carefully

removed and 10 ml of this fraction was then subjected to gel filtra-

tion chromatography using Bio-gel A, 0.5m (200-400 mesh), or

anionic exchange cellulose chromatography as described elsewhere

in Methods.

Concentration of Protein Solutions Using
Polyethylene Glycol 6000

Utilizing 20 mm dialysis tubing, 30 ml aliquots of the protein

solution were pipetted into the tubing, forming long, slender bags.
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The sealed bags were then submerged in dry polyethylene glycol

(flakes or powder) in aluminum foil troughs which were then placed

in a container of crushed ice being careful to keep the ice out of the

troughs. At 30 min intervals, the bags of protein solution were re-

moved from the troughs, rinsed off with cold water, and resubmerged

in fresh, dry polyethylene glycol. This frequency of changing to fresh

polyethylene glycol prevented excessive uptake of solubilized poly-

ethylene glycol into the dialysis bags.

DEAE-Cellulose Chromatography of
RNA- Dependendent RNA Polymerase

DEAE-cellulose was prepared for chromatography by the method

of Furth (1962) and poured into a column as a slurry with a final bed

volume of 40 ml. After washing the column extensively with standard

buffer (0.01M Tris, pH 7.4, 0.005M MgC12, 0.001M reduced gluta-

thione), approximately 300 mg of a protamine sulfate treated super-

natant protein 5-1 (57 ml) was added to the column. Collecting one

ml fractions, the column was washed with standard buffer, 0. 1M

NaC1 in standard buffer, and 0. 3M NaC1 in standard buffer. Absorb-

ancy of each fraction at 280 nm and 260 nm was determined, and the

fractions were assayed for RNA polymerase activity. Protein con-

centration was determined by the method of Warburg and Christian

(1942).
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CM-Cellulose Chromatography of
RNA-Dependent RNA Polymerase

CM-cellulose (Bio-Rad) was equilibrated in standard buffer

(0.01M Tris, pH 7.4, 0.001M MgC12, and 0.001M reduced gluta-

thione) and a slurry was poured into a two cm diameter glass column

with a final volume of 30 ml. After extensive washing with standard

buffer, the RNA-dependent RNA polymerase protein containing frac-

tion was placed on the column. Following the enzyme application,

the column was washed with standard buffer until the A280 units/ml

were less than 0.1. The column was then washed with 0.01M KPi,

pH 8 containing 0. OO1M reduced glutathione until the A280 units/ml

were again less than 0.1. A 50 ml gradient was added with limits

of 0. 02M KPi, pH 8 and 0. 15M KPi, pH 8, collecting three ml frac-

tions. Absorbancy at 280 nm and 260 nm was determined for each

fraction, and polymerase activity was determined by the standard

assay procedure.

Preparation of CM-Sephadex C-50 (Potassium Form)

Ten grams of CM-Sephadex C-50 was allowed to swell 12 hours

in two liters of glass distilled water. After removing the water above

the settled gel, the CM-Sephadex was treated two times with one liter

quantities of 0. 5N hydrochloric acid. After stirring well, the gel was
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permitted to settle and the acid was poured off. Following the remov-

al of excess acid by repeated washings with glass distilled water, the

gel was treated two times with one liter quantities of 0. 5N potassium

hydroxide. Upon removal of excess base with glass distilled water,

the gel was suspended and stored at 4° in 0. O1M KPi buffer, pH 8

containing 5% v/v glycerol.

CM-Sephadex Chromatography

A thin slurry of CM-Sephadex C-50 (potassium form) equilibrat-

ed in 0.01M KPi, pH 8 and 5% v/v glycerol was poured into a glass

column (2x30 cm) with a thin layer of glass wool at the base and

containing one-half volume of the 0. O1M KPi, pH 8 solution. The

gel was allowed to settle slowly to a height of 25 cm. After placing

a one cm cap of G-25 Sephadex (coarse) on top of the CM-Sephadex,

the column was washed with 500 ml of the 0. O1M KPi, pH 8 solution.

After washing, the protein sample was placed on the column at a rate

of one ml per minute. Due to the sensitivity of the gel to ionic

strength, some shrinkage of the column occurred during sample ap-

plication.

Following sample application, the column was washed with

0. O1M KPi, pH 8 containing 5% v/v glycerol and 0. OO1M reduced

glutathione until the absorbancy at 260 nm was less than 0. 1 optical

density unit per ml. The enzyme activity was then eluted from the
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column using increasing concentrations of KPi, pH 8 containing 5%

v/v glycerol and 0. OO1M reduced glutathione. Five ml fractions

were collected at one to two ml per minute..

Gel Filtration Chromatography

Fully-hydrated agarose gel (Bio-Gel A, 0.5m, 200-400 mesh)

was added in a dilute slurry of Buffer A (0. 05M Tris, pH 7.4; 0. O1M

MgC12; 0.001M reduced glutathione; and 5% v/v glycerol) to a column

(2. 5 x 100 cm) with a final bed volume of 500 ml. The gel was then

equilibrated with Buffer A at a rate of 10 ml per hour for several

days.

Ten ml of enzyme fraction was placed on the column and elution

of the fraction was carried out with Buffer A at 10 ml per hour.

Three ml fractions were collected and absorbancy at 280 nm and 260

nm was determined for each fraction. The position of enzyme activi-

ty was determined by standard assay as described previously in

Methods.

Anion-Exchange Cellulose Chromatography
RNA Polymerase-RNA Complex

Ecetola (Bio-Rad Cellex E), DEAE-cellulose (Cellex D), or

TEAE-cellulose (Cellex T) were suspended into a slurry with Buffer

A. Columns (2 x 20 cm) were prepared and equilibrated with Buffer
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A. After enzyme fraction application (designated in Results), the

columns were washed with Buffer A until all A280 and A260 absorb-

ing material had been removed. Then a solution of sodium chloride

or potassium chloride in Buffer A was added to elute the enzyme

activity. Salt concentrations varied with the column type and are so

stated in Results.

In Vitro RNA Product Analysis Using
Density Gradient Centrifugation

A standard reaction was carried out as described in Methods,

using one or more radioactively-labeled ribonucleoside triphosphates

as substrates. Following termination of the reaction at 0°C, 0.25

ml of '0. OIM Tris, pH 8.5 was added. The reaction mixture was then

either made 0. 2% v/v in sodium dodecyl sulfate or 0.01 ml of diethyl-

pyroca,rbonate was added. After shaking at room temperature for

two minutes, the solution was made 0. 005M in EDTA and centrifuged

10 min at 4000 rpm and 4°C in a clinical centrifuge. The supernatant

was removed and placed on a 4.5 ml 10-30% v/v glycerol density grad-

ient containing 0. 1M NaC1, 0. O1M Tris, pH 7.4, and 0. 001M EDTA.

Control RNA samples were made 0. 005M in EDTA and treated as

described. After a specified time 5 at 50,000 rpm in a Spinco SW 50

5 Centrifugation time depended on the RNA template used in the
reaction mixture.
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rotor, 0.2 ml fractions were collected from the bottom of the centri-

fuge tube by needle puncture. Following dilution of the samples to

0.8 ml with TML (0. O1M Tris, pH 7.4, 0. OO1M MgCl2), the absorb-

ancy at 260 nm was determined. TCA Mixture (0. 5 ml) was then

added for precipitation of synthesized RNA product containing radio-

actively-labeled substrate and the samples were collected on nitro-

cellulose membrane filters and counted by liquid scintillation tech-

niques previously described for the standard assay procedures.

Nearest Neighbor Analysis of Product RNA

Using one a - 32 P-ribonucleoside triphosphate as the labeled

substrate in a standard assay, an enzyme mixture was incubated for

a given time period. Termination of the reaction varied depending

on whether the RNA product was to be examined as a total unit or

whether specific molecular weight species were to be examined

separately. In the first instance, the reaction mixture was termi-

nated in the standard manner with TCA precipitation. In the latter

case, the sample was subjected to glycerol density gradient centrifu-

gation and the separated molecular weight components were pooled

and TCA precipitated.

Following TCA precipitation in either case, all samples of a

group were collected on one membrane filter. One to two mg of an

RNA species with a known base composition was precipitated in a
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similar fashion and added to the membrane filter as a control. After

cutting the membrane filter into strips, the precipitate on the filter

was hydrolyzed by washing the strips three times with one ml por-

tions of 0. 3M potassium hydroxide. The three ml wash was then

incubated 12 hours at 37° for complete hydrolysis. The ribonucleo-

tides were then separated on Dowex-1-formate and analyzed for 32P-

cpm and optical density as detailed by Hayashi and Spiegelman (1961).

Nearest neighbor frequencies were calculated from the amount of

radioactivity in each nucleotide region.

Standard Assay for Ribonuclease Activity
in RNA Polymerase Fraction

Ribonuclease activity was determined by incubating a given RNA

polymerase fraction with radioactively-labeled ribosomal RNA (28S)

under standard assay conditions with omission of the radioactively-

labeled ribonucleoside triphosphate. After 60 min at 37°, the reac-

tion mixture was terminated at 0o with the addition of 0.3 ml of water

and 0.1 ml of 80% TCA. After 10 min the sample was collected on a

nitrocellulose filter, washed, dried, and the TCA-precipitable radio-

activity determined as described elsewhere in Methods.

If the amount of degradation and size of the radioactively-

labeled rRNA remaining was of interest, the reaction mixtures were

incubated a specified time at 37° and then terminated at 0° with the
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addition of 20% SDS to 0. 2% v/v. After increasing the concentration

of EDTA to 0. 005M, the sample was layered on a 4.5 ml gradient of

5-20% w/v sucrose or 10-30% v/v glycerol as described elsewhere in

Methods. After centrifugation for 180 min, at 50,000 rpm using a SW

50 rotor (Spinco), 0.2 ml samples were collected from the bottom of

the centrifuge tubes, diluted to one ml of TML (0. O1M tris, pH 7.4;

0.001M MgC12), and precipitated with 0.1 ml of 100% TCA. The pre-

cipitate was collected on a nitrocellulose filter and the TCA-precip-

itable radioactivity determined as previously described.

Ribonuclease - Resistance of Product RNA

RNA product fractions from glycerol gradients or from anneal-

ing experiments were divided to include appropriate controls. All

fractions were made 0. 3M in NaCl. The controls were precipitated

with the addition of an equal volume of TCA mixture and the others

were incubated 30 min at 37° in the presence of 3µg /ml pancreatic

ribonuclease A before precipitation with an equal volume of TCA

mixture. All sample precipitates were then collected on nitrocellu-

lose filters, washed, dried, and the radioactivity determined as

previously described.
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Annealing of In Vitro RNA Product to

High Molecular Weight Viral RNA

RNA product fractions from glycerol gradients were made 0. 3M

in NaCl and placed in a 80°C water bath. After adding five p.g of high

molecular weight viral RNA to each tube, the water bath was allowed

to cool slowly to 60°C for 60 min. After remaining 60 min at 60°C,

60 min at 50°, 60 min at 40°, and 60 min at 30°, the annealed RNA

samples were treated with ribonuclease, testing for ribonuclease

resistance (duplex structure) as described elsewhere.

Materials

Alpha- 32 P-uridine 5' -triphosphate was synthesized in our own

laboratory (see Methods). a-32P-guano sine 5' -triphosphate and a 32P-

cytidine 5' -triphosphate were generous gifts of International Chem-

cial and Nuclear, Irvine, California, where phosphorus-32 was ob-

tained. Tritiated ribonucleoside triphosphates were obtained from

Schwarz BioResearch, Orangeburg, New York, and New England

Nuclear, Boston, Massachusetts. Unlabeled ribonucleoside 5' -tri-

phosphates were obtained from Schwarz BioResearch, Orangeburg,

New York, and unlabeled ribonucleoside diphosphates were obtained

from P-L Laboratories, Milwaukee, Wisconsin. 14C-uridine was

obtained from New England Nuclear, Boston, Massachusetts, and
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tritiated uridine was obtained from Nuclear-Chicago, Des Plaines,

Illinois. Trizma Base, reduced glutathione, SDS, RNAase A, and

calf thymus DNA were obtained from Sigma Chemical, St. Louis,

Missouri. Protamine sulfate was obtained from Elanco Products,

Indianapolis, Indiana; polyethylene glycol 6000, glycerol, and toluene

from J. T. Baker Chemical, Phillipsburg, New Jersey; deoxyribo-

nuclease I (ribonuclease-free) from Worthington Biochemical Corpora-

tion, Freehold, New Jersey; CM-Sephadex C-50 and G-25 Sephadex

from Pharmacia Fine Chemicals, Incorporated, Piscataway, New

Jersey; Salmon sperm DNA (highly polymerized) from Mann Research

Laboratories, New York, New York; TCA from Mallinckrodt Chem-

ical Works, St. Louis, Missouri; BBOT from Packard Instrument

Company, Downers Grove, Illinois; nitrocellulose membrane filters

from the Carl Schleicher and Schuell Company, Keene, New Hamp-

shire; polyvinyl sulfate from General Biochemicals, Chagrin Falls,

Ohio; and polyribonucleotides (poly A, G, U, C, and G, I copolymer)

from Miles Laboratories, Elkhart, Indiana. Bio-gel A -0. 5m (200-

400 mesh), the anion exchange celluloses (Cellex E, Cellex D, and

Cel lex T), and CM-cellulose were obtained from Bio-Rad Laborator-

ies, Richmond, California. Diethylpyrocarbonate was obtained from

K and K Laboratories, Plainview, New York.
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RESULTS

RNA-Dependent RNA Polymerase

Enzyme Purification

Cellular Location of Polymerase Activity. Advantage in the

development of enzyme purification can generally be gained by a

general fractionation of cell components. In the case of the RNA-

dependent RNA polymerase in myeloblasts infected with tumor virus,

most of the enzyme activity could be found in a single fraction. As

described in Methods, three general cellular fractions were obtained

from the myeloblast cells and polymerase activity in each fraction

was determined using the standard assay procedure. Calculations

were made on the distribution of polymer ase activity and are indi-

cated in Table 2.

Table 2. Cellular distribution of RNA polymerase activity.

Fraction RNA-independent activity
Total Units * Percent of Total

RNA-dependent activity
Total Units * Percent of Total

Nuclei 54000 13

Microsome 84300 19 21100 14

Soluble 300000 68 130000 86

* 32
Unit-p_p_moles of P-UMP incorporated into acid-precipitable material per mg of
enzyme protein in 10 min.
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From the data in Table 2, it was concluded that the soluble

fraction should be used for further purification of the polymerase

activity.

Purification of RNA-dependent RNA Polymerase. A search for

a unique RNA-dependent RNA polymerase is complicated by the pres-

ence of certain enzymes (Smellie, 1963) in the cell which can incorpo-

rate ribonucleotides either terminally or subterminally into pre-

existent RNA molecules. Also, the presence of other enzymes that

can initiate extensive synthesis of polynucleotides are found such as

RNA phosphorylase (Grunberg-Manago and Ochoa, 1955), DNA-

dependent RNA polymerase (Kornberg et al., 1959) and polyadenylate

synthetase (August, Ortiz, and Hurwitz, 1962). Although the pres-

ence of all of these enzymes in myeloblasts has not been confirmed,

assay conditions and purification procedures were designed to avoid

or remove any interference by these enzymes.

The purification procedure developed for an RNA-dependent

RNA polymerase from myeloblasts infected with tumor virus is de-

scribed in Methods. Four basic steps are involved (see Figure 2)

that include: cell breakage and centrifugation (S-0), protamine

precipitation of the soluble fraction (S-1), concentration of the

protamine-treated supernatant (S-2), and CM-Sephadex chromatog-

raphy of the concentrated supernatant (S-3). A summary of the puri-

fication is shown in Table 3 and the pattern for eluting the
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Figure 2. Fractionation scheme for RNA-dependent RNA polymerase from tumor
virus-infected myeloblasts. More details of the fractionation procedure
are found in Methods.
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RNA-dependent polymerase from the CM-Sephadex column is given

in Figure 3.

Table 3. Purification of RNA-dependent RNA polymerase from tumor virus-infected myeloblasts.

Fraction Protein
(mg)

Specific Activity

p.p.moles 32P-UMP/
mg/10 min

Total Enzyme Activity
y.p., moles 32P-UMP/

10 min

S-0 8100 70 567000

S-1 3440 260 895000

S-2 2160 270 583000

S-3 106 1000 106000

Enzyme fractions were prepared as described in Methods. The standard assay
procedure was used. The labeled ribonucleoside triphosphate was a - 32P -UTP
at a specific activity of 12.5cpm/ p.p. mole. Protein concentration was deter-
mined by the procedure of Warburg and Christian (1942).

Note that the peak activity fraction (S-3) does not coincide with

the peak of the majority of protein. As can be seen in Figure 3, the

ratio of incorporation of radioactively-labeled CMP and UMP by the

S-3 fraction is not one. The ratio has been observed to vary from

preparation to preparation. At the present time, this observation

is not understood.

In developing the above fractionation procedure, DEAE-cellulose

chromatography was an obvious technique to use since a majority of

the purified RNA polymerases reported from both normal cells

(Chamberlin and Berg, 1962; Ballard and Williams-Ashman, 1966)

and virus-infected cells (Haruna et al., 1963, Haruna and Spiegelman,

1965a; Goulian, Lucas, and Kornberg, 1968) have utilized this column
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Figure 3. CM-Sephadex chromatography of RNA-dependent RNA polymerase
(see Methods). Enzyme activity was determined by the standard
assay procedure. 3H-CTP and a -32P-UTP were used as radio-
actively-labeled triphosphates at a specific activity of 5 cpm/iLp.mole
and 10 cpm/p.p.mole, respectively. Protein concentration was deter-
mined by the method of Warburg and Christian (1942).
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material for purification. However, as is shown in Figure 4, no

appreciable binding of this RNA polymerase to DEAE-cellulose is

evident.

The removal of contaminating cellular DNA-dependent RNA

polymerase from the enzyme preparation was facilitated by titration

of the S-0 fraction with a solution of protamine sulfate. Table 4

shows that negligible DNA-dependent RNA polymerase activity re-

mains in the S-1 fraction after 0.02 mg of protamine sulfate had

been added per A260 absorbancy unit of the protein solution.

Table 4. Protamine sulfate precipitation of DNA-dependent RNA polymerase.

Fraction
3

Template Net CPM ( H-UMP)

S-0

S-1 (after addition of
0.01 mg PS/A260 unit)

S-1 (after addition of
0.02 mg PS/A260 unit)

Myeloblast RNA 115

Salmon Sperm DNA 1818

Myeloblast RNA 383

Salmon Sperm DNA 166

Myeloblast RNA 226

Salmon Sperm DNA 10

Subtracting of control (no template added) reaction CPM results in Net CPM. Fifty fig
of myeloblast RNA and 30 of salmon sperm DNA were added to the standard reaction
mixtures. Enzyme protein was added at a level of 100 lig, and 1 x 106 cpm of 3H-UTP
was added as labeled substrate.

An enzyme activity similar to that reported by August, Ortiz,

and Hurwitz (1962) was observed in the S-2 fraction but was absent

in the S-3 fraction ( Table 5 ). Washing the CM-Sephadex column with

0. O1M KPi, pH 8 removed this AMP-incorporating enzyme which

required a poly A template.
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Table 5. Removal of polyadenylate-dependent AMP incorporating activity.

Enzyme Fraction Template CPM(3H-AMP)

S-2 Poly A (6 1jg) 5070
Poly A (30 p.g) 11080

None 340

S-3 Poly A (6 pg) 210

Poly A (18 1jg) 255

None 180

Reactions were carried out under standard assay conditions using 100 p,g
of enzyme protein. The labeled ribonucleoside triphosphate was 3H-ATP
at a specific activity of 6 cpm/p.p.mole.

Therefore, from the soluble fraction of myeloblast cells, it has

been possible to detect and partially purify an RNA polymerase activ-

ity. Using the fractionating procedure described, most contaminating

enzymes have been removed which utilize nucleoside triphosphates as

substrates. Interference by RNA phosphorylase activity was avoided

by utilizing nucleoside triphosphates as substrates for polyribonucle-

otide synthesis.

Properties and Requirements of the RNA Polymerase

RNA Requirement for Enzymatic Activity. Titration with pro-

tamine sulfate not only facilitated removal of DNA-dependent RNA

polymerase from the S-0 fraction, but also precipitated RNA acting

as endogenous template for the RNA polymerase of interest. The

data in Table 6 clearly shows that the enzyme activity observed fol-

lowing protamine precipitation was completely dependent upon the

addition of exogenous RNA to the reaction mixture.
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Table 6, Exogenous RNA requirement for RNA polymerase activity.

Fraction Template RNA CPM

S-0 (321 pg)

S-1 (85 pg)

1040
S30

720
140

Reactions were carried out under standard assay conditions using 40 pg of
myeloblast membrane RNA as template. The labeled ribonucleoside tri-
phosphate was a-32P-UTP at a specific activity of 13 cpm/p4 mole.

Polymerase-Associated Ribonuclease Activity. In studying any

type of RNA polymerase and in vitro RNA synthesis mechanisms,

elimination of RNA-degrading enzymes (RNAases) is essential. It

was observed early in the study of this RNA polymerase by the use

of the standard ribonuclease filter assay (see Methods) that incubation

of enzyme with tritium-labeled or 14 C-labeled 28S ribosomal RNA

resulted in a loss of TCA-precipitable RNA. CM-Sephadex chro-

matography of the S-2 fraction did not separate the ribonuclease ac-

tivity from the polymerase activity as shown in Figure 5. Hydroxyl-

apatite, gel filtration, or DEAE-cellulose chromatography did not

facilitate separation. The ribonuclease activity continued to chro-

matograph with the polymerase activity.

A more sensitive assay for ribonuclease activity (see Methods)

makes use of density gradient centrifugation. With this technique the

size of the degraded RNA can be examined. The technique became

useful when the standard ribonuclease filter assay indicated that little
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ried out as described in Methods. Polymerase activity was
determined using the standard polymerase assay procedure.
Protein concentration was determined by the method of Warburg
and Christian (1942.). Ribonuclease activity (open squares)
was determined by the standard ribonuclease assay procedure.
The amount of acid-soluble "C-RNA after incubation with a
given enzyme fraction is a function of the ribonuclease activity.
Control assays were carried out in the absence of enzyme
fraction.
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ribonuclease was present in the polymerase fraction, because only

small percentages of radioactively-labeled RNA were TCA-soluble.

Investigating the breakdown of the labeled RNA by sucrose gradient

centrifugation indicated that in five min at 37°, 100 [1g of the S-3

fraction was degrading 70% of the 28S ribosomal RNA to a 4-6S

molecule, which is TCA-insoluble (Figure 6). Therefore, the stand-

ared ribonuclease assay was not completely reliable since the ribo-

nuclease present in the polymerase fraction did not degrade all of the

RNA to the nucleotide or small oligonucleotide level, but broke it

down into small strands about the size of transfer RNA.

At this point, it was apparent that separation of the ribonuclease

activity was not possible under the conditions necessary for maintain-

ing a functional RNA polymerase. An alternative was to inhibit the

ribonuclease activity by some means and yet retain polymerase

activity. Various organic compounds have been reported to be effec-

tive inhibitors of RNAase activity (Fraenkel-Conrat, Singer, and

Tsugita, 1961; Vaheri and Pagano, 1965; Arlinghaus and Polatnick,

1967; Gomatos, 1968) and were examined under standard polymerase

assay conditions and standard ribonuclease assay conditions (see

Methods). In the presence of bentonite, both the polymerase and

ribonuclease activities were greatly inhibited. With the addition of

microgram quantities of spermine, dextran sulfate, or DEAE-

dextran, some inhibtion of the polymerase activity was observed,
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Figure 6. Analysis of ribonuclease activity by density gradient

centrifugation. 3H-labeled 28S rRNA (150, 000 cpm)
was incubated 5 min at 37° with 100 1.1g of S-3 enzyme
fraction under standard ribonuclease assay conditions.
The reaction mixture was then analyzed by sucrose grad-
ient centrifugation (see Methods). The closed circles
represent 3H-RNA not incubated with S-3 enzyme and
acting as control. The open circles indicate the sedi-
mentation profile of the 3H-RNA incubated 5 min with
enzyme.



50

whereas negligible inhibition of the ribonuclease activity could be

detected. Only in the presence of polyvinyl sulfate was a favorable

response obtained.

Although polyvinyl sulfate also inhibited the polymerase reaction

as shown in Figure 7, its inhibition of the ribonuclease activity was

very noticeable. A time study of ribonuclease action on 14 C-labeled

28S ribosomal RNA in the presence of polyvinyl sulfate was made

using glycerol gradient centrifugation (Figure 8). Breakdown is

occurring at 5 min but the percentage is small compared to an incuba-

tion in the absence of polyvinyl sulfate (Figure 6). The breakdown

product sediments in the 18S region of the gradient and not in the 4S

region.

Upon considering the possibility that the polymerase and ribo-

nuclease activities were associated with the same enzyme protein,

it was of interest to examine the effect of the ribonuclease activity

in the presence and absence of the four nucleoside triphosphates

utilized by the polymerase. Equal quantities of "C-labeled 28S

ribosomal RNA were placed in two standard reaction mixtures in the

presence of one i.t.g of polyvinyl sulfate, with the radioactively-labeled

ribonucleoside triphosphate omitted from both mixtures. All ribo-

nucleoside triphosphates were omitted from one. After 10 min, the

labeled RNA was examined by glycerol gradient centrifutation. (Figure

9. A noticeable difference was observed in the RNA profiles of the
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Figure 7. Effect of polyvinyl sulfate concentration on RNA polymerase
activity. Standard polymerase reaction mixtures were pre-
pared with increasing amounts of polyvinyl sulfate. Myelo-
blast membrane RNA was used as template RNA (40p.g) and
92 p.g of S-3 enzyme fraction was added to each reaction mix-
ture. 32P-UTP was used as the radioactively-labeled nucle-
oside triphosphate at a specific activity of 8 cpm/pimole.
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Figure 8. Effect of polyvinyl sulfate on.ribonuclease activity. 14C-labeled 28S rRNA
was incubated with S-3 enzyme fraction under standard polymerase assay
conditions. The labeled triphosphate was omitted and 1 ti.g of polyvinyl
sulfate was included in each reaction mixture. Reactions were incubated
0, 5, 10, and 20 min and then analyzed by glycerol gradient centrifugation
(see Methods). The sedimentation profiles shown represent the condition
of the 14C-28S rRNA after incubation.
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9. Effect of nucleoside triphosphates on ribonuclease activity.
Equal amounts of 14C-28S rRNA were incubated with S-3
enzyme in standard polymerase reaction mixtues in the pres-
ence and absence of nucleoside triphosphates. Polyvinyl sulf-
ate was included in the reaction mixtures. After 10 min at 37°,
the mixtures were analyzed by glycerol gradient centrifugation
(see Methods). The two profiles represent the condition of the
14C-28S rRNA after incubation in the presence of 4NTP (ATP,
CTP, GTP, UTP) and in the absence of 4NTP.
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two reaction mixtures. Not only was there less 28S ribosomal RNA

remaining in the reaction containing no ribonucleoside triphosphates,

but the total amount of RNA remaining on the gradient was 26% less.

The presence or absence of the ribonucleoside triphosphates may

shift the predominant enzyme activity to polymerization or degrada-

tion. This multiplicity of enzyme activities has been observed before

and studied with Escherichia coli DNA polymerase (Kornberg, 1969).

RNA Template Specificity. The RNA polymerase has been

shown to be dependent on the addition of RNA template for enzyme

activity. Investigation of this requirement indicated that there is

a preference for RNA from the leukemic cell and from the tumor

virus, however, complete specificity for these templates was not

observed.

Using the standard assay procedure, RNA species extracted

from the myeloblastosis virus and the infected rnyeloblasts, normal

chicken liver RNA, various transfer RNAs, E. coli 23S ribosomal

RNA, and Qi3 bacteriophage RNA were tested for template activity.

Synthetic homopolymers and one synthetic copolymer were also tested.

Table 7 presents data using the 5-3 enzyme fraction from two differ-

ent preparations in the absence of polyvinyl sulfate.

With the S-3 enzyme fractions, the membrane-associated RNA

from the infected myeloblasts appears to be the best template RNA.

Qr3 bacteriophage RNA and chicken liver bulk RNA become involved
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to a much greater extent than the homopolymers and the poly G, I

copolymer which evidence no template activity. The high molecular

weight RNA fraction from the virus particle does not appear to be as

efficient as the myeloblast RNA in template activity. However, at

the time of these experiments, there were some technical problems

with the isolation of the viral RNA.

Table 7. RNA template specificity in the absence of polyvinyl sulfate.

RNA Template Experiment 1
N. moles 32P-UMP

incorporated

Experiment 2
p,pmoles 3H -CMP or

3H-AMP*
incorporated

Myeloblast membrane RNA (40 pg) 87
Myeloblast membrane RNA (20 pg) 68

HMW Virus RNA (20 pg) 58
QP bacteriophage RNA (30 pg) 50
None 20

Myeloblast membrane RNA (40 pg) 677
Chicken liver RNA (40 pg) 330
Qp bacteriophage RNA (30 trig) 418
Poly C (30 pg) 16

Poly G, I (1:1) (30 pg) 23

Poly G (30 pg) 8

Poly U (30 pg) 10*
Poly A (30 pg) 23*

None 13

Reactions were carried out under standard assay conditions using 140 pg of
S-3 enzyme for experiment 1 and 72 p.g of another S-3 enzyme fraction for
experiment 2. The labeled ribonucleoside triphosphate used in Experiment 1
was 0,32P-UTP at a specific activity of 13 cpm/p.pmole. 3H-CTP were used
in experiment 2 at a specific activity of 6 and 7 cpm/P.P.mole, respectively.
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Table 8 presents data from two experiments performed in the

presence of polyvinyl sulfate. Having eliminated some technical

problems with the isolation of the viral RNA, these experiments in

the presence of polyvinyl sulfate tended to indicate a specificity for

the high molecular weight RNA from the virus as template for the

RNA polymerase reaction.

Table 8. RNA template specificity in the presence of polyvinyl sulfate.

RNA Template Experiment 1 Experiment 2
114 moles 32P-UMP incorporated

HMW Virus RNA 138

Qp bacteriophage RNA 69

E. coli 23S rRNA 104

Myeloblast cell RNA 27

Myeloblast membrane RNA 41

None 7

Myeloblast membrane RNA (20 p. g) 36
Yeast transfer RNA (20)..ig) 5

Pea Root transfer RNA (15 ii.g) 14

None 9

Reactions were carried out under standard assay conditions using 92 lig of an S-3
enzyme fraction and 44 g of each template RNA in experiment 1. Experiment 2
utilized 11111g of another S-3 enzyme fraction and the indicated amount of RNA
template. Experiment 1 and 2 used 1232P -UTE' as the labeled ribonucleoside
triphosphate at specific activities of 63 cpm4.141 mole and 17 cpm/Ii.).1 mole, re-
spectively.

This observation was very important in characterizing the enzyme,

for describing a polymerase present in tumor virus-infected leukemia

cells having a tumor virus RNA template specificity would be of con-

siderable interest and significance.

To examine this template specificity further, incubated reaction
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mixtures containing various RNA templates and polyvinyl sulfate were

analyzed by glycerol gradient centrifugation (see Methods). Figure

10A shows the product of the enzymatic reaction using high molecular

weight viral RNA as template (CPM) and the profile of the template

RNA (A260) after 10 min at 37° with the RNA polymerase. Both the

product and the template were sedimenting in the region of the gradi-

ent characteristic of the HMW viral RNA (see Figure 10B). In simi-

lar reaction mixtures using Qp bacteriophage RNA and E. coli 23S

ribosomal RNA as templates, quite different results were obtained.

In Figure 1 1A, the sedimentation profile of the reaction product

(CPM) and RNA template (A260) is shown using Qp. bacteriophage

RNA as template. Extensive breakdown of the reaction product and

template RNA was observed when compared to the normal sedimen-

tation pattern of Qp RNA (Figure 11B). Similar results were obtained

when E. coli 23S ribosomal RNA was used as the RNA template (Fig-

ure 12A). However, the extent of degradation of reaction product

and template RNA was not as great, when compared to the normal

sedimentation pattern of E. coli 23S rRNA (Figure 12B).

Repeating the experiments, incubating the reaction mixtures

five min instead of 10 min., similar results were obtained. The high

molecular weight viral RNA template and product profiles (Figure

13) were identical to the previous results for 10 min (Figure 10).

The Qp RNA template and product did not appear to be degraded as
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Figure 10. Reaction product using high molecular weight viral RNA as template
for RNA polymerase. A standard reaction mixture was incubated 10
min at 37° containing 184 µg of S-3 enzyme protein, 80 tig of HMW
viral RNA, and 2µg of polyvinyl sulfate. a -32P-UTP was added as
labeled substrate at a specific activity of 170 cpm/p.p.mole. The
reaction mixture was then analyzed by glycerol gradient centrifu-
gation (see Methods). Figure 10A shows the sedimentation profile
of the RNA template (A,60) and reaction product (CPM). Part B
shows the sedimentation profile of untreated HMW viral RNA (A260).
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Figure 11. Reaction product using (4 bacteriophage RNA as template for RNA

polymerase. A standard reaction mixture was incubated 10 min at
37° containing 92 lag of S-3 enzyme fraction, 40 ag of Q,3 bacterio-
phage RNA, and 1 ag of polyvinyl sulfate. a -32P-UTP was added at
a specific activity of 80 cpm/aarnole. Following incubation, the
sample was analyzed by glycerol gradient centrifugation (see Meth-
ods). Part A indicates the post-incubation profile of the Q(3 RNA
template (A260) and reaction product (GPM). Part B shows the
sedimentation profile of nonincubated Qp RNA (A260).
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Figure 12. Reaction product using E. coli 23S ribosomal RNA as
template for RNA polymerase. A standard reaction
mixture containing 92 µg of S-3 enzyme, 40 p.g of E. coli
23S rRNA, and 1 Fig of polyvinyl sulfate was incubated and
analyzed as described in Figure 11. Part A indicates the
post-incubation profile of the 23S rRNA (A260) and reaction
product (CPM). Part B shows the sedimentation profile of
nonincubated 23S rRNA (A260). a -32P-UTP was used as the
labeled substrate at a specific activity of 70 cpm/p4mole.
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Figure 13. Reaction product using high molecular weight viral RNA as
template for RNA polymerase. The procedure was identi-
cal to that described in Figure 10, except incubation time
was 5 min. The post-incubation template profile (A260) and
reaction product profile (CPM) are shown. Refer to Figure
10B for control sedimentation profile of HMW viral RNA.
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extensively (Figure 14). Only the reaction product (CPM) exhibited

different characteristics when E. coli 235 ribosomal RNA was used

as template (Figure 15). Therefore, reducing the incubation time

of the reaction had no pronounced effect on the results.

Analysis of RNA polymerase reaction mixtures by glycerol

gradient centrifugation further supports the observation that a speci-

ficity by the RNA polymerase for high molecular weight viral RNA

as template does exist. Not only is a high molecular weight product

synthesized, but the template RNA is preserved during the incuba-

tion period.

Nucleoside Triphosphate Use and Requirement of RNA-Depen-

dent RNA Polymerase. As pointed out by a number of workers in-

volved in studying RNA polymerases (Chamberlin and Berg, 1962;

Furth, Hurwitz, and Anders, 1962; Haruna et al., 1963), the use

and requirement of the four nucleoside triphosphates (ATP, CTP,

GTP, and UTP) for polyribonucleotide synthesis are important cri-

teria in characterizing the enzyme.

Using the standard assay procedure, experiments were carried

out in the presence of two, three, or all four ribonucleoside triphos-

phates with the results shown in Table 9. From this data, no nucleo-

side triphosphate dependency was evident. To the contrary, when

nucleoside triphosphates were omitted, a stimulation in incorpora-

tion of the other triphosphates occurred. This observation is not
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Figure 14. Reaction product using Qi3 bacteriophage RNA as template
for RNA polymerase. All procedures were identical to
those described in Figure 11, except incubation time was
5 min. Part A shows the post-incubation template (A260
and reaction product (CPM) profiles. Part B shows the
profile of nonincubated Q3 RNA (A260).
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Figure 15 Reaction product using E. coli 23S ribosomal RNA as
template for RNA polymerase. All procedures were as
described in Figure 12, except incubation time was 5 min.
Part A shows the post-incubation template (A260) and
reaction product (CPM) profiles. Part B shows the profile
of nonincubated E. coli 23S rRNA (A260).
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understood at the present time.

Table 9. Nucleoside triphosphate dependency of RNA polymerase.

Assay Mixture [ip
3

}-1

32. moles H-CMP 41 moles 32P-UMP
incorporated incorporated

Experiment 1
Complete 115
Minus UTP 196
Minus UTP, ATP 270
Complete
Minus CTP

Experiment 2
Complete 169
Minus UTP 252
Minus UTP, ATP 344
Complete
Minus CTP

119

119

150

180

Standard assay conditions were used with 571.1.g of S-3 enzyme fraction in both
experiments, 30 p.g of HMW viral RNA template in experiment 1, and 30 P.g
of myeloblast membrane RNA template in experiment 2. The specific activity
of 3H-CTP was 8 cpm/tIpxnole and the specific activity of a32P-UTP was 12 cpm/

When the triphosphate requirement studies were repeated in the

presence of polyvinyl sulfate and the reaction products examined by

glycerol gradient centrifugation, it can be seen (Figure 16) that only

when all four nucleoside triphosphates were present in the reaction

mixture does one observe preservation of template RNA and synthesis

of RNA sedimentilig in the high molecular weight region of the gradi-

ent. Therefore, in the presence of polyvinyl sulfate, a triphosphate

depencency for formation of high molecular weight product is ob-

served.



1200

2 800

a.
U

400

2 800
a.

400

4NTP A

-0.10

-0.15 1200

p 800
I

66

5 15

5
Bottom

Fraction (02 ml)

15 25
Top

, I I

5 25
Bottom Top

Fraction (02 ml)
Figure 16. Effect of polyvinyl sulfate on ribonucleoside triphosphate requirements

of RNA-dependent RNA polymerase. Standard reaction mixtures were
prepared containing 92 H.g of S-3 enzyme fraction, 40 µg of HMW viral
RNA template, 1µg of polyvinyl sulfate, and the designated nucleoside
triphosphates as substrates, using a -32P-UTP as the radioactively-
labeled substrate with a specific activity of 80 cpm/p.p.mole. Four
reaction mixtues were incubated 10 min at 37° with (A) all four ribo-
nwoleoside triphosphates present, (B) ATP omitted, (C) CTP and
GTP omitted, and (D) CTP, GTP, and ATP omitted. Reaction prod-
uct is represented by (CPM) and the RNA template by (A260).
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In studying the level of incorporation of each of the four ribo-

nucleoside triphosphates, one of the four was radioactively labeled

and four standard reaction mixture s were incubated with enzyme.

The results, shown in Table 10, indicated that all four ribonucleo-

side triphosphates are utilized in polyribonucleotide synthesis with

a given RNA template, however, the level of incorporation of GMP

from GTP is much lower than the other three.

Table 10. Utilization of ribonucleoside triphosphates in polyribonucleotide synthesis.

RNA Template Radioactively-labeled Nucleoside Triphosphate
p.limoles utilized

3 3H
-ATPH-ATP 032P-UTP a -32P -GTP

HMW Viral RNA

Myeloblast membrane RNA

119 108 59 22

108 103 79 32

Standard assay conditions were used with 60 I-Lg of S-3 enzyme fraction and 30 lig
of each RNA template. The specific activities of 3H-CTP, 3H-ATP, a -32P -UTP,
and 0. 32P-GTP were 5 cpm/111-Imole, 6 cpm4-1.11mole, 7 cpm /IJ4imole, and 43 cpm/

respectively.

When similar reaction mixtures were incubated in the presence of

polyvinyl sulfate using high molecular weight viral RNA as template

and examined by glycerol gradient centrifugation, one finds no sig-

nificant discrepancy when comparing the utilization of nucleoside

triphosphates by the polymerase. Table 11 expresses the total

p.p.moles of each ribonucleotide incorporated into acid-precipitable

polynucleotide after incubation with polyvinyl sulfate and gradient

centrifugation.
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Table 11. Effect of polyvinyl sulfate and gradient centrifugation on utilization of ribonucleoside
triphosphates.

RNA Template Radioactively-labeled Nucleoside Triphosphate
moles utilized

3H-CTP 3H-ATP 32
P-UTP 3H-GTP

Experiment 1
HMW Viral RNA

Experiment 2
HMW Viral RNA

91 81 101

154 170 154

Standard assay conditions were used in the presence of 1 g of polyvinyl sulfate and
40 g of high molecular weight viral RNA. S-3 enzre fraction was added at a level
of 140 p.g. The specific activities of 3H-CTP, a. -3 P-UTP, and 3H-GTP in Expt. 1
were 20 cpm/p,p,mole, 30 cpm/p.p.mole, and 20 cpm/p.p.mole, respectively. The
specific activities of 3H-CTP, a-32P-UTP, and 3H-ATP in Expt. 2 were 18 cpm/
p.p. mole, 23 cpm4.1.1.1 mole, and 20 cpm/p.p.mole, respectively.

A profound effect by glycerol gradient centrifugation is unlikely,

therefore, the marked difference in the utilization of GTP may be due

to the presence of the polyvinyl sulfate. No explanation of this effect

is presently possible.

Accompanying the study of the utilization of ribonucleoside tri-

phosphates, consideration must be given to the utilization of ribonu-

cleoside diphosphates in the polymerase reaction. Table 12 presents

the results of this study. The data suggest that nucleoside diphos-

phates are not utilized by this RNA polymerase. Undoubtedly, poly-

nucleotide phosphorylase is absent from the enzyme fraction along

with any phosphatases that would convert ribonucleoside triphos-

phates to diphosphates.
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Table 12. Utilization of ribonucleoside diphosphates by RNA polymerase.

Substrates
in Reaction

RNA Template PA-Lmoles of
14

C-UDP or
a3213-UTP* utilized

ADP, CDP, GDP, UDP + 24

ADP, CDP, GDP, UDP - 16
ATP, CTP, GTP, UTP + 124*
ATP, CTP, GTP, UTP 8*

Standard assay conditions were used with 40 Ng of myeloblast membrane RNA and
111 p.g of an S-3 enzyme fraction. The specific activities of 14C-UDP and a -32P-
UTP were 6 cpm/p.p,mole and 17 cpm/p.p.mole, respectively.

In determining the level of nucleoside triphosphates necessary

for maximal enzyme activity in the standard reaction mixture, a

titration experiment was carried out. The results are shown in

Figure 17. For maximum enzyme activity under standard assay

conditions, 50 m p, moles of the four nucleoside triphosphates are

required. This value is also obtained when standard reaction mix-

tures, incubated in the presence of polyvinyl sulfate and high molecu-

lar weight viral RNA, are examined by glycerol gradient centrifuga-

tion.

Metal Ion and pH Requirements. From other studies with RNA

polymerases (Chamberlin and Berg, 1962; Haruna and Spiegelman,

1965b), the presence of Mg++ ion has been necessary not only for

cell-free analysis of enzyme activity but also for generation of iden-

tical replicas of input viral RNA templates. The RNA polymerase

studied here also requires Mg++ for maximum incorporation of
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Figure 17. Nucleoside triphosphate saturation of RNA polymerase.
Standard reaction mixtures were prepared containing
100 p.g of S-3 enzyme protein, 40 pg of myeloblast
membrane RNA, and increasing amounts of nucleoside
triphosphates. Reactions were incubated 10 min and
terminated as described by the standard assay proced-
ure. 3H-CTP was used as the radioactively-labeled
nucleoside triphosphate with a specific activity of
5 cpm/p4mole.
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ribonucleotides into polynucleotide. The level of magnesium required

for maximal enzyme activity is shown in Figure 18 to be 8mM Mg++

under the conditions of the standard assay procedure in the presence

of polyvinyl sulfate. The data also shows that RNA polymerase activ-

ity is enhanced about three fold whenHMW viral RNA is used as tem-

plate.

A similar study was made varying the pH of the reaction mix-

ture in the presence of polyvinyl sulfate. The results are shown in

Figure 19. Maximum enzyme activity is achieved at pH 8.5 in the

presence of 8mM Mg++. Again, the high molecular weight viral RNA

is much preferred as template.

The effect of Mn++ on the enzyme reaction and the product of

the reaction has not been thoroughly studied. It has been observed

that under the conditions of the standard assay procedure, Mn++ is

not stable and becomes oxidized very easily at the pH of the reaction

mixture.

Observations by Haruna (1965b) concerning the effect of Mn++

on Qi3 RNA replication in vitro have developed questions as to its

necessity for viral RNA replication in any virus - infected system.

However, Gomatos (1968) reports Mn++ to be preferred in the in

vitro synthesis of reovirus-associated RNAs.

In studying the effect of the phosphate ion, 50% inhibition of

the enzyme activity was reached at 12 mM KPi. When assaying the
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Figure 18. Magnesium ion requirement by RNA polymerase. Standard
assays were carried out using 92 p.g of S-3 enzyme fraction,
35 p.g of HMW viral RNA or 40 pg of myeloblast membrane
RNA, 1 p,g of polyvinyl sulfate, and increasing concentra-
tions of Mg++. The radioactively-labeled substrate used
was a -32P-UTP with a specific activity of 40 cpm/p.p.mole.
The open circles represent the reactions carried out with
HMW viral RNA. The closed circles represent the myelo-
blast membrane RNA-primed reaction.
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Figure 19. pH optimum of RNA polymerase reaction. Standard reaction
mixtures were incubated 10 min at 370 containing 92 p.g of
S-3 enzyme fraction, 1 Fig of polyvinyl sulfate, and 35 p.g
of HMW viral RNA or 40 µg of myeloblast membrane RNA
represented by open circles and closed circles, respec-
tively. The pH of the reactions was increased in the pres-
ence of 8mM Mg++. a -32P -UTP was used as the radioac-
tively-labeled substrate at a specific activity of 34 cpm/
[ip.mole. Reactions were terminated as described in Methods
for standard assay procedure.
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fractions from the CM-Sephadex column, the phosphate concentration

was maintained at a level of 6 mM or less in the reaction mixtures.

Pyrophosphate, a product of the enzymatic reaction, was found to

produce 50% inhibition at a level less than 2mM. Complete inhibi-

tion was achieved at 8mM.

Stability of RNA Polymerase Activity. In early studies with the

polymerase it was observed that the enzymatic activity decreased with

time after preparation. Reports have appeared in the literature

(Nakamato, Fox, and Weiss, 1964; August, Shapiro, and Eoyang,

1965; Loeb, 1969) indicating that the presence of glycerol tends to

stabilize various RNA andDNA polymerase preparations. A study

of the stability of the enzyme in the presence and absence of 5% v/v

glycerol was carried out for four weeks. Figure 20 relates the re-

sults of this study. As can be seen, there was a marked difference

in the presence of glycerol. A 5% v/v glycerol concentration has been

routinely maintained in all polymerase fractions.

Requirement for a sulfhydryl agent has also been observed for

stability of the enzyme. 13-mercaptoethanol, dithiothreitol, and re-

duced gluatathione have been used routinely. More complete studies

have not been carried out.

Effect of Actinomycin D and Deoxyribonucje4se on the Poly-

merization Reaction. Actinomycin D, a recognized inhibitor of

normal cellular RNA synthesis (Reich et al., 1962), was added at
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Figure 20. Stability of RNA polymerase in the presence and absence
of 5% v/v glycerol. Standard assay procedure was used
to determine the enzyme activity of 200 p.g of S-2 enzyme
fraction in the presence (closed circles) and absence (open
circles) of 5% v/v glycerol in the enzyme preparation.
Myeloblast membrane RNA (40 p.g) was used as RNA tem-
plate and 3H-CTP was added as the radioactively-labeled
substrate (1x105 cpm).
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two levels of concentration to a standard reaction mixture. The

results in Table 13 show that there is no marked inhibition at levels

of actinomycin where complete inhibition of synthesis might be ex-

pected. Deoxyribonuclease was also added to a standard reaction

mixture with no effect. These results show that DNA is not involved

in the enzymatic reaction as a template and DNA-dependent RNA

polymerase is not contributing to the results of the assay.

Table 13. Effect of actinomycin D and deoxyribonuclease on enzyme activity.

Assay Mixture 1.11-1 moles
3
H-CMP incorporated

Control 81
-i20 µg /ml Actinomycin D 69

-+40µg /ml Actinomycin D 76
+40µg /m1 Deoxyribonuclease I 93

The standard reaction mixture was incubated at 370 for 30 min containing 40 F_Lg
of myeloblast RNA template and a S-2 enzyme fraction (172 p.g). The labeled
nucleoside triphosphate was 3H-CTP at a specific activity of 20 cpm4-Lp. mole.

RNA Template Saturation of RNA Polymerase. It is of interest

to know what amount of RNA template is necessary in the in vitro

reaction to saturate a given level of enzyme. In a ribonuclease-

free enzyme preparation, the amount of RNA required to saturate

the enzyme should be very low as was shown by Haruna (1965a) with

the Q13 bacteriophage - E. coli system. He reported that one p,g of

Q13 RNA saturates 40 p,g of Qp replicase.
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As has been previously stated, there are problems with the

RNA polymerase isolated from the myeloblasts in that a ribonuclease

activity is associated with it. However, in the presence of polyvinyl

sulfate, Figure 21 indicates that 5 p4 of high molecular weight viral

RNA saturates 70 p.g of an S-3 enzyme fraction using the standard

assay procedure. This method of determining the saturation level

of RNA template does not give any indication of the size of the product

and the state of the RNA template after the incubation period. All

of the precipitable, radioactive RNA product could be very small in

molecular weight. If this were the case, conditions for synthesis of

high molecular weight product would not be established. To improve

on the determination, incubated reaction mixtures were examined by

glycerol gradient centrifugation techniques (see Methods). Four

reaction mixtures were examined containing 5, 10, 15 and 20 p.g of

high molecular weight viral RNA, respectively. Figure 22 shows

that maximum synthesis of material sedimenting in the high molecu-

lar weight region was achieved at the 15 µg level of template RNA per

153 p,g of enzyme protein. Comparing this value with the results

from Figure 21 suggests that the former method of determination

is quite valid, and is useful for routine determination.

The results of the template saturation study are very encour-

aging. The values obtained are approaching those achieved with an

enzyme capable of replicating biologically-active RNA.
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Figure 21. Saturation of RNA polymerase with HMW viral RNA.
Standard assay procedures were used with 70 p.g of S-3
enzyme protein, 1 fig of polyvinyl sulfate, and increas-
ing amounts of HMW viral RNA. a -32P-UTP was utilized
as the radioactively-labeled substrate (5x105 cpm/assay).
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Figure 22. Saturation of RNA polymerase with HMW viral RNA as analyzed by glycerol gradient
centrifugation. Standard reaction mixtures were prepared containing 103 p.g of S-3
enzyme protein. 1 p.g of polyvinyl sulfate, and increasing amounts of HMW viral RNA
as indicated in the figures. u -36P-UTP was used as the radioactively-labeled riboside
triphosphate at a specific activity of 40 cpm/p.p.mole. After incubation for 5 min, the
mixtures were analyzed by glycerol gradient centrifugation as described in Methods.
Reaction product is represented by CPM and template RNA by A260.
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Kinetics of the RNA Polymerase. Ideally, an RNA-dependent

RNA polymerase synthesizing RNA copies of an RNA template in

vitro, should be capable of continuing this process linearly for ex-

tended periods of time. However, as Haruna (1965a) emphasized,

the purity of the synthesizing system is very important. Contaminat-

ing ribonucleases and other riboside triphosphate-utilizing enzymes

must be absent. In a system free of this contamination, net synthe-

sis of input RNA template can occur (Haruna and Spiegelman, 1965a).

With the RNA-dependent RNA polymerase isolated from the

tumor virus-infected myeloblasts, the presence of a ribonuclease

enzyme activity as previously described, makes the study of the

kinetics of the enzyme very difficult. Using the standard assay

procedure, Figure 23 presents kinetic data in the absence of poly-

vinyl sulfate with myeloblast membrane RNA as template. The S-2

enzyme fraction responded with linear kinetics for 90 min when 3H-

CTP was the radioactively-labeled riboside triphosphate, whereas

when a -32P-UTP was used as the labeled substrate, linearity of

incorporation fell off after 20 min. When the S-3 fraction was ex-

amined, linearity of incorporation declined after 20 min. In all

kinetic studies undertaken, ithas been observed that the more pure

the enzyme fraction, the more active the ribonuclease activity. This

is opposite to what one would expect unless the ribonuclease has

chemical properties similar to the polymerase.
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Figure 23. Kinetics of RNA polymerase. Standard reactions were
incubated 10 min, containing 40 p.g of myeloblast mem-
brane RNA, and 235 p.g of S-2 enzyme protein (circles),
or 140 fa g of S-3 enzyme protein (triangles). 3H-CTP
(open circles and triangles) and a -32P-UTP (closed
circles and triangles) were used as radioactively-labeled
nucleoside triphosphates at specific activities of 5 cpm/
pp.moles and 25 cpm/p.p.mole, respectively. Termination
of reactions followed the procedure described in Meth-
ods for the standard assay procedure.
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In the presence of polyvinyl sulfate and high molecular weight

viral RNA, kinetics of the S-3 enzyme fraction were examined by

glycerol gradient centrifugation. Figure 24 shows the increase in

synthesis of product from five to 20 min using 3 H-ATP and a -32P-

UTP as labeled substrates. The incorporation of 32P-UMP lags

somewhat after five min as observed in the absence of polyvinyl

sulfate (Figure 23). This appears to correlate with the breakdown

of the RNA in the longer incubation periods. Figure 25 shows the

size of the reaction product at the three time periods. At 20 min,

considerable reaction product has been degraded and there is prob-

ably little high molecular weight RNA template remaining.

RNA-Dependent RNA Polymerase from Normal Chick Liver

Because of the low concentration of myeloblasts in the bone

marrow, it is physically impossible to accumulate enough for inves-

tigating the presence of the RNA-dependent RNA polymerase in nor-

mal cells. Therefore, no ideal control experiments have been car-

ried out to establish the uniqueness of the RNA polymerase for myel-

oblasts infected with tumor virus. A practical alternate was to

consider the RNA-dependent RNA polymerase level in liver of nor-

mal chicks of the same age as the virus-infected chicks.

Livers from one day old and seven day old chicks were exam-

ined for RNA-dependent RNA polymerase, with the activities being



a.
2 400
Q_N

rt)

0 300
a_

in± 200

"E)

100

0 5 10 15

Time (min)
20

83

Figure 24. Kinetics of RNA polymerase in the presence of polyvinyl
sulfate. Data for this figure was taken from the kinetic
analysis by glycerol gradient centrifugation in Figure 25.
The plumoles of incorporated 3H-AMP and 32P-UMP were
determined by summing the CPM of reaction product using
each labeled substrate. The specific activity of each labeled
substrate was 20 cpm/p.p.mole.
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Figure 25. Kinetic analysis of RNA polynierase by glycerol gradient centrifugation. Standard
reaction mixtures were prepared containing 140 p. g of S-3 enzyme fraction 40 p.g of
HMW viral RNA, 1 (J.g of polyvinyl sulfate, and incubated for 5, 10, and 20 minutes.
The mixtures were terminated at 00 and analyzed by glycerol gradient centrifugation
(see Methods). The 3H-ATP and a -32P-UTP used as the labeled substrates were
added at a specific activity of 20 cpm/piniole. The reaction product profiles labeled
with 3H-AMP (open circles) and with 32P-UMP (closed circles) are indicated.
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compared to the virus-infected myeloblast polymerase. Both systems

were prepared at the same time under identical conditions (see Meth-

ods).

Table 14. Comparison of normal chick liver and virus-infected myeloblast RNA-dependent RNA
polymerase.

Enzyme Fraction RNA Template
3 3

p.pinoles H-UMP or H-CMP
incorporated/20 min

Experiment 1
AmSO4 ppt. - 7 day chick Myeloblast RNA 13

II II Liver bulk RNA 13

None 10

AmSO4 ppt. - Myeloblast cells Myeloblast RNA 195
II It None 7

Experiment 2
S-2 fraction, one day chick Myeloblast RNA 29

Liver bulk RNA 24

None 8

S-2 fraction, Myeloblast cells Myeloblast RNA 72
ti None 6

Standard assay procedures were used with 50 g of template RNA and 50 fig of
enzyme fraction. Incubation time was 20 min. 3H-UTP was the labeled substrate
in Experiment 1 and 3H-CTP was the labeled substrate in Experiment 2. The spe-
cific activity of both labeled substrates was 20 cpm/P4mole. Enzyme fractions
are described in Methods.

The data in Table 14 indicates that there may be some RNA-

dependent polymerase activity in the liver preparations, however, the

level of stimulation by added RNA to the myeloblast enzyme prepara-

tion is several fold greater.

Examining the kinetics of the enzyme reactions using the one
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day old chick preparation and its myeloblast control preparation, the

data suggest more strongly that the observed activities are not simi-

lart (see Figure 26). The absence of increased incorporation of

ribonucleotides with time by the liver preparation is not a function

of the ribonuclease activity present in the preparations. Comparing

the ribonuclease activity of the liver and myeloblast preparations

indicates that the myeloblast fraction has a higher level of the RNA-

degrading enzyme (see Table 15).

Table 15. Comparison of ribonuclease activity in normal chick liver and virus-infected myeloblast
cells.

Enzyme Fraction CPM Percent of Control

S-2 Liver Enzyme 7830 80

S-2 Myeloblast Enzyme 6310 65

Control (No Enzyme) 9770 100

The standard ribonuclease assay was used (see Methods). Sixty p.g of enzyme protein
was added from each preparation.

The RNA-dependent RNA polymerase activity has also been

examined in livers of normal chicks one month and 12 months old.

It was observed that the ability for RNA-dependent incorporation of

ribonucleotides decreased per mg of liver protein, with increasing

age of the chick livers used for enzyme preparations. Therefore,

it was generally concluded that the RNA-dependent RNA polymerase

activity observed in homogenates of myeloblast cells is unique for the
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Figure 26. Kinetics of RNA polymerase from chick liver and virus-
infected myeloblasts. Standard reaction mixtures were
prepared containing 60 idg of S-2 fraction from chick liver
or myeloblasts, 50 p.g of myeloblast membrane RNA, and
3H- CTP as the labeled ribonucleoside triphosphate at a
specific activity of 20 cpm/iip.mole. The reaction mixtures
were incubated for the designated times and terminated using
standard assay procedure.
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virus-infected system.

Properties of In Vitro Reaction Product

In previously describing the properties of the RNA-dependent

RNA polymerase, a ribonuclease was shown to be associated with

the polymerase fraction being studied. To examine the product of

the reaction, removal or inhibition of the ribonuclease was necessary.

With the existing properties of the polymerase which will be discussed

more fully in a later section of Results, inhibition of the ribonuclease

was the only possible alternative. As previously shown, polyvinyl

sulfate exerted a marked inhibitory effect on the ribonuclease activity,

permitting a more careful examination of the nature of the reaction

product.

Size. Using the standard reaction mixture and glycerol gradient

centrifugation (see Methods), high molecular weight viral RNA was

added as template RNA and the size of the product was examined.

Figure 27 gives the results of incubated reaction mixtures in the pres-

ence and absence of polyvinyl sulfate. The total radioactively-labeled

32P-UMP incorporated was greater in the absence of polyvinyl sulfate,

but the sedimentation value of the product was about 9S. In the pres-

ence of polyvinyl sulfate, nearly 50% of the incorporated ribonucleo-

tide was sedimenting at a much faster rate, comparable to that of the

high molecular weight viral RNA template.
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Figure 27. RNA polymerase product analysis by glycerol gradient centrifugation. Standard

reaction mixtures were prepared in the presence (A) of 1 lag of polyvinyl sulfate,
and in the absence (B) of 1 Fig of polyvinyl sulfate. S-3 enzyme was added at a
level of 280 ug and 80 ug of HMW viral RNA was utilized. a -32P-UTP was used
as the labeled substrate with a specific activity of 70 cpm/uwmole. Following 10
min at 370, the mixtures were analyzed by glycerol gradient centrifugation (see
Methods). The reaction product is designated by CPM of 32P-UMP incorporated.
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Nearest Neighbor Analysis. To establish the fact that the prod-

uct of the polymerase reaction was RNA, it was necessary to dem-

onstrate that the radioactively-labeled ribonucleotides were being

incorporated into the internucleotide linkages of a heteropolymer.

If such a heteropolymer was being synthesized with a a - 32P-labeled

triphosphate as one substrate, nearest neighbor analysis studies

(fosse, Kaiser, and Kornberg, 1964) would show that all of the 2'(3')-
32ribonucleotides isolated after alkaline hydrolysis contain phosphate,

no matter which a - 32P-labeled ribonucleoside triphosphate was

added to the reaction mixture.

Using the S-3 enzyme fraction and high molecular weight viral

RNA as template in the presence and absence of polyvinyl sulfate,

reaction products were analyzed as described in Methods using a -
32 P-UTP, a -32P-CTP, and a -32 P-GTP separately as radioactively-

labeled substrates. Table 16 presents the distribution of radioactivity.

It is evident from this data that radioactively-labeled ribonucle-

otides were being incorporated into the internucleotide linkages of a

heteropolymer, therefore, RNA was being synthesized.
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Table 16,
32

Phosphate content of mononucleotides isolated after alkaline degradation of
enzymatically synthesized RNA.

Labeled Substrate Polyvinyl Distribution of Radioactivity
Sulfate Percent of Total CPM

UMP AMP CMP GMP

Uridine-
32

P-PP 36.9 30. 2 13, 0 19. 7
32.6 23.8 18.8 24.8

Cytidine-
32

P-PP 8.4 43.1 33.4 14.9

Guanosine-
32

P-PP 18. 6 36.9 17.0 27.4
It It 21.6 33.9 25.6 25.5

All reaction mixtures were incubated under standard assay conditions. Reaction
mixtures with polyvinyl sulfate present contained 111 1.1.g of S-3 polymerase protein,
15p. g of HMW viral RNA, and were incubated 5 min. Specific activities of a-32P-
UTP, and a-32P- CTP, and a 32P-GTP were 100 cpm /p.}J.mole, 150 cpm/p.I.Lmole,
and 67 cpm/p,p.mole, respectively. Reaction mixtures in the absence of polyvinyl
sulfate using a - 32P-UTP (specific activity of 12 cpm/p.p. mole) as labeled substrate
contained 85 p. g of enzyme and 30 1.ig of HMW viral RNA, or using a -32P-GTP
(specific activity of 91 cpm/p.p.mole) as labeled substrate contained 60 p.gof enzyme
and 28 p. g of HMW viral RNA. Both reactions in the absence of polyvinyl sulfate
were incubated 10 min.

Because of the appearance of two peaks of radioactively-labeled

product in the presence of polyvinyl sulfate (Figure 27), it was of

interest to compare the distribution of 32phosphate in the four ribo-

nucleotides from a- 32P-UTP in the high and low molecular weight

regions of the gradient. Table 17 indicates that the major difference

is in the UMP that is next to the purin.es.
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Table 17. Nearest neighbor analysis of high and low molecular weight enzymatically synthesized
RNA.

RNA Fraction

UMP

Distribution of Radioactivity
Percent of Total CPM

AMP CMP GMP

LMW RNA 36.6 31. 8 12.7 18.8

HMW RNA 38, 8 39.5 13.1 8.8

Reactions were incubated for 10 min under standard conditions using 11.1.g of polyvinyl
sulfate, 140 P. g of polymerase enzyme and 40 P.g of HMW viral RNA. The radioactively-
labeled substrate used was a-32P-UTP with a specific activity of 50 cpm4.14 mole. Fol-
lowing incubation at 37° the reaction mixtures were submitted to glycerol gradient cen-
trifugation (see Methods) and after pooling the HMW and LMW product RNA regions
separately, nearest neighbor analysis was carried out on both fractions (see Methods).

Other Properties of Reaction Product. The observation of an

RNA product sedimenting with the viral RNA template has given rise

to questions of the mechanism of synthesis of this RNA product. It

is questionable that RNA molecules with a molecular weight of 10

million are being synthesized in five min, therefore, it must be con-

sidered that the appearance of the RNA product is either the result of

random addition of large numbers of ribonucleotides to the ends of the

template molecules, or the result of complementary copying of the

RNA template strands. In the latter case, the complementary strands

could be small compared to the template, but associated with the

template. This phenomenon might affect the sedimentation rate of the

template RNA very little, and make the product RNA appear large in

size.

To distinguish between these two possibilities, an experiment



93

was carried out in the following way. Six standard reaction mixtures

were prepared containing 92 p,g of S-3 enzyme fraction, one p.g of

polyvinyl sulfate, 40 p.g of high molecular weight viral RNA, and

a -
32 P-UTP as the radioactively-labeled substrate. After 5 min at

37o, three sets of two reaction mixtures were submitted to glycerol

gradient centrifugation (see Methods). After collecting the gradient

fractions and determining the template RNA and reaction product

profiles by absorbancy at 260 nm and CPM incorporated (Figure 28),

the high molecular weight RNA region from each gradient was pooled

and precipitated with alcohol. After 12 hours, the precipitated RNA

was resuspended and recentrifuged on a glycerol gradient. The

template RNA and the RNA product radioactivity profiles were deter-

mined (Figure 29). Interpretable results of the experiment depended

on the absence of any template RNA breakdown and the dissociation

of RNA product (CPM) from RNA template. As Figure 29 shows, the

integrity of the input RNA template was maintained and 43% of the

RNA product shifted from the high molecular weight region to the

low molecular weight region. If the synthetic mechanism for finding

RNA product in the high molecular weight region of the gradient was

by stepwise addition of ribonucleotides to the ends of existing RNA

template strands, then all of the radioactivity should have remained

in the high molecular weight region. If breakdown of the template

RNA had occurred and shifted radioactivity to the low molecular
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Figure 28. Glycerol gradient centrifugation of RNA polymerase reac-

tion product and test for ribonuclease resistance. Six
standard reaction mixtures were prepared containing 92 [1g
of S-3 enzyme fraction, 40 µg of HMW viral RNA, and 1 p.g

of polyvinyl sulfate, a -32P-UTP was added as labeled sub-
strate at a specific activity of 170 cpm/p,p_mole. After 5
min at 37°, the reaction mixtures were pooled to double
volume (0. 5 ml) and then analyzed by glycerol gradient
centrifugation (see Methods). After collecting 0.2 ml
gradient fractions, diluting to 1 ml and determining the
sedimentation profile of the HMW viral RNA template of
each gradient (A260), 0.3 ml of each fraction was removed
for determination of reaction product (open circles) profile
(see Methods). 0.2 ml of each fraction was removed for a
ribonuclease-resistance (---) determination (see Methods).
The high molecular weight region of each gradient (9-14)
was then pooled and alcohol precipitated as described in
Methods. The precipitated RNA was then resuspended and
analyzed by glycerol gradient centrifugation (see Figure 29).
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Figure 29. Analysis of dissociated RNA product by glycerol gradient
centrifugation. The alcohol precipitated HMW viral RNA
and reaction product RNA from Figure 28 was analyzed
by glycerol gradient centrifugation (see Methods). The
gradient samples (0.2 ml) were diluted to 1 ml with 0.3
M NaC1 in TML and the absorbancy at 260nm was deter-
mined (represents template HMW viral RNA). The gradi-
ent fractions were then divided in 0.45 ml samples. One
set of samples were used for the reaction product RNA
profile (open circles) and the other set was carried through
an annealing step and then tested for ribonuclease-resis-
tance (---). These techniques are described in Methods.
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weight region, there should also have been a shift in A260 absorbancy

units. Neither of these conditions were observed. It does not seem

likely that degradation of internucleotide linkages should occur only

in the newly synthesized regions of the RNA product.

This experiment provides no conclusive evidence that a comple-

mentary copying mechanism is involved, for ribonuclease treatment

of the product RNA retains no ribonuclease-resistant material (Fig-

ure 28) which could represent RNA-RNA hybrid structures. However,

the experiment does suggest that the association of the RNA product

and template is weak and complementarity may not be observable

unless proper annealing conditions are determined (Figure 29).

Preliminary annealing experiments were carried out (see

Methods) producing ribonuclease-resistant structure equal to 10-20%

of the total material present for hybridization. This value is not

high, and may be a reflection of the annealing technique, however, a

loosely-associated hybrid structure may be characteristic of the

nature of the replicative form.

Dissociated RNA-Dependent RNA Polym.erase

Evidence for Dissociation

Gel Filtration Chromatography. Initial interest in using gel

filtration chromatography for further purification of the RNA
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polymerase originated in trying to remove the ribonuclease activity

associated with the S-3 polymerase enzyme fraction (see Methods).

Although the results using gel filtration indicated that no separation

of ribonuclease and polymerase was occurring, other interesting

observations were made. Not only did the RNA polymerase activity

chromatograph heterogeneously, but the 3H-CMP and 32P-UMP in-

corporating activities did not chromatograph together (Figure 30).

This data suggests that the polymerase can be separated into differ-

ent-sized subunit components which retain an enzymatic activity char-

acterized by the nucleoside triphosphate they utilize in the polymer-

ization reaction.

CM-Sephadex Chromatography. Separation of enzyme activi-

ties was also observed when using a KPi buffer concentration below

0. 3M to elute the enzyme activity from a CM-Sephadex column.

More specifically, some UMP-incorporating activity (U-enzyme)

always eluted from the CM-Sephadex column after the major por-

tion of enzyme activity had been removed (Figure 31). The amount

of U-enzyme chromatographing late decreased with increasing KPi

buffer concentration as summarized in Table 18. Using CM-Sephadex

chromatography, complete separation of CMP-incorporating activity

(C-enzyme) and UMP-incorporating activity (U-enzyme) was facili-

tated by washing the column stepwise, first with 0. O1M KPi, pH 8

buffer as usual, secondly with 0. 1M KPi, pH 8 buffer, and then with
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Figure 30. Gel filtration of RNA-dependent RNA polymerase. Ten ml (350 mg) of S-3 enzyme
protein was chromatographed on a 2.5 x 90 cm column of 0.5m Bio-gel A (200-400
mesh) as described in Methods. Eluted fractions were assayed for enzyme activity
by the standard assay procedure, using 3H-CTP and a -32P-UTP as radioactively-
labeled substrates with specific activities of 6 cpm/p+Lmole and 12 cpm4.1.F.Lniole,
respectively. Protein concentration was determined by the procedure of Warburg
and Christian (1942). The first and second void volumes (Vo) are indicated at the
base of the figure.
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Figure 31. Dissociation of RNA-dependent RNA polymerase using CM-
Sephadex chromatography. Approximately 900 mg of S-2
enzyme protein fraction was chromatographed using CM-
Sephadex (see Methods). The enzyme activity was eluted
from the column with 0.15 M KPi, pH 8 buffer. Polymer-
ase activity was determined using the standard assay pro-
cedure with H-CTP and a. -32P-UTP as radioactively-
labeled substrates with specific activities of 7 cpm/p.p.mole.
Ribonuclease activity (open squares) was determined by the
standard ribonuclease assay, and is indicated by the percent
of acid-soluble "C-RNA after incubation with a given en-
zyme fraction. Control assays were carried out in the ab-
sence of enzyme fraction.
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0. 3M KPi, pH 8 buffer. As shown in Figure 32, the 0. 1M KPi, pH 8

buffer removed the bulk of the protein and the C-enzyme, whereas,

the 0. 3M KPi, pH 8 buffer removed the U-enzyme.

Table 18. Dissociation of RNA polymerase on CM-Sephadex as a function of elution salt
concentration.

Salt Concentration
for Enzyme Elution

Percent of Total U-Enzyme
Separated from Major

Enzyme Fraction

0. 15M KPi, pH 8 30%

0. 20M KPi, pH 8 10%

0.30M KPi, pH 8 0.3-0,6%

CM-Sephadex chromatography was carried out by the procedure in Methods. An
initial 0.01M KPi, pH 8 buffer wash preceded the enzyme elution step in each
instance. Enzyme activity was determined using the standard enzyme assay pro-
cedure. Total activity units were determined from the enzyme assay and protein
concentration of the active fractions. Protein concentration was determined by
the method of Warburg and Christian (1942).

Properties and Requirements of
Dissociated RNA Polymerase

To more clearly define the RNA polymerase activity involved

in actual replication of the tumor virus RNA, it was necessary to

examine some of the characteristics of the enzyme activities just

described in view of the properties and requirements previously

presented for the complex of enzyme activities.

RNA Template Requirement and Specificity. Using the standard

assay procedure, it can be shown that both the U-enzyme and the

C-enzyme require an RNA template for enzymatic activity. Table
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Figure 32. Complete separation of UMP-incorporating activity and CMP-
incorporating activity using CM-Sephadex chromatography.
The CMP-incorporating activity was eluted from the column
with 0. 1M KPi, pH 8 buffer, whereas, the UMP-incorporat-
ing activity was removed with 0. 3 M KPi, pH 8 buffer. En-
zyme activity was determined using the standard assay pro-
cedure (see Methods). 3H-CMP and a -32P-UTP were used as
the radioactively-labeled substrates with specific activities
of 5 cpm/aumole and 6 cpm/uamole, respectively.
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19 expresses this observation.

Table 19. RNA template requirement for incorporation of ribonucleotides by dissociated RNA
polymerase.

Enzyme Fraction RNA Template
p.p.moles H3-CMP or

32P-UMP incorporated/
10 min

C-enzyme Myeloblast RNA 284

None 18

U-enzyme Myeloblast RNA 1117
11 None 14

Standard reaction mixtures were prepared using 40 Fi g of myeloblast membrane RNA
and 100 Fig of the appropriate enzyme protein. The C-enzyme activity was determined

3using 3H -CTP as labeled substrate at a specific activity of 4. 6 cpm/Fip.mole and the
U-enzyme activity was determined using a a 12P-UTP as labeled substrate at a specific
activity of 6 cpm/p4imoles.

RNA template specificity was examined using the U-enzyme

fraction and the standard assay procedure (Table 20). No polyvinyl

sulfate was present in the reaction mixtures. The template specifici-

ty profile is very similar to that observed with the complex (5-3)

enzyme fraction in the absence of polyvinyl sulfate. The high mole-

cular weight viral RNA and myeloblast membrane RNA are preferred

and homopolyribonucleotides do not act as templates. A study has

not been completed in the presence of polyvinyl sulfate.
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Table 20. Template specificity of dissociated RNA polymerase.

Template
p.p. moles

32
P-UMP incorporated/
10 min

E. coli MRE 600 ribosomal RNA 236

E. coli K10 transfer RNA 100

HMW Viral RNA 326
Liver bulk RNA 176

Myeloblast bulk RNA 180

0 bacteriophage RNA 184

Myeloblast membrane RNA 510

Poly A 20

Poly U 15

None 14

Standard assay procedures were used with 3011 g of each template and 521 of
U-enzyme fraction. The radioactively-labeled riboside triphosphate was 32P -UTP
at a specific activity of 16 cpm/p.p.mole.

Ribonuclease Activity in Dissociated Polymerase Fractions.

When assaying the dissociated polymerase activities for ribonuclease

activity, it was observed that ribonuclease activity was present in

both the C-enzyme fraction and U-enzyme fraction. However, the

level of ribonuclease activity per mg of polymerase protein was

greater in the C-enzyme fraction. This might suggest that upon

further purification, the ribonuclease activity could be shown to be

a functional part of the C-enzyme fraction.

Substrate Requirements of the Dissociated Polymerase. Sub-

strate utilization is reviewed in Table 21. The C-enzyme utilizes

predominantly CTP as substrate, whereas the U-enzyme utilizes

predominantly UTP as substrate. Neither enzyme fraction utilizes

ribonucleoside diphosphates as substrates.
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Table 21. Substrate utilization by dissociated polymerase.

Enzyme
Fraction

Substrates
3
H-ATP

p.p.moles NTP or UDP utilized
3 32
H- CTP P-UTP

14
C-UDP

C-enzyme

U-enzyme

4NTP

4NDP

4NTP

4NDP

135

140

260

50

30

1090

1

25

Standard assay procedures were used with 100 fig of the indicated enzyme fraction and
4011g of myeloblast membrane RNA. Radioactively-labeled substrates used were
3H-ATP, 3 H-CTP, a -32P -UTP, and 14 C-UDP at specific activities of 4 cpmip.p. mole,
5 cpm/i.W.mole, 6 cpmp.p. mole, and 5.5 cpm/p.p.mole, respectively. 4 NTP denotes
ATP, GTP, UTP, and CTP, whereas 4 NDP denotes the nucleoside diphosphates.

No absolute riboside triphosphate requirement is shown, for

when GTP, ATP, and CTP are omitted from a reaction mixture con-

taining the U-enzyme, incorporation of 32P-UMP doubles.

Nature of Reaction Product Using Dissociated Polymerase

The product from reaction mixtures containing U-enzyme has

been examined by glycerol gradient centrifugation. Figure 33 gives

the results of five min incubations using high molecular weight viral

RNA in the presence and absence of polyvinyl sulfate.

All product in the absence of polyvinyl sulfate was small while

it is evident that the RNA template and product were being degraded

considerably in the presence of polyvinyl sulfate.

Of special interest in the RNA product analysis were the nearest

neighbor frequencies using alpha-labeled 32P-nucleoside triphosphates
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Figure 33. Nature of RNA product using UMP-incorporating enzyme as RNA polymerase.
Standard reaction mixtures were prepared (A) in the absence of polyvinyl
sulfate, and (B) in the presence of 1 lig of polyvinyl sulfate. Each reaction
mixture contained 85 1.1g of UMP-incorporating enzyme, 40 ug of HMW viral
RNA, and were incubated 5 min at 37° before analysis by glycerol gradient
centrifugation (see Methods). a -32P-UTP was used at a specific activity of
50 cpm/latimole as the radioactively-labeled substrate. The reaction product
is represented by (CPM) and the template RNA by (A260.
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as substrates. This technique was helpful in describing the type of

RNA product synthesized by examining the frequency of the four

ribonucleotides (AMP, CMP, GMP, and UMP) next to a particular

ribon.ucleotide. Table 22 summarizes the nearest neighbor analysis

of synthesized RNA product using the U-enzyme and C-enzyme and

compares it to the nearest neighbor frequencies using the complex

polymerase.

Table 22. Nearest neighbor frequencies of synthesized RNA product using dissociated polymerase.

Enzyme a -32P-NTP Distribtuion of Radioactivity

Fraction as labeled Percent of Total CPM
substrate CMP AMP UMP GMP

32
C-enzyme a- P- CTP 17.4 41.7 14.3 26.3

32
U-enzyme a- P-UTP 9. 2 21.3 61.2 8.1

Complex enzyme CI -
32P-CTP 33.4 43.1 8,4 14.9
32a- P-UTP 13.0 30, 2 36, 9 19.7

Standard reaction mixtures were used containing 15 I-1g of high molecular weight viral
RNA, 1 p, g of polyvinyl sulfate, 76 p, g of C-enzyme, 52 p, g of U-enzyme, or 111p, g
of complex enzyme. After five minutes at 37°, the reaction mixtures were terminated
as described for nearest neighbor analysis in Methods. Radioactively-labeled a32P-UTP
and a -32P-CTP were used with specific activities of 100 cpm4.41, mole and 150 cpm/
µ.µ. mole, respectively.

It is obvious from this data that the C-enzyme and U-enzyme

fractions are not functioning in the same manner as the complex

polymerase, in that they are not synthesizing an RNA product of sim-

ilar base sequence. At this point however, it is not possible to state

whether the nearest neighbor frequencies of the RNA product using

the complex polymerase are a composite contribution of independent
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activities or the result of an intact complex of the activities function-

ing as an RNA-dependent RNA polymerase for viral RNA replication.

The latter possibility is favored by the observation that in the pres-

ence of the complex polymerase, high molecular weight viral RNA,

polyvinyl sulfate, and all four nucleoside triphosphates, RNA is syn-

thesized that sediments with preserved template RNA when examined

by glycerol gradient centrifugation.

RNA Polymerase-RNA Complex

Purification of Enzyme-RNA Complex

The purification and characterization of a RNA-dependent RNA

polymerase from myeloblasts infected with tumor virus have been

described and were the primary objective of this investigation. How-

ever, this enzyme has been shown to dissociate into entities main-

taining a distinct enzymatic activity. To gain a better understanding

of the behavior of this RNA polymerase, purification of a complex

of these enzyme activities and the RNA associated with them was

attempted. For preservation of any complex that might be present

in the virus-infected cells, a more gentle fractionation procedure

was devised as described in Methods (see Figure 34 for diagram).

Table 23 summarizes the purification of a RNA polymerase -RNA

complex.
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Table 23. Purification of RNA polymerase-RNA complex.

Enzyme Specific Total
Complex Activity Activity
Fraction Units/mg Units

S-10 120 253,000
S-11 134 250,000
S-12 244 245,000
S-13 1040 9,050

Standard assay conditions were used in the absence of exogenous RNA template.
One unit of activity is equal to the number of p.p. moles of 32P-UMP incorporated
into acid-precipitable material per mg of enzyme protein per 10 min. The spe-
cific activity of the O. -32P-UTP used as the radioactively-labeled substrate was
16 cpm/iallmole. The enzyme complex fraction nomenclature is described in
Figure 34.

Gel Filtration Chromatography. Using the procedure described

in Methods for fractionation of the enzyme complex, the S-12 fraction

was chromatographed by gel filtration and the results are shown in

Figure 35. The main optical density peak appeared at the void vol-

ume of the column and probably consists of free ribosomes not sedi-

mented after 90 min at 78, 000 x g. The RNA-independent polymerase

activity from the polymerase -RNA complex was retarded slightly by

the gel with the CMP-incorporating activity peak retarded more than

the UMP-incorporating activity peak. This suggests that separate

enzyme-RNA complexes may exist for the C-enzyme and U-enzyme

activities.

Anion-Exchange Chromatography. The enzyme-RNA complex

was observed to bind to anion-exchange celluloses such as Ecteola

(mixed amines), DEAE-cellulose, and TEAE-cellulose. Figure 36
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Figure 35. Gel filtration of RNA polymerase-RNA complex. Approxi-
mately 500 mg of S- 12 enzyme protein fraction was placed
on a 2.5 x 90 cm column containing 0.5m Bio-gel A(200-
400 mesh) and chromatographed as described in Methods.
Enzyme activity was determined using the standard assay
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Figure 36. TEAE-cellulose chromatography of RNA polymerase-RNA

complex. 500 mg of S-11 enzyme fraction was chromato-
graphed on TEAE-cellulose as described in Methods. The
enzyme activity was eluted from the column with 0. 6M KC1
in Buffer A. Enzyme activity was determined by standard
assay procedure. No RNA template was added to reaction
mixtures. 3H-CTP and a -32P-UTP were used as radioac-
tively-labeled substrates with specific activities of 5 cpm/
p,p.mole and 12 cpm/p.p,mole, respectively.
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shows the elution profile of the enzyme-RNA complex using TEAE-

cellulose (see Methods).

Properties and Requirements of the
RNA Polymerase-RNA Complex

RNA Template Requirement for Enzymatic Activity. One

purpose in isolating a RNA polymerase-RNA complex was to elimi-

nate an exogenous RNA requirement for enzyme activity and to ob-

serve the template activity of the RNA in the complex. Examining

S-13 fractions from gel filtration and TEAE-cellulose chromatog-

raphy for a RNA requirement indicated (Table 24) that no RNA tem-

plate was necessary for near maximal activity.

Table 24. RNA template requirement of RNA polymerase-RNA complex.

Enzyme Complex Template p.p.rnoles
3

H-CMP or

Fraction RNA
32P-UMP* incorporated

S-13 (Gel Filtration)
It

II

S-13 (TEAE-cellulose)
11

131*
137*
72
73

187*
133*
197
197

Standard assay conditions were used with 40 [I g of myeloblast membrane RNA added
to controls. S-13 (gel filtration) enzyme complex was added at a level of 116 g

and 100µg of TEAE-cellulose enzyme complex was used. 3H-CTP and a32P-UTP
were used as labeled substrates at specific activities of 6 cpm/I-Lp.mole and 16 cpm/

Him° le, respectively.
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Linear Response of Polymerase Activity to Enzyme-RNA

Complex Concentration. The rate of incorporation of radioactively-

labeled ribonucleotide was observed to be directly proportional to

the amount of enzyme-RNA complex added to the reaction mixture

throughout a range of protein shown in Figure 37. The rate of incor-

poration is also shown to be linear with respect to time as the protein

concentration is increased.

Nucleoside Triphosphate Utilization and Requirements by RNA

Polymerase-RNA Complex. All four of the ribonucleotide triphos-

phates were shown to be utilized by the enzyme complex. Table 25

reviews the incorporation of the four ribonucleoside 5' -triphosphates

and the effect caused by omitting one or more of the substrates.

Omission of one or two nucleoside triphosphates from the reaction

mixture did not inhibit the enzymatic reaction, but stimulated it

slightly. This was observed in the study of the RNA-dependent RNA

polymerase, using standard assay procedures. Also, the level of

incorporation of 3H-GMP into RNA product was observed to be lower

than the other three nucleoside triphosphates. No immediate explana-

tion is possible for this phenomenon. The ribonuclease activity asso-

ciated with the enzyme may be a factor.
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Figure 37. Response of enzyme assay to increasing concentrations of
added RNA polymerase-RNA complex. The standard assay
procedure was used with increasing amounts of S-13 enzyme
complex fraction and no template RNA added. a -32P-UTP
was used as the radioactively-labeled triphosphate with a
specific activity of 19 cpm/p.p.mole. Open circles repre-
sent 5 min incubations and closed circles represent 10 min
incubations.
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Table 25. Requirement for and utilization of nucleoside triphosphates by RNA polymerase-RNA
complex.

Assay mixture p, }J. moles incorporated/10 min
3 3H

-AMPH-AMP
3H-GMP 32P-UMP

Experiment 1
Complete 74 77 42 75

Experiment 2
Complete 59 41 122

Minus UTP 69

Minus UTP, ATP 66

Minus UTP, CTP 43

Minus CTP 169

Minus CTP, ATP 135

Standard assay procedures were used as in Methods. No template RNA was added.
Experiment 1 utilized 116 p.g of a S-13 enzyme fractionwhile Experiment 2 used an
adjacent S-13 fraction (256p. g) from gel filtration chromatography. Specific activi-
ties of 3H-CTP, 3H- ATP, 3H-GTP, and a-32P-UTP were 6 cpm4_41, mole, 6 cpm/
p+L mole, 7 cpm/41.1 mole, and 18 cpm/ Jp. mole, respectively.

Effect of Actinomycin D and Deoxyribonuclease on Enzymatic

Activity. As shown by other workers, DNA-directed synthesis of

RNA is inhibited by actinomycin D (Reich et al., 1962) and deoxyribo-

nuclease (Furth, Hurwitz, and Anders, 1962). In studying an enzyme-

nucleic acid complex, care must be taken in determining the type of

template responsible for the observed enzymatic activity. Table 26

shows that actinomycin D and deoxyribonuclease exerted no inhibi-

tory effect on the enzyme activity found associated with this RNA

polymerase complex. Therefore, it was assumed that DNA was not

present and acting as template.
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Table 26. Effect of actinomycin D and deoxyribonuclease on polymerase complex activity.

Assay Mixture
p.p, moles 32P-UMP

incorporated/
10 min

Complete 116
+ actinomycin D (10P. g/ml) 116

(20µg /ml) 114

+ DNAase (204 g/ml) 112

+ DNAase (40J. g /ml) 104

S-13 enzyme fraction (116 p.g) was added to standard reaction mixtures.
No exogenous template RNA was added. The labeled substrate was a-32P-UTP
at a specific activity of 19 cpm/p.p.mole.

Effect of Mg++ Concentration on Polymerase Activity. Magnesi-

um ions were found to be necessary for maximal enzyme activity,

with an optimal concentration of 8mM (Figure 38). This observation

was also made for the RNA-dependent RNA polymerase.

Kinetics of the RNA Polymerase -RNA Complex. It was of in-

terest to study the time course of incorporation of a radioactively-

labeled nucleoside triphosphate into acid-precipitable material using

the RNA polymerase-RNA complex, and to compare the response

with kinetic data using RNA-independent RNA polymerase complexes

from mengovirus-infected L cells (Plagemann and Swim, 1966; 1968),

chick-embryo fibroblasts infected with Semliki Forest virus (Martin

and Sonnabend, 1967), and L cells infected with the Dearing strain

of reovirus 3 (Gomatos, 1968). In the case of the mengovirus and

Semliki Forest virus polymerases, linear kinetics were observed

for 20 min or less, whereas the reovirus-induced polymerase
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Figure 38. The effect of magnesium ion concentration on RNA-polymerase-
RNA complex enzyme activity. Standard assay conditions were
used with increasing concentration of Mg++ ion. No template
RNA was added and 188 p.g of S-13 enzyme fraction was added to
each reaction mixture. 3H-CTP and a -32P-UTP were used as
the radioactively-labeled substrates with specific activities of
7 cpm/u4mole and 9 cpm/p.iimole, respectively.
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remained linear for 80 min or longer. However, with the reovirus

polymerase, this linear time course was only observed in the pres-

ence of polyvinyl sulfate.

The time course of incorporation of 32 P-UMP was determined

using a S-13 fraction from gel filtration and TEAE-cellulose chro-

matography. Figure 39 describes the results. A linear time course

was generally observed for 20 min and then the reaction rate de-

creased. Addition of exogenous RNA template stimulated the reac-

tion when S-13 enzyme from TEAE-cellulose chromatography was

used. This was also observed in Table 24 when measuring incorpora-

tion of 32P-UMP.

Specificity of RNA Binding with RNA Polymerase Complex. It

was previously observed and described that when using the standard

assay procedure to determine RNA template specificity by the RNA-

dependent RNA polymerase, various RNA species unrelated to the

myeloblastosis virus evidenced a template activity. In the presence

of polyvinyl sulfate, more specificity toward virus-associated tem-

plate RNA was shown, however, an explanation of the level of in-

corporation of ribonucleotides into polyribonucleotide in the presence

of another RNA type such as E. coli ribosomal RNA was not available.

The possibility that incorporation of ribonucleotides into polyribo-

nucleotides was occurring by different mechanisms depending on the

RNA template present was considered, and any specificity in binding
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Figure 39. Kinetics of RNA polymerase-RNA complex fractions from gel
filtration and TEAE-cellulose chromatography. Using stand-
ard reaction conditions, S-13 fractions from gel filtration
(closed triangles), and TEAE- cellulose chromatography (open
circles) were compared in the absence of added RNA template.
Kinetics of the TEAE-cellulose fraction in the presence of
40 p.g of added myeloblast RNA template (closed circles) is
also shown. The amounts of enzyme protein added from gel
filtration S-13 fraction and TEAE-celluloTs S-13 fraction
were 96 p. g and 280 p.g, respectively. a.- P-UTP was the
radioactively-labeled substrate with a specific activity of
10 cpm/p.p.mole.
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of RNA species to the RNA polymerase complex might support this

idea.

To investigate this possibility, radioactively-labeled RNA asso-

ciated with the RNA polymerase complex from myeloblasts grown

in tissue culture in the presence of actinomycin D, and labeled RNA

from E. coli ribosomes were isolated (see Methods). Figure 40

shows the sedimentation profiles of the 14C-RNA extracted from the

RNA polymerase complex and the 32 P-RNA extracted from the E. coli

as determined by glycerol gradient centrifugation. Gel filtration

chromatography was used to study the specificity of template RNA

binding to the enzyme complex.

After preparing a fresh S-12 enzyme complex fraction, 14C-

labeled enzyme complex-associated RNA was added and after the

mixture was incubated 60 min at 0°C, it was chromatographed by

gel filtration with results shown in Figure 41. The bulk of the 14C-

RNA chromatographs with RNA polymerase activity. When the 14C-

RNA was chromatographed alone by gel filtration under identical

conditions, it can be seen (Figure 42) that it was retarded consid-

erably on the column, appearing in the region where a small percent

of the 14 C-RNA appeared in Figure 41. When
32 P-E. coli ribosomal

RNA was incubated with the S-12 enzyme complex fraction, and then

chromatographed by gel filtration, no significant binding with the

enzyme complex was evident (Figure 43) in that the 32P-ribosomal



'0

2 3-
a

0

A

20S

8S

1.0

0.8 160-

fi)0
X

0.6 I 2 120
a0

0
to

0.4 a
b 80

z
cr
ti-

cv
0.2 ro 40

5 15 25
Bottom Top

Fraction (02 mi)
Bottom

5 15

Fraction (02 ml)

0.8

0.6 I

0.4

02

25
Top

0
N

Figure 40. Glycerol gradient centrifugation of MC-RNA extracted from RNA polymerase-RNA
complex (A) and 3210-RNA extracted from E. coli MRE 600 (B). Myeloblast cells
were grown in tissue culture in the presence oTT4C-uridine and actinomycin D, the
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presence of 322-phosphate and the RNA was extracted as described in Methods. Both
RNA species were examined by glycerol gradient centrifugation (see Methods).
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tration (see Methods). Enzyme activity was determined by the standard assay procedure
with no RNA template added. The specific activity of a -32P-UTP used as the labeled
substrate was 9 cpm/p.timole. The 14C-RNA profile was determined by TCA precipitation
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volumes (Vo) are indicated at the base of the figure.
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RNA chromatographed very near the first void volume while the

enzyme complex was retarded. These results suggest that there is

a specificity in binding of RNA templates to the enzyme complex, and

that incorporation of ribonucleotides into polyribonucleotides in the

presence of viral-related or unrelated RNA templates may be occur-

ring by different mechanisms.

Dissociation of RNA Polymerase -RNA Complex. This RNA-

independent RNA polymerase complex was shown to be partially dis-

sociated by protamine sulfate into an RNA-dependent enzyme utilizing

predominantly UTP as substrate and an RNA-independent enzyme

utilizing predominantly CTP as substrate (Table 27).

Table 27. Dissociation of RNA polymerase-RNA complex with protamine sulfate.

Enzyme Fraction
RNA

Template
pia moles 3H-CMP or

32p_UMp* incorporated/
min

S-11 before protamine
sulfate precipitation

11 1

S-11 After protamine
sulfate precipitation

60

55
192*
126*
53

38

184*
39*

For determination of enzyme activity, the standard assay procedure was used with
60 p.g of the appropriate enzyme fraction used and 40p. g of myeloblast membrane
RNA added for control. The specific activities of 3H-CTP and a -32P-UTP were
5 cpm/p.p.mole and 13 cpm/p.p.mole, respectively. The protamine sulfate was
added at a level of 0.01 mg/A260 unit in the presence of 0. 6M NaCl. After 15
min, the suspension was centrifuged 15 min at 23, 500 x g and the supernatant ex-
amined for enzyme activity.
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It was necessary to maintain an environment of high ionic

strength (see Table 27 legend) during the protamine sulfate treat-

ment to prevent precipitation of all enzyme activity. In this way,

both the UMP-incorporating activity and CMP-incorporating activity

remained in the supernatant fraction during the precipitation. Going

to a higher level of protamine sulfate caused the CMP-incorporating

activity to precipitate with no dissociation, even at high salt concen-

tration.

Evidence is shown in Figure 44 that the UMP-incorporating

enzyme from the partially dissociated complex chromatographed

on CM-Sephadex similarly to the U-enzyme described previously as

a component of the RNA-dependent RNA polymerase. However, no

significant amount of RNA-dependent CMP-incorporating enzyme was

observed. Since it was not possible to dissociate the C-enzyme-RNA

complex with the described conditions, its binding characteristics

were quite different.

Dissociation of the UMP-incorporating activity-RNA complex

was also possible using a weak anion exchanger (Ecteola). When

S-13 fraction from gel filtration, containing 14C-RNA as the corn-

plex RNA was chromatographed on Ecteola (see Methods), the RNA-

dependent UMP-incorporating activity was removed with 0. 1M NaCl,

whereas the 14C-complex RNA and any nondissociated RNA-indepen-

dent UMP-incorporating activity were removed with 0. 4M NaC1
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Sephadex column (see Methods) and eluted with increasing salt concentrations as shown above
in the figure. Enzyme activity was determined by standard assay procedure using 3H-CTP
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ui.i.rnole, respectively. The enzyme activity eluted with 0.01M Tris, pH 7.4 is RNA-
independent, whereas, the enzyme activity eluted from the column with 0.3 M NaCI in
0.01 M Tris, pH 7.4 buffer is RNA-dependent.
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solution (Figure 45).

In Vitro RNA Product Using RNA Polymerase Complex. Incu-

bating S-13 enzyme-RNA complex in a standard reaction mixture with

no exogenous RNA results in RNA product sedimentirig similarly to

RNA found in the complex fraction. Figure 46 shows the results of

glycerol gradient centrifugation of the reaction mixture (see Methods).

The RNA profile designated by absorbancy at 260 nm represented the

template RNA of the complex, while the synthesized product was rep-

resented by incorporated 32P-UMP. Each fraction was tested for

ribonuclease-resistance (duplex structure) and none was found.

Further characterization of this RNA product has not been attempted.



C

0
C
a)

rc2

200
E
t
C
1
0 150

00
a_ 100
2

Cl_

M 50
cn
a)

Buffer wash 0.1 M NaCI

10 20 30

0.4 M NaC1

:I

200

2 160
IZ

I. 120

z
cr

5: 80

40

.:.' \I .......,' ..._.1- -- 1 I I 1

40 50 60 70 80 90 100
Fraction (3 ml)

2.5

2.0

1-5 °
c\J

1.0

0.5

crt



130

400

300

2
a.

i 200

100

.00 11.
aM MM.

-0.4

-0.3

0
N

-0.2 '4

-0.1

5 15 25
Bottom Top

Fraction (0.2 ml)

Figure 46. Analysis of RNA product of enzyme reaction using RNA
polymerase-RNA complex. Eleven standard reaction mix-
tures were prepared containing 400 p.g of S-13 enzyme
fraction from gel filtration and a-32P-UTP as labeled sub-
strate with a specific activity of 35 cpm/p.p.mole. After 10
min at 37°, the reaction mixtures were pooled and the RNA
was extracted using the procedure described in Methods for
mveloblast membrane RNA. The DNAase treatment was
omitted. The RNA was then examined using glycerol gradi-
ent centrifugation (see Methods). A260 represents the RNA
template present in the complex and CPM represents the
incorporation of 32P-UMP into the product RNA. RNAase-
resistance (---) of each gradient fraction was tested using
the procedure described in Methods.
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DISCUSSION

There is good evidence that the infection with avian myeloblas-

tosis virus BAI strain A causes myeloblasts to retain their primitive

nature (Eckert et al., 1954). These cells are able to multiply and

produce virus at a relatively constant rate (Beaudreau et aL , 1960a).

From these observations, two major problems develop in the study

of the virus-induced leukemia: (1) the process by which the virus

infection halts cell maturation, while cell division continues; and

(2) the mechanism for replication of the viral genome. Results pre-

sented in this paper are related to the second major problem.

Seeking a potential mechanism for the replication of the viral

RNA genome of myeloblastosis virus, consideration was given to the

enzyme(s) involved in viral RNA synthesis. Normal, cellular RNA

synthesis has been described as DNA-directed with the assistance

of the DNA-dependent RNA polymerase (transcriptase). Although

this enzyme will utilize, in vitro, RNA as well as DNA as a template

(Nakamoto and Weiss, 1962; Krakow and Ochoa, 1963), there is no

evidence that RNA synthesis by this enzyme, in vivo, is directed by

RNA (Kit, 1968). The studies on the replication of bacteriophage RNA

demonstrated the existence of a new RNA polymerase in the cell after

infection with the bacteriophage (Haruna et al., 1963; Haruna and

Spiegelman, 1965a).
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It has been the purpose of this investigation and report to (1)

submit evidence for the presence of a RNA-dependent RNA polymer-

ase in leukemic myeloblasts as a result of infection with BAI strain

A myeloblastosis virus; and (2) compare the properties of this en-

zyme with RNA polymerases from bacterial and other animal sys-

tems infected with RNA viruses, attaching significance to the nature

and complexity of the myeloblastosis virus infection.

A RNA polymerase activity was detected by the appropriate

assay technique in crude homogenates of myeloblasts infected with

myeloblastosis virus, with a major portion of the activity located

in the soluble cytoplasmic fraction. Of immediate concern was the or-

gin of this RNA polymerase activity. Although there was no evidence

supporting the presence of this type of enzyme in normal cells, the

importance of the investigation with tumor virus-infected cells re-

quired consideration of such a possibility. However, because of the

low concentration of myeloblasts in the bone marrow, the availability

of normal cells in any quantity for enzyme studies was prohibitive.

As an alternative, livers from one day old chicks and seven day old

chicks were examined for enzyme activity using the fractionation

procedures designed for the virus-infected myeloblasts. As stated

in Results, there were negligible similarities in the enzyme activities.

To interpret the observed RNA polymerase activity as RNA-

dependent, it was necessary to remove contaminating enzymes which
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utilize nucleoside triphosphates as substrates. Equally important

was the need of removing endogenous template RNA and any ribo-

nucleases. Results of the purification indicate that contaminating

polymerizing enzymes were removed along with endogenous RNA

template, and the RNA polymerase activity was rendered completely

dependent upon an exogenous RNA template.

This RNA dependency is significant not only because this is the

first and only RNA polymerase from virus-infected animal cells

shown to be absolutely dependent upon the addition of exogenous RNA

template, but also this property makes possible a more precise an-

alysis of tumor virus RNA specificity and replication. Spiegelman

and coworkers (Bishop et al., 1967) have demonstrated the impor-

tance of a purified polymerase requiring exogenous Qp RNA template

in studying the replication mechanism of Qp bacteriophage RNA.

A ribonuclease activity has been shown to be associated with

the RNA-dependent RNA polymerase. Although further studies must

be carried out to establish the validity of this observation, the data

indicate that the ribonuclease and polymerase activities are associ-

ated with the same protein entity expressing multiple functions. This

phenomenon has not been observed with other systems infected by

RNA viruses, however, Kornberg and coworkers (1969) have studied

a similar behavior using the DNA polymerase from E. coli. Also, a

T4 bacteriophage mutant has been reported to induce the synthesis of
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in E. coli containing polymerase and nuclease activities (Nossal,

1969).

If the myeloblast RNA-dependent RNA polymerase were a

multifunctional enzyme, a reversibility in reaction mechanisms

could be visualized. A slight deviation from maximal reaction re-

quirements for RNA replication could shift the predominant mechan-

ism to degradation of RNA. To study RNA synthesis without inter-

ference by the other, it would be necessary to carefully purify the

multifunctional enzyme further, and establish optimum conditions

for synthesis of RNA. At the present time, synthetic conditions have

been optimized by inhibiting the RNAase activity chemically. Poly-

vinyl sulfate was found to exert an inhibitory effect on the RNA de-

grading activity while permitting synthesis of RNA.

RNA template specificity, a property of special significance to

virus-induced polymerases, was evidenced in the presence of poly-

vinyl sulfate. Although specificity was not definite when determined

by the standard assay procedure, further analysis of reaction mix-

tures by glycerol gradient centrifugation confirmed the observation

that the HMW viral RNA was required for synthesis of a high molecu-

lar weight RNA product. Also, the HMW viral RNA was shown to

withstand degradation by RNAase when other RNA templates were

broken down considerably. This latter observation could suggest

that there are different binding characteristics with the RNA
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polymerase depending on which RNA is added as template. With

different binding, different mechanisms of incorporation of ribo-

nucleotides into polyribonucleotides could be possible or extensive er-

rors could be made in copying the template. Support for different bindin g

affinities comes from the study of the RNA polymerase-RNA complex.

RNA, previously extracted from the complex was shown to bind and

chromatograph with the enzyme activity after incubation with the

complex, whereas E. coli 23S ribosomal RNA did not bind.

Synthesis of high molecular weight RNA using HMW viral RNA

template in the presence of polyvinyl sulfate was also the criteria for

establishing a nucleoside triphosphate requirement for RNA synthe-

sis. By standard assay procedures, omission of triphosphates only

appeared to stimulate incorporation of ribonucleotides. However,

examination of RNA product size by glycerol gradient centrifugation

showed that only in the presence of the four nucleoside triphosphates

and HMW viral RNA template was high molecular weight product

synthesized and template RNA preserved. Template HMW viral RNA

was degraded extensively in the presence of polyvinyl sulfate when

one triphosphate was omitted from the reaction mixture. This

observation suggests that the nucleoside triphosphates exert control

on the ribonuclease activity, and that RNA synthesis and degradation

are closely associated enzyme activities. It is quite probable that

this property of the RNA-dependent RNA polymerase is similar to
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the DNA replicating enzyme. Further support for this control effect

was evidenced when the 5-3 enzyme fraction was incubated with 14C-

28S ribosomal RNA in the presence and absence of the four nucleo-

side triphosphates. In the absence, considerably more breakdown

of 14C-RNA was observed in 10 min.

The action of polyvinyl sulfate in the reaction mixture was

reported to inhibit ribonuclease activity. The mechanism of inhibi-

tion is not completely understood. In the final analysis any proposed

mechanism will have to consider the following observations; (1) in

the presence of polyvinyl sulfate, the enzyme becomes more selec-

tive for virus RNA as template; (2) the virus RNA is protected from

degradation by polyvinyl sulfate to a greater extent than other RNAs;

(3) and the product of enzymatic synthesis and the degradation of

template RNA are dependent on the four nucleoside triphosphates.

A preliminary study of the reaction product using HMW viral

RNA as template included the determination of size, nearest neighbor

frequencies, and a test for complementarity with the template RNA.

Sedimentation by glycerol gradient centrifugation showed a product

comparable in size to the HMW viral RNA template. Nearest neighbor

frequencies indicated a heteropolymer RNA was being synthesized.

RNAase-resistance studies suggested that no double-stranded RNA

was present.

Synthesizing RNA molecules with a sedimentation value of
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60-70S in five or 10 min raises some question. Mills (1966) reported

the existence of a six min latent period that preceded the appearance

of the first new infectious strands of Qp RNA. The molecular weight

of Qi3 RNA is about one million, approximately 10 times smaller than

the HMW viral RNA from tumor virus. If it were assumed that both

RNA polymerases synthesized RNA at the same rate (about 550 nucle-

otides incorporated per min), it is obvious that a five or 10 min

incubation is insufficient for producing HMW viral RNA copies

(30, 000 nucleotides), even if more than one enzyme molecule was

involved in synthesis per strand. As synthesis of a new, complete

RNA strand is probably not occurring, the appearance of high molecu-

lar weight product could be explained by a complementary copying

mechanism, reported for bacteriophage RNA replication (Bishop,

Pace, and Spiegelman, 1967; Feix, Pol let, and Weissmann, 1968).

If this were the case, the product RNA observed would be associated

with the template RNA following the demands of the Watson-Crick

specific base pairing. Ribonuclease-resistance tests should detect

this hybrid structure if such actually exists.

Another explanation for the high molecular weight product is

provided by attaching ribonucleotides to the ends of existing template

RNA strands. In an attempt to differentiate the two mechanisms

mentioned, an experiment was designed as described in Results to

confirm or negate the possibility of end-group attachment. The
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experiment depended on the RNA template remaining intact during

the manipulations, and product RNA remaining associated or dissoci-

ating from the template. As the results indicate, no significant

breakdown of template was observed, and 43% of the product RNA

associated with HMW viral RNA template after the first centrifugation,

dissociated and sedimented at a lower S value during the second

centrifugation. For end-group attachment to be the mechanism of

incorporation of ribonucleotides, the product RNA (cpm) would have

had to remain in the high molecular weight sedimenting region of the

gradient, since the RNA template was not degraded. It seems unlikely

that only the radioactively-labeled RNA product would be degraded to

account for the shift by the product RNA. These experiments tend

to eliminate the possiblity of end group attachment of ribonucleo-

tides to template RNA, when HMW viral RNA is employed as template.

The observed dissociation of product RNA from the HMW viral

RNA template with no special treatment, along with no ribonuclease-

resistance of the product RNA, suggest a very weak interaction be-

tween the template and the newly synthesized RNA. However, this

does not eliminate the possibility of a complementary copying mech-

anism. Preliminary annealing experiments indicated that the RNA

product may be hybridizable to the HMW viral RNA template for a

small percent of ribonuclease-resistance was detected. Before the

mechanism of synthesis can be resolved, a better understanding of
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the RNA-RNA hybrid structure involving the HMW viral RNA will be

necessary. This could be partially facilitated by improved annealing

techniques.

Perhaps of considerable significance, but not easily understood

at the present time, is the dissociable character of the RNA-dependent

RNA polymerase from tumor virus-infected myeloblasts. The en-

zyme can be separated into at least two components which retain an

enzymatic activity dependent upon the presence of exogenous RNA

template. One of the components utilizes CTP predominantly as

substrate (C-enzyme), whereas the other component utilizes pre-

dominantly UTP as substrate (U-enzyme). Upon separation of these

activities, the individual entities increase several fold in ability to

incorporate ribonucleotides. There is some suggestion that GMP-

incorporating activity accompanies the C-enzyme and AMP-incorpo-

rating activity accompanies the U-enzyme. These separated compo-

nents are not capable of synthesizing high molecular weight RNA

product with HMW viral RNA as template. Nearest neighbor analy-

sis indicates that the product being synthesized by the separated

components is not the same in base sequence as the product synthe-

sized using the intact enzyme. Comparing the frequency of UpU in

the RNA products synthesized in the presence of U-enzyme and the

intact enzyme, one can see that in the presence of the U-enzyme,

there is twice as much UMP being incorporated next to UMP.
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Explaining the difference by a non-cooperative summation of UMP

incorporation by the C- and U-enzymes does not comply with the

data. In view of these observations, it is believed that both the

C-enzyme and U-enzyme, in some intact combination, are required

for synthesis of RNA sedimenting with preserved HMW viral RNA

template. Although the S-3 enzyme fraction has been shown by gel

filtration to consist of different sized C- and U-enzyme components,

addition of the required substrates, Mg++, and polyvinyl sulfate,

promotes formation of a complex with HMW viral RNA template which

is capable of synthesizing high molecular weight RNA product.

Dissociation of the Qf3 replicase has been observed (Elkhorn

and Spiegelman, 1967). It was found to consist of two components,

one of which incorporated GMP into poly G in the presence of poly

C template. However, Qr3 RNA was replicated only when the two

components were together and supplied with Q13 RNA template. This

example is somewhat analogous to the myeloblast enzyme. Only in

the presence of the complete enzyme fraction is synthesis of high

molecular weight RNA observed using HMW viral RNA as template.

Extraction of a RNA polymerase-RNA complex from the virus-

infected myeloblasts was attempted and found to be present. The

complex had properties generally similar to the RNA-dependent RNA

polymerase, except for an exogenous RNA template requirement.

Studies of the binding of RNA molecules to the complex indicated a
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specificity for the RNA associated with the enzyme complex. Disso-

ciation of the complex resulted in a RNA-dependent UMP incorporating

enzyme that chromatographed similarly to the previously observed

U-enzyme. The CMP-incorporating activity remained RNA-independ-

ent under the conditions of dissociation.

In this investigation, advantage has been taken of a virus-

induced leukemia which provides great quantities of cells for enzyme

extraction and sufficient virus concentrations for study of the virus

RNA. Initially, it was anticipated that the isolation of a replicating

enzyme for virus RNA would be only slightly more difficult than the

two enzyme systems which were developed from bacteriophage-infect-

ed cells (Haruna et al., 1963; Haruna and Spiegelman, 1965a). How-

ever, it soon became apparent that the enzyme-viral RNA system

from tumor cells was much more complicated. A description of

the polymerase found in cells infected by tumor virus has been pre-

sented. Unique properties of this enzyme include its multiplicity

of enzyme function and unusual dissociation properties. These char-

acteristics, though they are probably closely related, make the

problem of RNA replication very difficult. However, to fully express

the complexity of the system, one must also consider the problems

encountered when working with the tumor virus RNA template.

Haruna (1965b) has shown that intact Qp RNA template is re-

quired by the Qp replicase for synthesis of biologically-active Qp
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RNA. The tumor virus RNA molecule is 10 times larger than the

bacteriophage RNA previously mentioned. This size factor immedi-

ately introduces a stability problem. Much more precauticin is neces-

sary when extracting the tumor virus RNA from the virus particle

to prevent any breakdown of template. Contaminating materials also

seem to be carried along with the RNA during the extraction which

must be removed with care. For in vitro replication, intactness of

RNA template remains essential. This means that the enzyme sys-

tem must be optimized to prevent clipping of the template.

Although the mechanism of replication is not known, initial

synthesis of a complementary strand to form a RNA-RNA hybrid with

the template is likely. However, there is no conclusive evidence at

the present time that such a structure exists in vitro or in vivo. Be-

cause of the length of the RNA genome, it is possible that the tumor

virus-infected system has developed a modification of the comple-

mentary copying mechanism now proposed for viral RNA replication

from other models.

One can also speculate from the results of this investigation

and other viral systems that the properties of the RNA-dependent

RNA polymerase are characteristic of the tumor virus infection, and

the enzyme exerts a distinct effect in the symbiotic role of the virus

in this and other diseases. To resolve this matter, more animal

systems susceptible to tumor virus infection will need to be examined.
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