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ABSTRACT 

The properties of particulate and solubilized TMV 

replicase enzyme extracts prepared from TMV-infected 

tobacco plants have been investigated. The RNA products of 

these enzyme extracts have been characterized by sucrose 

density gradient analysis or by polyacrylamide-agarose gel 

electrophoresis. 

The RNA products synthesized iri vitro by the crude 

particulate TMV replicase enzyme extract prepared from TMV-

infected tobacco plants have been analyzed by polyacrylamide-

agarose gel electrophoresis. The activity of the particu

late enzyme is insensitive to deoxyribonuclease and actino-

mycin D. About 65% of the phenol-extracted product in 

SSC-Mg2+ (0.015 M Na^itrate, 0.15 M NaCI, 10 mM MgCl2) is 

insensitive to pancreatic ribonuclease (10 lag/ml, 30 min at 

35°C) but is completely digestible by KOH and coelectro-

phoreses with double-stranded TMV replicative form of 

molecular weight of 4 x 10^ daltons (d). Another ribo

nuclease sensitive, higher molecular weight product was 

detected on occasion; it was considered to be the TMV 

replicative intermediate of about 5 x 10®d. No single-

stranded RNA corresponding in. size to TMV-RNA was observed. 

The particulate enzyme has been solubilized with the 

detergents 1% Nonidet P-40 plus 1% sodium desoxycholate. 

ix 
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Detergent treatment causes a considerable loss of activity 

but about 10% of the activity remaining after treatment is 

in a soluble form. The solubilized enzyme activity is 

2+ 2+ 
markedly stimulated by Mn and to a lesser extent by Mg 

However, the response of the enxyme activity to actinomycin 

D and deoxyribonuclease appears to depend on which divalent 

cation is present in the reaction mixture. With Mg +̂, the 

activity is largely resistant to these reagents, whereas 

2+ 
about three-fourths of the stimulated activity with Mn is 

sensitive to them, suggesting contamination with solubilized 

host DNA-dependent RNA polymerase. However, the products of 

2+ 
the Mn stimulated solubilized enzyme (in the presence of 

actinomycin D), when examined by polyacrylamide-agarose gel 

electrophoresis, revealed one RNA product with an approximate 

molecular weight of 4 x 10^d and some smaller RNA. Treat

ment of the product RNAs with ribonuclease prior to gel 

electrophoresis does not alter the migration distance in 

gels of the main (large molecular weight) band of radio

activity—though to represent TMV-RF. About 85% of the 

2+ 
phenol-extracted RNA in SSC-Mg is resistant to pancreatic 

ribonuclease (10 ng/ml, 30 min at 35°C). No TMV replicative 

intermediate or TMV-RNA was detected. 

The RNA polymerase activity found in uninfected 

soluble extracts, measured in the presence of actinomycin 

2+ 
D and Mn , is about one-third that of soluble extracts 

prepared from TMV-infected plants. The RNA product 



synthesized by the uninfected soluble extract is of low 

molecular weight, and is about 35% ribonuclease resistant 

(10 |ag/ml, 30 min at 35°C) as determined by Millipore 

filtration. 



LITERATURE REVIEW 

Tobacco mosaic virus (TMV) is a rod-shaped plant 

virus consisting of an RNA genome encapsidated by closely 

packed structural protein subunits. The virus is 3000 SI 

long and has an outside diameter of 180 8 (Caspar, 1964). 

The protein subunits (2130 per virus particle) are 

associated with TMV-RNA in a helical nucleoprotein 

structure. Each protein subunit contains 158 amino acids 

in a single polypeptide chain, of molecular weight of about 

17,500 daltons (d) (Tsugita et al., 1960). The RNA 

contains 6390 nucleotides in a single strand with a 

molecular weight of 2.05 x 10^d and comprises about 5% of 

6 
the 40 x 10 d particle weight of TMV (Knight and Woody, 

1958). The TMV-RNA is infective (Fraenkel-Conrat, 1956; 

Gierer and Schramm, 1956) and directs the synthesis of 

progeny RNA and protein. 

General Scheme of RNA Virus 
Replication 

Recent developments in molecular biology and bio

chemical virology have demonstrated some uniformity of 

events underlying the replication of RNA-containing viruses 

infecting bacterial, plant, and animal cells. Several 

reviews of RNA virus replication have appeared recently 

1 
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(Ralph, 1969; Stavis and August, 1970; Valentine, Ward, 

and Strand, 1969; Matthews, 1970). 

The synthesis of viral RNA and protein in a host 

cell governed by DNA genome requires a synthetic mechanism 

which must selectively replicate viral RNA, and not host 

RNA, and direct the translation of virus-specific proteins 

from the viral template. The molecular events underlying 

RNA virus replication can be best illustrated by a phage 

life cycle (Figure 1) (Hofschneider and Hausen, 1968). 

This scheme is presented as a possible model to guide 

thinking on plant virus RNA replication. 

Adsorption of the phage particle to the F-pili on a 

male bacterium is followed by penetration and liberation of 

free viral RNA into the cell's cytoplasm. This feature is 

known not to be a part of the plant scheme. Following an 

eclipse period in which host protein and RNA synthesis is 

depressed, the viral RNA attaches to host ribosomes and 

becomes active in the synthesis of such virus-specific 

proteins as the RNA replicase and coat polypeptide(s). De 

novo synthesis of progeny RNA is carried out by the viral 

replicase using parental (infecting) RNA as a template. 

Three possible routes of utilization for the newly-

synthesized RNA exist: incorporation into a new replicative 

form (RF), association with host polysomes for continued 

synthesis of viral proteins, or encapsidation by the viral 

coat proteins forming complete, infectious progeny virions. 



PENETRATION AND LIBERATION OF RNA 
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Figure 1. RNA virus life cycle — From: HofSchneider and 
Hausen (1968). 
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The Mechanism of Viral RNA 
Replication 

Many RNA-containing viruses reported to date 

replicate by an RNA-directed mechanism which does not 

involve a DNA or RNA:DNA intermediate. The first double-

stranded RNA replicative form was isolated in 1963 by 

Montagnier and Sanders from encephalomyocarditis virus-

infected ascites cells. A 20s RNA duplex was characterized 

in a sucrose gradient and was both RNase resistant and 

infectious. The 20s RNA had a buoyant density of 1.57 

gms/cc in CsSO. and a T of 96°C in lxSSC, or 84°C in 
4 m ' 

O.lxSSC. These properties indicated a double-stranded RNA 

duplex possessing a highly ordered secondary structure 

(Montagnier and Sanders, 1963). Discoveries of similar RNA 

duplexes in virus-infected plant and animal systems soon 

followed and gave further support to the notion that double-

stranded RNA species were presumably intermediates in RNA 

virus replication (Fenwick, Erikson, and Franklin, 1964; 

Weissmann et al. , 1964; Kelly and Sinsheimer, 1964; 

Baltimore, Becker, and Darnell, 1964). Although no commonly 

accepted mechanism exists for the replication of RNA-

containing viruses, two popular models are of current 

interest (Spiegelman et al., 1968; Weissmann, Feix, and 

Slor, 1968). Both of the models are thought to involve 

base-complementary, hydrogen-bonded, double-stranded RNA 

duplexes. Thus, for Q|3 (RNA phage) infected jS. coli cells, 
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replicative RNA species in a double-stranded configuration 

were demonstrated to be obligatory intermediates in the 

synthesis of progeny viral RNA (Sp.Legelman et al. , 1968). 

The complementary base-pairing model proposed by Spiegelman 

predicts at least two distinct steps in viral RNA replica

tion (Figure 2). Injection of the parental ("plus") RNA 

into the host cell is followed by: (1) the synthesis of a 

double-stranded RNA molecule consisting of the plus RNA 

strand paired with its negative, or complementary, RNA 

strand synthesized by a viral replicase using the plus 

strand as a template, and (2) synthesis of new plus strands 

on the RF "core" molecule resulting in a duplex RNA species 

containing single-stranded RNA "tails." This structure is 

referred to as the replicative intermediate, RI. Completed 

plus strands arising from the RI may then become involved 

in translation, encapsidation, or further replication. An 

asymmetric model for RNA replication involving RI was 

indicated by pulse-chase experiments with R17 (RNA phage) 

infected E. coli (Fenwick et al., 1964). Similar RNA forms 

have since been found in poliovirus-infected HeLa cells 

(Baltimore, 1966; Bishop et al., 1969; Noble and Levintow, 

1970; McDonnell and Levintow, 1970), MS2-infected E. coli 

(Kelly and Sinsheimer, 1967), alfalfa mosaic virus-infected 

tobacco leaves (Pinck, Hirth, and Bernardi, 1968), and 

tobacco mosaic virus-infected tobacco leaves (Nilsson-

Tillgren, 1970; Jackson, Mitchell, and Siegel, 1971). 



Figure 2. Models of viral RNA replication (Spiegelman scheme) — "A" represents 
the semi-conservative version, and "B" represents the conservative 
version (Hofschneider and Hausen, 1968). 



SEMICONSERVATIVE 
VERSION (A) © 

P 

RF 
" ©  

(B) 

CONSERVATIVE 
VERSION 

Figure 2. Models of viral RNA replication (Spiegelman scheme) 
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Evidence has now accumulated which indicates plus and minus 

RNA strands are synthesized at different rates (Fenwick et 

al., 1964; Weissmann et al., 1964) suggesting an asymmetric 

model for phage RNA replication involving RI (Franklin, 

1966; Erikson, Erikson, and Gordon, 1966). Support for an 

asymmetric, semi-conservative replication mechanism (Figure 

2, la) is based on the finding that newly-synthesized plus 

strands displace pre-existing plus strands from the 

replicative structure (Fenwick et al., 1964; Weissmann et 

al. , 1964; Kelly and Sinsheimer, 1967). In contrast, an 

asymmetric, conservative mechanism (Figure 2, lb) is also 

supported by the results of Erikson and Franklin (1966). 

The finding that, phenol or SDS may affect the secondary 

structure of an RNA during extraction (Feix, Slor, and 

Weissmann, 1967) has given rise to yet another replication 

scheme (Weissmann et al., 1968). This alternative model 

(Figure 3) does not embody the concept of obligatory double-

stranded helical replicative intermediates as is the case 

for the scheme in Figure 2. Instead, a minus strand is 

postulated to be synthesized on a plus strand. The first-

step replicating complexes (Figure 3, b and c) are "open" 

structures containing template and product in a non-

helical conformation. Release of a product minus strand 

and formation of second-step replicating complexes (Figure 

3, e and f) results in the formation of plus strands. 

Structures thought to represent spontaneous collapse of the 
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SECOND STEP 
REPLICATING 
COMPLEXES 

Q/9-RNA 

tl? 

© 

3' 

3' 

© 
MINUS STRAND 

FIRST STEP 
REPLICATING 
COMPLEXES 

Figure 3. Model of phage RNA replication (Weissmann 
scheme) — Primed letters represent RNA forms 
which have spontaneously collapsed in the 
presence of detergent or phenol (Weissmann et al., 
1968). 
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first- or second-step replicating complexes during phenol 

or SDS extraction are represented by primed letters (b1, 

c', etc., Figure 3). 

As yet, it has not been possible to discern the 

"correctness" of the above replication schemes with regard 

to in vivo synthesis of viral RNA. Discrepancies in pulse-

chase experiments and RNase sensitivities of the postulated 

intermediates (Weissmann et al.,, 1964) have engendered some 

doubt about the actual events which are thought to occur 

during (Qp) RNA replication. 

Bacterial and Animal Virus-Specific 
RNA-Dependent RNA 

Polymerases 

The isolation and purification of an RNA-dependent 

RNA polymerase (replicase) induced in _E. coli by the 

bacteriophage MS2 or Qj3 (Haruna et al. , 1963; Haruna and 

Spiegelman, 1965a, 1965b) has provided us with "model" 

enzymes which may be used for the detailed studies of viral 

RNA replication. Both the MS2 and Q|3 replicases in their 

purified states show a selective preference for homologous 

RNA as template (Haruna et al., 1963; Haruna and Spiegel-

man, 1965a). Neither enzyme is active in the absence of 

any of the nucleoside triphosphates. Host RNA's do not 

serve well as templates for these enzymes and this is not 

too surprising since the replication of a viral RNA within 
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a pool of host RNA's can only be efficiently accomplished 

if the viral replicase selects its own genome. 

The MS2 and Qf3 replicases were each purified from 

infected 13. coli cells using protamine fractionation to 

remove the host DNA-dependent RNA polymerase, leaving the 

RNA-dependent activity in the supernatant. Successful 

isolation of the replicases depended upon the use of an 12. 

coli strain which was low in nuclease activity; replicase 

assays could be performed on crude preparations without 

fear of product degradation. Treatment of the supernatant 

with saturated ammonium sulfate yielded a fraction which 

could be purified further on a DEAE-cellulose column to 

remove protamine sulfate and contaminating nucleases (Haruna 

et al., 1963; Haruna and Spiegelman, 1965a). 

A notable feature of the Qp-replicase enzyme is 

its ability to generate a polynucleotide of the same 

molecular weight (1 x 10 ) as the viral RNA template 

(Spiegelman et al., 1968), which can in turn act as an 

effective template for the synthesis of infective Q(3-RNA. 

Both the MS2 and Qp replicases display discriminating 

template specificity, and under optimal ionic conditions 

are inactive with the other's RNA (Haruna and Spiegelman, 

1965a). The degree of specificity exhibited by these 

replicases for their homologous RNA's raises the question 

of the mechanism used by the enzymes for the selection Of 

their own RNA's. For Qp replicase, fragmented RNA's, 



specifically, 17s and 7s derived from complete 28s viral 

RNA's, were shown to be ineffective as templates for the 

generation of new polynucleotides and helped to dispel the 

notion tha-: only the initial RNA nucleotide sequences were 

required for specificity; a formal explanation of this 

phenomenon was based on the concept of "functional 

circularity" of the Qg RNA which meant that the replicase 

had to recognize both a beginning nucleotide sequence as 

well as a terminal sequence (Haruna and Spiegelman, 1965b). 

If in place of the divalent cation, Mg++ (employed in the 

, j .  j  
above studies), Mn is used, normal synthesis with Q3 28s 

RNA is strongly inhibited, while abnormal synthesis using 

the 17s fragment is observed. In both cases synthesis 

ceases within 60 minutes (Haruna and Spiegelman, 1965b). 

The results clearly showed the enzyme's requirement for 

complete 28s RNA and the need to avoid Mn++ if faithful 

replication of Qp-RNA is to occur. A recent finding has 

shown that QP-replicase can be selectively inhibited by 

TMV-RNA (Okada, Ohno, and Haruna, 1971). The TMV-RNA bound 

directly to the Q(3-enzyme and not to the Qf3-RNA as 

demonstrated by the retention of the RNA-enzyme complex on 

a nitrocellulose fiber. These results were interpreted to 

mean that TMV-RNA possesses a nucleotide sequence in common 

with Qp-RNA and is capable of stimulating an initial 

binding reaction resulting in an inhibited RNA-enzyme 

complex. 
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The RNA genome of the phage Qp is thought to code 

for at least three, and possibly four, proteins including 

two minor proteins, coat protein, and one replicase sub-

unit, (3 (Kondo, Gallerani, and Weissmann, 1970). Kondo et 

al.  found that purified Qp replicase preparations contain 

four electrophoretically distinct polypeptides (a, p, y, 

and 5) as shown by gel electrophoresis, only one of which 

is G!P specific (coded by the Q(3 genome) m.w. , 69,000. The 

molecular weight of QP replicase was estimated to be 130,000 

as calculated from its S_ value of 6 .7 determined zu, w 

in a sucrose gradient (Kondo et al., 1970). The replicase 

subunits have a combined molecular weight of 223,000, far 

greater than the value of 130,000 determined from sedimenta

tion in sucrose. The reasons for this discrepancy remain 

obscure. 

35 Coelectrophoresis of purified S-labeled Q|3 

replicase enzyme preparations with unlabeled proteins from 

uninfected host IS. coli cells on 10% acrylamide-SDS gels 

showed that only the p subunit from the enzyme was virus-

specific and that the other three subunits were host-

derived. Similar findings were reported by Kamen (1970). 

Kamen extended these observations by showing that none of 

the host derived Qp replicase subunits were also subunits 

of the host J3. coli DNA-dependent RNA polymerase. 

Among the animal viruses, the RNA-containing polio-

virus and the foot-and-mouth disease virus (FMDV) have been 
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extensively studied. Both viruses appear to be replicated 

by viral RNA polymerases found in association with cellular 

membranes of the host (Arlinghaus and Polatnick, 1967, 

1969; Ehrenfeld, Maizel, and Summers, 1970; Caliguiri and 

Tamm, 1970a, 1970b). Both the poliovirus and FMDV poly

merase complexes have been solubil.\zed from their membrane 

sites. Two distinct FMDV polymerase complexes were 

solubilized with dextran sulfate 500 and 0.5% sodium 

desoxycholate in the presence of small amounts of bentonite 

(10-20 |ag/ml) to inhibit endogenous nucleases (Arlinghaus 

and Polatnick, 1967, 1969). Both complexes were prepared 

from a mitochondrial-microsomal fraction from baby hamster 

kidney cells infected with FMDV. Zonal centrifugation of 

the soluble polymerase complexes on sucrose showed the 

presence of two enzyme activities in the ranges of 20-70s 

and 100-300s (Arlinghaus and Polatnick, 1969). Analysis 

of the RNA products on sucrose gradients was performed on 

RNA1s extracted from the polymerase complexes by treatment 

with phenol and 0.5% SDS. RNA extracted from the light 

complex sedimented at 20s and was RNase-resistant and 

presumably double-stranded. The heavy complex yielded 

RNase-sensitive RNA of 37s and represented single-stranded 

37s viral RNA. Evidently two separate polymerase activities 

are required for the synthesis of viral RNA, and a model 

which may explain this requirement involves a large multi-

stranded double-stranded RNA complex in which the product 
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of one polymerase serves as the template for the other 

polymerase (Arlinghaus and Polatnick, 1969). 

The isolation and purification of an active and 

stable viral RNA-polymerase complex from a particulate 

fraction of poliovirus-infected HeLa cells was recently 

accomplished using a treatment involving the combination 

of nonionic and ionic detergents, NP-40 and sodium 

desoxycholate, respectively (Ehrenfeld et al., 1970). The 

complex had a sedimentation value of 70s in a sucrose 

gradient and was capable of synthesis of poliovirus-

specific RNA's. The RNA's synthesized by the 70s complex 

were analyzed on sucrose gradients: one RNase-resistant 

peak had a sedimentation coefficient of 20s, and another 

RNase-sensitive peak sedimented at 35s. Labeled 35s polio-

virus RNA's isolated from purified virions were shown to 

cosediment with one of the in vitro RNA's synthesized by 

the RNA-polymerase complex. It is still unresolved 

whether, in fact, the various steps in poliovirus RNA 

replication require different enzymes or whether one enzyme 

with multiple activities is capable of synthesizing the 

various replicative RNA's. 

In contrast to the findings of Arlinghaus and 

Polatnick (1969), Caliguiri and Tamm (1970a, 1970b) found 

rough and smooth microsomal fractions active in the 

replication of viral RNA which could be further resolved 

into three separate membrane structures after 
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solubilization. A smooth microsomal fraction sedimenting 

at 130s (after DOC treatment) contains poliovirus RF and 

RI, but no completed single-stranded viral RNA. Another 

smooth microsomal fraction sedimenting at 230s (after 

membrane lysis) contains mainly completed single-stranded 

viral RNA and only some RF and RI. A third rough micro

somal fraction sedimenting at 320s (after membrane lysis) 

contains only completed single-stranded viral RNA. 

Plant Virus RNA: Replication in vivo 
and in vitro 

Among the plant viruses which have been most studied 

are cucumber mosaic virus (CMV), broadbean mottle virus 

(BBMV), bromegrass mosaic virus (BMV), turnip yellow mosaic 

virus (TYMV), alfalfa mosaic virus(AMV), and tobacco mosaic 

virus (TMV). Little is known of the plant virus RNA poly

merases, and only lately have some of these enzymes been 

physically and biochemically characterized. 

Turnip Yellow Mosaic Virus (TYMV) 

In 1965 the isolation and partial purification of 

TYMV-RNA replicase was reported (Astier-Manifacier and 

Cornuet, 1965). The replicase was extracted from virus-

infected Chinese cabbage leaves by preparing a 15,000 x c[ 

supernatant fraction which was then chromatographed on a 

DEAE-cellulose column using a salt gradient. Addition of 

ammonium sulfate to the eluate yielded a precipitate 
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containing replicase activity. The usual in vitro assay of 

4*+ ++ enzyme activity included 12.5 raM Mg and 5.0 mM Mn 

TYMV-RNA was shown to be a poor primer for the isolated 

enzyme. However, it was claimed that double-stranded TYMV-

RNA was an effective inducer for the enzymatic synthesis of 

an RNA product. TYMV-RNA was xeportedly synthesized in 

accordance with an asymmetrical, conservative model. 

The in vivo synthesis of TYMV-RNA has been reported 

for Chinese cabbage infected with TYMV. Synthesis of the 

viral RNA was shown to be insensitive to Act-D present 

during the incubation of TYMV-infected leaf tissue with 

radioactive label. The isolated RNA product was largely 

RNase-resistant. TYMV-RNA was found in a fraction 

associated with plant ribosomal RNA's and it was postulated 

that this ribosomal fraction was active in the synthesis of 

double-stranded TYMV-RNA (Gigot, Philipps, and Hirth, 1965). 

The isolation of in vivo-synthesized TYMV-RF from TYMV-

infected Chinese cabbage leaves has been reported (Mandel 

et al., 1964; Bockstahler, 1967). The RNA sedimented as a 

broad peak in the 8-16s region of a sucrose gradient and 

32 
was RNase-resistant. P-labeled RNA isolated from TYMV-

infected Chinese cabbage leaves was also subjected to 

methylated albumin-Kieselguhr (MAK) column chromatography. 

32 A peak eluting at 0.75M NaCl was coincident in both P-

label and unlabeled TYMV-RNA detected optically. A sharper 

peak eluting at 0.62M NaCl was RNase-resistant and had a 



3 buoyant density in CsSO^ of 1.64 gms/cc . This RNA was 

considered to be the replicative form, and to consist of 

an RNA:RNA duplex, as judged by its nucleotide composition 

and base digestibility. An asymmetric, semi-conservative 

mechanism for TYMV-RNA replication was postulated on the 

basis of l'abeling-nucleotide composition experiments 

(Mandel et al., 1964). Similar results were obtained by 

Ralph et al. (1965). Additional evidence for the synthesis 

of TYMV-RNA by an asymmetric, semi-conservative mechanism 

has been provided by Bove,(1967). 

Double-stranded TYMV-RNA has also been studied by 

electron microscopy (Wolstenholme and Bockstahler, 1967). 

More than 99,5% of the duplex RNA was between O.lji and 

2.2u in length, with a mean length of 0.24u and a modal 

length for longer duplexes of 1.92u, the latter value being 

in good agreement with calculations based on chemical and 

physical analysis of viral RNA. Some of the duplex RNA's, 

as viewed by electron microscopy, were seen to have single-

stranded RNA tails attached to a double-stranded "core" 

(RF), suggesting they were TYMV-RI. The frequency of 

appearance of these branched RNA's, however, was dependent 

upon RNA concentration, raising some question about their 

authenticity. 

Double-stranded TYMV-RNA has been synthesized in 

vitro by cell-free extracts and the incorporating activity 

was shown to require all four nucleoside triphosphates 
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(Ralph and Wojcik, 1966). No intact single-stranded TYMV-

RNA was ever detected in the iri vitro system, probably 

because of the presence of plant nucleases in the cell-free 

system. The synthesis of double-stranded TYMV-RNA was 

shown not to arise as a result of phenol or detergent (SDS) 

treatment during RNA extraction (Bove, Bove, and Mocquot, 

1968) since RNase-resistance was conferred upon the RNA 

prior to extraction. Synthesis of double-stranded TYMV-RNA 

in vivo occurs mainly in the chloroplast fraction of 

infected Chinese cabbage leaves and is not associated with 

the nuclear fraction (Ralph and Clark, 1966; Ralph and 

Wojcik, 1966). 

Broadbean Mottle Virus and Bromegrass 
Mosaic Virus 

3 The incorporation of H-UTP into an acid insoluble 

product by cell-free extracts from barley leaves infected 

with either BBMV or BMV has been reported (Semal and 

Hamilton, 1968; Semal and Kummert, 1970; Semal, 1970). 

Most of the in vitro-synthesized product RNA sedimented in 

a sucrose gradient as a broad peak between 12s and 14s and 

was RNase-resistant, suggesting it was double-stranded 

(Semal and Hamilton, 1968). The double-stranded virus-

specific RNA's synthesized by either BBMV or BMV showed a 

sharp thermal transition (T ) at 99-100°C when heated in 
m 

lxSSC. RNase-sensitivity was conferred upon the product 

RNA when it was subjected to RNase digestion in low salt 
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concentrations (Semal, 1970), giving further support to the 

notion that the _in vitro-synthesized RNA's are double-

stranded. The virus-specific RNA replicase activity 

responsible for the synthesis of the double-stranded RNA's 

was insensitive to Act-D and DNase, and required all four 

nucleoside triphosphates for activity. The replicase 

activity was found associated with the mitochondrial 

fraction of infected barley leaves (Semal and Hamilton, 

1968). 

The sequential synthesis of double-stranded and 

single-stranded RNA's by cell-free extracts prepared from 

barley leaves infected with BMV has been reported (Semal 

and Kummert, 1971). Short pulses of ^H-UTP with the cell-

free extracts yielded mainly double-stranded RNA's, 

whereas longer pulses gave an increasingly RNase-sensitive 

product. No intact single-stranded BMV-RNA was detected. 

The double-stranded RNA sedimented at 14s in a sucrose 

gradient and gave a poly-disperse, single-stranded RNA 

when heated for 10 minutes at 100°C in O.lxSSC. Pulse-

chase experiments confirmed the observation that RNase-

resistant RNA served as a precursor for RNase-sensitive 

RNA. The pulse-chase data are in agreement with the 

concept of single-stranded RNA's being "stripped" from a 

RI RNA by growing single-stranded RNA's. The RNase-

resistant, double-stranded core RNA probably represents the 

RF RNA (Semal and Kummert, 1971). 
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Cucumber Mosaic Virus 

The preliminary characterization of a virus-induced 

RNA polymerase in crude extracts of cucumber plants 

infected with CMV (Gilliland and Symons, 1968) was soon 

followed by reports of the detailed analysis of CMV poly

merase and the products it synthesizes in vitro (May, 

Gilliland, and Symons, 1969, 1970). CMV polymerase was 

isolated initially from a soluble portion (10,000 x c[ 

supernatant) of a plant extract and was found to be 

dependent on added RNA for activity; no template specificity 

was evident. Nearest-neighbor analysis of the RNA products 

revealed a base composition expected for template dependent 

synthesis eliminating the possibility that the enzyme was 

simply incorporating label into pre-existing polynucleotide 

strands (Gilliland and Symons, 1968). A partially purified 

CMV polymerase was obtained free of plant nucleases by 

addition of ammonium sulfate to 50% saturation during the 

initial phase of enzyme extraction. Analysis of the 

extracted enzyme on 5-20% sucrose gradients showed it to 

have an approximate molecular weight of 123,000 and to be 

relatively nonspecific for the RNA templates tested (May 

et al., 1969). The in vitro-synthesized product was 80-90% 

resistant to digestion by RNase and had a Tm of 90°C in 

lxSSC. Analysis of the phenol-extracted RNA's on sucrose 

gradients revealed a polydisperse RNA size distribution 



with a broad peak at 5s. Unlabeled CMV-RNA extracted from 

CMV-infected cucumbers sedimented at 14s and 23s. 

Further investigation of CMV-infected cucumbers 

yielded two distinct cell fractions containing RNA poly

merase activity: a particulate fraction sedimenting at 

16,000 x g and a soluble fraction consisting of the 16,000 

x c[ supernatant. A particulate enzyme not dependent on 

added RNA for activity gave a product 80% resistant to 

RNase digestion. The RNA had a mean molecular weight of 

0.5 x 10 d and a Tm of 92 C. Another particulate RNA 

polymerase which was dependent on added RNA for activity 

was solubilized by the addition of MgSO^. Analysis of the 

solubilized enzyme on sucrose gradients gave an estimated 

molecular weight of 120,000. Solubilization of the 

particulate enzyme by freezing and thawing, however, 

yielded an enzyme with a higher molecular weight, about 

150,000 (May et al., 1970). The authors suggested that the 

two solubilized enzyme molecular weight forms resulted from 

the different solubilization treatments, and were not, in 

fact, different enzymes. 

Alfalfa Mosaic Virus (AMV), Cowpea Mosaic 
Virus (CPMV), and Tobacco Necrosis Virus (TNV) 

Among the plant viruses which have been shown to 

possess two or more nucleoprotein components are AMV and 

CPMV. Their replication depends upon the simultaneous 

presence of two or more nucleoprotein components during 



22 

infection of the host plant (Kaper, 1968). Satellite 

tobacco necrosis virus with its helper tobacco necrosis 

virus (TNV) fall into yet another category since STNV can 

replicate only in the presence of TNV, while TNV can 

replicate in the absence of STNV. 

TNV-RF and STNV-RF have been isolated from doubly-

infected tobacco leaves (Klein and Reichmann, 1970). Both 

RNA. duplexes were RNase resistant, base digestible, and 

possessed base compositions expected for a double-stranded 

structure consisting of a viral RNA paired with its 

complementary RNA. Electrophoresis of TNV-RF and STNV-RF 

on 2.4% polyacrylamide gels showed TNV-RF to be of higher 

molecular weight than STNV-RF. Both replicative forms 

could be dissociated (by heat) into single-stranded RNA's 

with properties similar to viral RNA's (Klein and Reichmann, 

1970). 

CPMV is known to consist of a mixture of 4 nucleo-

protein components (Bruening and Agrawal, 1967), two of 

which are essential for the replication of the virus. 

Middle (M) and bottom (B) components have been separated by 

repeated cycles of zonal sucrose fractionation. Mixtures 

of M and B components were eight times more infective than 

either component alone (Bruening and Agrawal, 1967). In a 

later study, van Kammen (1968) reported that mixtures of 

highly purified M and B components were absolutely neces

sary for virus replication, implying the requirement for 
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complementary genomic structures for RNA and/or protein 

synthesis. 

Isolation of double-stranded AMV-specific RNA from 

AMV-infected tobacco plants has been performed without the 

aid of RNase (Pinck et al., 1968). Partial purification of 

the AMV-specific RNA by salt elution from a hydroxy-

apatite column was performed; a peak eluting at 0.2M salt 

was shown to reanneal preferentially to AMV-RNA "plus" 

strands. Further analysis of the 0.2M fraction on sucrose 

gradients revealed a peak sedimenting at 15s, suggesting it 

was AMV-RF. A heavy, RNase-sensitive shoulder accompanied 

the 15s peak and was presumed to be the replicative inter

mediate. 

Electron microscopy of the AMV replicative forms 

isolated from AMV-infected tobacco leaves showed three RNA 

classes, with lengths corresponding to single-stranded 

RNA's prepared from isolated nucleoprotein components 

(Nicolaieff et al. , 1970). 

3 AMV-induced H-uridine incorporation in infected 

tobacco leaves has been detected by electron microscopic 

techniques (Bassi et al., 1970). The incorporating 

activity is Act-D insensitive and appears to be associated 

mainly with the nuclear and cytoplasmic fractions, and is 

strongly depressed in the chloroplast fraction. 
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Tobacco Mosaic Virus: The iri vitro Synthesis 
of TMV-RF and RI 

Early reports on the incorporation of labeled 

nucleotides into nucleic acids by cell-free extracts 

prepared from TMV-infected tobacco plants did not provide 

clear evidence for the existence of an RNA-dependent RNA 

polymerase (Bandurski and Maheshwa^i, 1962; Semal et al. , 

1964), probably because the fractions used did not contain 

the replicase activity. The isolation and characterization 

of a cell-free extract capable of synthesizing double-

stranded RNA in the presence of Act-D provided the first 

opportunity to study virus-induced RNA polymerase activity 

in TMV-infected tobacco plants (Ralph and Wojcik, 1969). 

Synthesis of double-stranded RNA was found to occur in a 

12,000 x c[ fraction. Analysis of the labeled in vitro-

synthesized RNA products on MAK columns showed the presence 

of double-stranded RNA. By comparison, no Act-D resistant 

synthesis of RNA was found in a nuclear fraction prepared 

from TMV-infected tobacco plants (Ralph and Wojcik, 1969). 

The isolation of an RNA polymerase from system-

ically TMV-infected tobacco leaves has recently also been 

accomplished by gel filtration of a 45,000 x c[ supernatant 

fraction on Sephadex G-100 (Brishammar, 1970). Three 

unique features of the replicase extract are, first, the 

use of a 45,000 x c[ supernatant fraction for the isolation 

of the enzyme, unlike any other fraction used previously 
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for either the jLn vivo or in vitro isolation or synthesis 

of TMV-specific RNA's. Second, the replicase assay 

contained both Mn++ and Mg++, and not Mg++ alone. Last, 

the enzyme activity elutes from the Sephadex column in two 

distinct fractions at 20,000 and 69,000 molecular weight. 

The enzyme eluting with a molecular weight of 69,000 was 

completely dependent upon the presence of all four nucleo

side triphosphates and showed a slight preference for TMV-

RNA as a template over TYMV-RNA, Holmes ribgrass-RNA (a 

strain of TMV), and yeast ribosomal RNA. The replicase 

activity was also shown to have an RNA template concentra

tion optimum between 5 and 10 pg/0.25 ml assay 

(Brishammar, 1970). 

Tobacco Mosaic Virus: JCn Vivo Synthesis 
of Virus-Specific RNA 

Double-stranded TMV-specific RNA has been isolated 

from TMV-infected tobacco leaves (Burdon et al., 1964; 

Shipp and Haselkorn, 1964; Weissmann et al., 1964, 1965; 

Ralph et al., 1965; Woolum, Shearer, and Commoner, 1967; 

Nilsson-Tillgren, 1969) but analysis of the RNA on sucrose 

gradients showed the material to be heterodisperse in size 

for double-stranded RNA. The RNA's were of low molecular 

weight and had a sedimentation coefficient range of 4 to 

10s. More recently, double-stranded RNA's have been 

isolated from TMV-infected tissue which are of higher 

molecular weight. These RNA's exhibit characteristics 
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expected for TMV-RF and RI (Jackson et al., 1971; Nilsson-

Tillgren, 1970) and after melting were infectious, showing 

that a full genome had been isolated (Jackson et al., 1971), 

Replicativs form and replicative intermediate were purified 

by cellulose chromatography and shown to have buoyant 

3 densities in CsSO^ of 1.615 and 1.630 gms/cc , respectively, 

while TMV-RNA had a buoyant density in CsSO^ of 1.640 

gms/cc (Jackson et al., 1971). Furthermore, the double-

stranded RF showed a sharp thermal transition at 68°C in 

1 mM phosphate-EDTA buffer and was infectious after thermal 

denaturation (Jackson et al., 1971). The molecular weights 

of TMV-RF and RI were estimated by polyaerylamide gel 

6 6 electrophoresis to be 4 x 10 and 5 x 10 daltons, respec

tively. In a separate study, the isolation and purification 

of double-stranded TMV-RNA's in an undegraded state were 

also reported (Nilsson-Tillgren, 1970). Chromatography 

of RNA extracts on cellulose columns yielded TMV-RF and RI. 

Replicative intermediate was shown to be 42% resistant to 

RNase, whereas RF was over 90% resistant to RNase (Nilsson-

Tillgren, 1970). Sucrose density gradient analysis of 

TMV-RF and RI showed RF sedimenting at 14-15s, whereas RI 

sedimented in an extremely heterogeneous manner. Pre-

treatment of RI with RNase left a RNase-resistant product 

which sedimented in a sucrose density gradient slightly 

slower than RF purified from MAK columns (Nilsson-Tillgren, 

1970). 
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Sites of TMV-RNA Replication and 
Virus Multiplication 

The sites of TMV-RNA synthesis and T.MV assembly 

have not yet been unequivocally determined. In the past, 

the assumption was made that RNA synthesis and TMV rod 

assembly occurred in the same site. No convincing evidence 

for this phenomenon exists. An early report (van Kammen, 

1961) suggested that infectious TMV-RNA resided in an 

infected tobacco leaf fraction associated with the ribo-

somes. A TMV antiserum-treated ribosomal fraction was 

phenol-extracted and the purified RNA used as an inoculum. 

The appearance of lesions on a susceptible host was 

evidence for the association of TMV-RNA with host ribosomes. 

Another study (Reddi, 1969) reported on the presence of TMV 

rods in the nuclear and cytoplasmic fractions of infected 

tobacco leaf cells. No rods were found in the chloroplast 

fraction, in contrast to the findings of Zaitlin, Spencer, 

and Whitfeld (1968), who used fractionated infected tobacco 

14 leaves previously exposed to C-amino acids. Nuclear, 

chloroplast, and cytoplasmic fractions were analyzed for 

their content of labeled virus; only a small percentage of 

the labeled virus was found in the nuclear and chloroplast 

fractions, while about 95% of the labeled virus was found 

in the cytoplasmic fraction. Their evidence suggested that 

neither the chloroplast nor the nuclear fractions were the 

site of TMV assembly. 
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Ralph and Clark (1966) examined cell-free extracts 

32 from P-labeled, TMV-infected tobacco, leaves and found 

double-stranded TMV-RNA associated with a fraction sedi-

menting with mitochondria. In support of this finding, 

Ralph and Wojcik (1969) found that a 12,000 x c[ fraction 

from TMV-infected tobacco leaves would incorporate label in 

the presence of Act-D into double-stranded RNA. Nuclei 

prepared from the same plants were unable to do so. The 

authors proposed the synthesis of double-stranded TMV-RNA 

occurred in mitochondria, light chloroplasts lacking starch 

grains, or in an undefined cytoplasmic organelle sedimenting 

at 12 ,000 x c[. 

Ralph, Bullivant, and Wojcik (1971) have reexamined 

the 12,000 x 2. fraction prepared from TMV-infected tobacco 

leaves which was capable of synthesizing double-stranded 

TMV-RNA jm vitro. Electron microscopy of the 12,000 x c[ 

pellet revealed the presence of double-stranded RNA, some 

grana, cytosomes, numerous mitochondria, and fragments of 

smooth and rough membranes. The distribution of double-

stranded RNA among the fractions indicated the RNA was 

mainly associated with the membrane fragments and not with 

mitochondria. Analysis of the 12,000 x c[ pellet on a 

sucrose gradient showed three bands, one of which contained 

a membrane-enclosed structure with inclusions of threadlike 

virus particles, ribosomes, and fragments of membranes. 
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The authors propose that it is this membrane-enclosed body 

which is responsible for the synthesis of TMV-RNA. 

32 P-TMV-RNA was used to inoculate tobacco leaves m 

order to determine the fate of parental (viral) RNA in the 
OO 

host cell (Reddi, 1969). Of the P-RNA retained in the 

leaf cells, over 60% was found to be degraded. Conserved 

viral RNA was located in the nuclear fraction of the leaf 

32 homogenate. The P-RNA was phenol-extracted and was found 

to be RNase sensitive and presumed to be the single-

32 stranded parental P-RNA; about 2% of this labeled RNA was 

found in progeny virions. Further evidence has been 

presented for the non-involvement of chloroplasts as the 

site of TMV synthesis (Hirai and Wildman, 1969). Both RNA 

and protein synthesis were depressed in chloroplasts during 

the time when virus synthesis was at a maximum; cytoplasmic 

RNA and protein synthesis were high. In addition, the base 

ratios of RNA extracted from chloroplasts were quite 

different from TMV-RNA. 

Zaitlin and Hariharasubramanian (1970) have reported 

finding at least five virus-specific proteins in TMV-

infected tobacco plants which are not found in uninfected 

plants. One of the virus-specific proteins was clearly the 

TMV coat protein. Four other virus-specific proteins with 

estimated molecular weights of 37,000d, 155,000d, 195,000d, 

and 245,000d were detected on acrylamide gels (Zaitlin, 

1971). The virus-specific proteins were found predominantly 
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in mitochondrial and nuclear fractions, whereas smaller 

amounts of one of the proteins could be detected in chloro-

plast and microsomal fractions. The authors speculate that 

one of the virus-specific proteins may be the TMV-RNA 

replicase. 

Babos (1971) has reported finding rapidly labeled 

TMV-specific RNA in association with tobacco leaf cyto

plasmic (80s) ribosomes. The RNA extracted from the cyto

plasmic ribosomes hybridized with double-stranded TMV-RNA 

but not with single-stranded TMV-RNA, suggesting it was 

parental viral RNA. 



MATERIALS AND METHODS 

Materials 

Unlabeled nucleotides, phosphoenolpyruvate (tri-

sodium) and pyruvate kinase (rabbit skeletal muscle, type 

II, EC 2.7.1.49) were purchased from Sigma Chemical Co., 

St. Louis, Missouri. Pyruvate kinase was received as a 

suspension of 10 mg/ml in 2 M (NH^^SO^. The tetralithium 

3 salt of (5- H) uridine 5-triphosphate in 50% ethanol 

(specific activity 17.1 c/mmole) was purchased from 

Schwarz/Mann, Orangeburg, New York. Electrophoretically 

pure deoxyribonuclease I (EC 3.1.4.5), 5 mg/ml, and 

electrophoretically pure pancreatic ribonuclease A (EC 

2.7.7.16), 21 mg/ml, were obtained from Worthington Bio

chemical Corporation, Freehold, New Jersey. Actinomycin D 

(Act-D) was obtained from Merck (Rahway, New Jersey) and 

Calbiochem (Los Angeles, Calif.). Reagent grade phenol 

(Baker) for RNA extraction was distilled before use. Ribo-

nuclease-free sucrose for use in gradients and buffers was 

purchased from Schwarz/Mann. NCS solubilizer for treatment 

of Millipore membranes was obtained from Amersham/Searle, 

Des Plaines, Illinois. Sodium desoxycholate (Technical) 

for detergent solubilization of enzyme was obtained from 

Nutritional Biochemicals Corporation, Cleveland, Ohio. 

Nonidet P-40 (NP-40) used for enzyme solubilization was a 

31 



gift of Shell Development Company, Emeryville, Calif. 

Hexadecyltrimethylammonium bromide (CTAB) for precipitation 

of RNA was purchased from Eastman Organic Chemicals, 

Rochester, New York. Manganese chr.oride, MnC^MI^O, was 

obtained from Mallinckrodt Chemical Works, St. Louis, 

Missouri. Diethylpyrocarbonate used as a ribonuclease 

inhibitor during phenol extraction of RNA was purchased 

from Calbiochem, Los Angeles, California. 

Buffers 

Sucrose-tris buffer (S-T buffer), adjusted to pH 

7.8 at 25°C with 12 N HC1 contained: sucrose, 0.4 M; 

Mg(CHgCOO)2, 0.007 M; KC1 , 0.01 M; tris-HCl, 0.065 M; 

and mercaptoethanol, 0.003 M. Resuspending buffer (RB) 

adjusted to pH 8.3 at 25°C with 12 N HC1 consisted of: 

tris-HCl, 0.042 M; KC1, 0.013 M; MgS04.7H20, 0.01 M; NH4C1, 

0.026 M; and mercaptoethanol, 0.003 M. Resuspending buffer 

used for washing the 20,000 x cj. pellet from virus-infected 

(Vp) or uninfected (Hp) plants and for final resuspension 

of the washed pellet, prior to detergent solubilization, 

was prepared by omitting the divalent cation, magnesium 

(RB-no metal). Phenol extracted RNA was resuspended in a 

mixture of 0.015 M Na^ Citrate, 0.15 M NaCl, and lOmM MgClg, 

adjusted to pH 7.2 (SSC-Mg +̂). 
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Preparation of Particulate Replicase 
Extracts 

Procedures for the preparation of V and H extracts 
P P 

are modifications of those of Ralph and Wojcik (1969). 

Nicotiana tabacum L. plants var. Turkish Samsun in 3" peat 

pots, 6-8 inches tall were inoculated with the strain of 

TMV (Siegel and Wildman, 1954) at 0.5 mg TMV/ml in M/15 

phosphate buffer containing 50 mg/ml Celite. Both sides of 

the top four recently-expanded leaves were rubbed; the 

plants were incubated for 4 days in a temperature-controlled 

room (average temperature of 23° during the 16 hr day and 

20° during an 8 hr night) under fluorescent lights at about 

a 450 ft-c intensity. 

All glassware used to prepare extracts and for assay 

was either acid washed or flamed. Rinsed, inoculated leaves 

with their midribs removed were minced in 1 ml S-T buffer 

per gram of fresh tissue in a plastic dish kept over 

crushed ice, with an electric knife modified to carry two 

single-edge razor blades (designed by R. G. Jensen). The 

cutting action consisted of a side-by-side, up-and-down 

motion. The chopped brei was filtered through two layers 

of Miracloth (distributed by Calbiochem, Los Angeles) and 

centrifuged at 1000 x c[ for 10 min at 4°C (Figure 4). 

The supernatant was removed with a pipette and 

centrifuged at 20,000 x c[ for 20 min and the pellets were 

resuspended with a glass rod in a minimum amount of RB or 
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WHOLE TOBACCO LEAF 
I 

RAZOR MINCE IN S-T CHOP ON ICE 

FILTER 

CENTRIFUGE 1000 X £ 5 MIN 4°C 

r 
PELLET: NUCLEI AND 
CHLOROPLASTS. DISCARD 

SUPERNATANT 

CENTRIFUGE 20,000 X £ 20 MIN 

4°C 

PELLET 
("MITOCHONDRIAL" FRACTION) 

RESUSPEND IN RB-lOmM Mg + 
WITH POTTER-ELVEHJEM (P-E) 

HOMOGENIZER 

or V 

SUPERNATANT 

I 
SUPERNATANT, 
DISCARD 

P-E HOMOGENIZE AND WASH 
WITH RB-NO METAL, CENTRI
FUGE 20,000 x £ 20 MIN 

P-E HOMOGENIZE IN RB-NO 
METAL, ADD NP-40/DOC TO 
1% EACH FOR 20 MIN (ON 
ICE) CENTRIFUGE 24,000 
x g 20 MIN 

h 
PELLET. DISCARD 

Figure 4. Preparation scheme for particulate and 
solubilized enzyme extracts from whole tobacco 
leaves. 
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RB-no metal. The suspension was transferred to an iced 

Potter-Elvehjem homogenizer; the homogenized pellet, in 2 

to 4 ml of RB, was used as the crude particulate enzyme 

preparation. 

Preparation of Solubilized Replicase 
Extracts 

The solubilized enzyme extract, V (or H ), was s s 

prepared from a V (or H ) extract washed once with RB-no 
P P 

metal (Figure 4). The washed extract (kept on ice) was 

solubilized in RB-no metal by the addition of NP-40/DOC to 

a final concentration of l%.each for 20 min. The mixture 

was then centrifuged at 24,000 x c[ for 20 min and the 

supernatant, V (or H ), was removed from the residual s s 

pellet with a Pasteur pipette. 

Replicase Assays 

The resuspended 20,000 x c[ pellet from TMV-infected 

plants, V (or H ), was used for particulate enzyme assays. 
P P 

3 Enzyme activity was based on the incorporation of H-UTP 

into an acid insoluble product. The usual assay medium 

contained 0.30 mis of crude enzyme (in RB), ATP, CTP, and 

3 
GTP 0.4 to 0.6 (jmoles each, H-UTP 0.6 nmoles (10|ac) phos-

phoenol pyruvate 1 |imole, pyruvate kinase 20 ug, and Act-D 

4.2 ug, all in a final volume of 0.42 ml. The assay 

mixture contained approximately 5 to 10 mg protein/ml as 

determined by the Lowry method (Lowry et al., 1951). Assays 
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with the solubilized enzyme, V or H were run in a s s 

similar manner, except that 2.5 mM Mn++ replaced the 10.0 

++ mM Mg used for and assays. For assays of enzyme 

fractions taken from a sucrose gradient (V or H ) , 8.6 ng s s 

of TMV-RNA was added as a template. In experiments where 

large amounts of products were desired, the incubation 

mixture was scaled up proportionally to as much as 5 mis. 

Assay mixtures were incubated for up to 150 min at 35-36°C; 

the reaction was terminated either by immediate extraction 

with phenol or by precipitation of 50 to 100 |al aliquots 

into 5 ml of ice-cold 5% TCA containing 2% sodium pyro

phosphate, 2% NaH^PO^, and 0.1% uridine. The TCA pre

cipitate was transferred to a Millipore filter (Type 

EAWP02500) and was washed five time with 5 ml portions of 

the TCA-phosphate-uridine solution, once with 5 ml 80% 

ethanol, and finally with 5 ml diethyl ether (Spencer and 

Wildman, 1964). The air-dried filter was placed in a 

tightly-capped glass vial containing 0.5 ml NCS-^O 

mixture (9:1) and heated for 2 hrs at 50°C. Ten ml of a 

PPO-POPOP toluene scintillation cocktail'were added and the 

samples counted in a Packard Tri-Carb liquid scintillation 

spectrometer. 

Phenol Extraction of the Particulate 
Enzyme Product 

3 H-RNA was extracted from large scale, 5 ml incuba

tion mixtures after adding 1 mg carrier tobacco leaf RNA, 
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by shaking with 2 volumes of RB-saturated phenol at 0 to 

4°C. The suspension was centrifuged at 5000 x c[ for 5 min 

to separate the phases and the supernatant solution was 

re-extracted with phenol. After acidification with 0.2 ml 

3 M Na acetate, pH 4.0, the RNA was precipitated with 2-3 

volumes of cold 95% ethanol and held at -20°C for 12 hrs. 

The RNA was pelleted at 6,500 x c[ for 10 min, washed twice 

with cold 95% ethanol, and resuspended in about 0.4 ml 

SSC-Mg++. 

Phenol Extraction of the Solubilized 
Enzyme Product 

3 H-RNA synthesized by the solubilized enzyme was 

extracted by a modified phenol procedure. The above pro

cedure was changed to include: RB-no metal-saturated 

phenol, and addition of sodium dodecyl sulfate and diethyl-

pyrocarbonate (DEP) to 1% final concentration each in the 

aqueous phase during phenol extraction. Following pre

cipitation of the RNA by cold 95% ethanol in the usual 

manner, the RNA was pelleted at 10,000 x c[ for 30 min, and 

resuspended in about 4.0 ml SSC-Mg++. The RNA was re-pre-

cipitated by the addition of one-half volume of a 1% CTAB 

solution in (Ralph and Bellamy, 1964) and recovered as 

the pelleted (insoluble) CTAB-salt after centrifugation at 

10,000 x c[ for 30 min. Phenol-extracted RNA prepared from 

Vg fractions without the use of CTAB could not be analyzed 

on polyacrylamide-agarose gel. A large amount of 
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unincorporated radioactivity moved with, and behind, the 

gel migration front (marked by Bromphenol blue) and tended 

to obscure radioactivity incorporated into high molecular 

weight RNA. The use of CTAB facilitated the extraction of 

RNA from fractions and allowed the RNA to be analyzed on 

polyacrylamide-agarose gels since the purification step 

removed most of the unincorporated radioactivity. The CTAB-

RNA pellet was washed twice with 70% ethanol-0.1 M Na 

acetate to convert the CTAB-RNA to its soluble sodium salt. 

The pelleted RNA was finally resuspended in a small volume 

++ 
of SSC-Mg prior to polyacrylamide gel elecrophoresis. 

The leaf RNA used as carrier was prepared from 

uninfected tobacco plants by the first phenol extraction 

procedure used to obtain the particulate enzyme product. 

Sucrose Gradient Analysis (I) 

About 5000 cpm of the particulate enzyme-

synthesized RNA, diluted to 0.5 ml in SSC-Mg++, was layered 

on the top of a 5-20% linear sucrose gradient (made in SSC-

Mg++) and centrifuged for 3.5 hrs at 40,000 rpm in a Spinco 

SW 41 swinging-bucket rotor. Fourteen-drop fractions 

(of 0.45 ml ea) were collected using an ISCO Model D 

density gradient fractionator and portions of each fraction 

were applied to Whatman 3 MM filter paper discs, washed in 

TCA, ethanol, and ether (Byfield and Scherbaum, 1966), 

dried,and counted in 10 ml of PPO-POPOP toluene. 
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Sucrose Gradient Analysis (II) 

One-half ml of a V (or H ) extract containing 
s s 

about 1.0 mg protein (Lowry et al., 1951) was layered on a 

12.0 ml 5-20% linear sucrose gradient (made in RB-no metal, 

0.003 M mercaptoethanol) and centrifuged for 16.5 hrs at 

35,000 rpm in a Spinco SW 41 swinging-bucket rotor held at 

4°C. One ml fractions were collected using an ISCO Model 

D density gradient fractionator. These fractions were used 

for the assay of enzyme activity in the presence (or 

absence) of TMV-RNA using 2.5 mM Mn++ as the divalent 

cation. 

Gel Electrophoresis (I) 

Polyacrylamide-agarose gel electrophoresis of 

phenol-extracted RNA was carried out with 1.6% or 1.8% 

acrylamide gels containing 0.5% agarose as a stabilizing 

agent (Oberg and Philipson, 1969). The samples were made 

to 10% sucrose and approximately 100 |ag RNA contained in 

200 |jl were layered onto 6 x 90 mm gels. Electrophoresis 

was performed at room temperature at 5 mA/gel for between 

3.0 and 5.5 hrs. Optical density scans of the gels were 

done at 260 mu using a Gilford Model 240 spectrophotometer 

equipped with a Model 2410 linear transport. 

Gel Electrophoresis (II) 

Electrophoresis of V - and H -synthesized RNA was s s 

also performed using composite 9.5 cm polyacrylamide gels 



composed of a 6.5 cm upper portion of 1.8% acrylamide-

0.596 agarose, and a 3.0 cm lower portion of 12.5% acryla-

mide. The 1.8% and 12.5% acrylamide gels were poured at 

time intervals which permitted strong composite interface 

bonding, usually 5 min, which allowed the 12.5% acrylamide 

get to bond to the 1.8% gel poured first. Electrophoresis 

of RNA was carried out as before with the uniform 1.6% (or 

1.8%) acrylamide gels. 

Gel Slicing and Counting 

Gels were prepared for slicing by first freezing 

on dry ice and were then cut with a multi-bladed device 

made from 80 stainless steel razor blades (averaging 1.05 

mm apart) which had been warmed to 60°C. After slicing, 

the gel was refrozen on dry ice to facilitate transfer of 

the individual slices to glass scintillation vials, where 

they were digested with 0.5 ml of 30% &2°2 for hrs at 

50°C. Ten ml of Triton X-IOO-PPO-POPOP toluene cocktail 

(Van der Laarse, 1967) was added to each vial for counting. 

Molecular Weight Determination 

Molecular weight determinations of RI and RF were 

based on the calculation of relative migration distances 

of the RNA species on polyacrylamide-agarose and composite-

polyacrylamide gels. By assigning tobacco leaf 18s RNA a 

migration value of 1.0, the migration of other RNA's can be 

expressed in relation to it. Since a linear relationship 
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exists between relative migration distance and log of the 

molecular weight (Bishop, Claybrook, and Spiegelman, 1967; 

Peacock and Dingman, 1968), it is possible to determine the 

molecular weights of the "unknown" RNA species. 



RESULTS AND DISCUSSION 

The Particulate Enzyme Extract: 
Results 

Particulate Enzyme Reaction in Extracts from 
Diseased and Uninfected Plants 

Assays run in the presence of Act-D demonstrated 

that extracts prepared from virus-infected plants were much 

3 more active in incorporating H-UTP into a TCA-insoluble 

product than equivalent extracts prepared from uninfected 

plants (Figure 5, Table 1). Figure 5 shows that prepara

tions from infected plants gave a rapid rise in TCA-

insoluble product between zero and twenty minutes, reaching 

a plateau between twenty and thirty minutes. In some 

experiments, extracts incorporated label for an extended 

period of time, approaching a plateau only after 150 min. 

Extracts prepared from infected tissue were little 

affected by preincubation with DNase (Table 2) and retained 

about 80% of their activity when run in the presence of 

Act-D (Table 1), implying the reaction was not dependent 

upon a DNA template. Although activity in the uninfected 

plant extract was low, it was consistently noted that 

addition of Act-D to the assay medium caused an increase in 

the incorporation of label (Table 1). The reasons for this 

increase are unknown. 
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Figure 5. Time-course of the V„ and Hp reaction with extracts prepared from 
virus-infected and uninfected tobacco plants — Extracts were assayed 
for incorporation of ̂ H-UTP into a TCA insoluble product. One hundred 
ul aliquots, in replicate, were withdrawn from "batch" assays of 1.5 
ml each at 0, 10, 20, 60, and 150 min. 
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Figure 5. Time-course of the V and IL reaction with extracts prepared from 
virus-infected and uninfected tobacco plants. 
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Table 1. Effects of Actinomycin D and Nucleoside Tri
phosphates on Incorporating Activity of Uninfected 
and Virus-Infected Extracts 

Experiment 1 Experiment 2 

Treatment 
Un

infected 
Virus-
Infected 

Un
infected 

Virus-
Infected 

Control 

(-Act-D)a 224 2375 208 2682 

+Act-D 304 1945 301 2296 

+Act-D, 
-(ATP, CTP, 
GTP) 242 501 403 592 

+L-Amino 
Acids 2377 _ _ _  

+0.2 M KCl 225 2350 

a 3 
All numbers represent net incorporation of H-UTP, 

in cpm, into a TCA insoluble product. Typical zero-time 
counts were between 30 and 50 cpm. Assays were incubated 
for 30 min at 35°C; 100 |jl aliquots were taken from an assay 
volume of 0.420 ml. Uninfected and virus-infected extracts 
each contained 5-10 mg protein/ml and were approximately 
equal in concentration for each experiment. 



Table 2. Effects of Deoxyribonuclease and Ribonuclease on 
Uninfected and Virus-Infected Extracts 

Experiment 1 Experiment 2 

Treatment 
Un

infected 
Virus-
Infected 

Un-
infected 

Virus-
Infected 

Control 
(+Act-D) 301 1945 301 2025 

+DNasea 
(-Act-D) 246 1544 386 

+Act-D, + 
RNase*3 232 1790 

aAssay preincubated with 10 ng/ml DNase, 30 min at 
35°C in RB. 

b Postincubation of assay with 10 ng/ml RNase, 30 min 
at 35°C in RB. 
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All four nucleoside triphosphates were necessary 

for optimum activity of the enzyme from infected tissue, 

whereas extracts prepared from uninfected plants showed 

little or 110 such dependency (Table l). 

Attempts were made to promote continued RNA 

synthesis in the particulate enzyme extract.. Potassium 

chloride at 0.2 M concentration (Maitra and Barash, 1969) 

was previously shown to increase total RNA synthesis with 

_E. coli DNA-dependent RNA polymerase by allowing re

initiation of RNA chain synthesis. The addition of KC1 

to 0.2 M final concentration in the V extract did not 
P 

alter the rate or the amount of isotope incorporated into 

RNA when compared to extracts without KC1 (Table 1). Ralph 

and Wojcik (1969) added 100 n molar each L-amino acids to 

an in vitro RNA synthesizing system prepared from TMV-

infected tobacco plants. T.he use of 100 n molar each L-

amino acids in the extract, however, did not prove 

beneficial (Table 1), even though the enzyme extract used 

was similar to that employed by Ralph and Wojcik. 

Properties of the Particulate 
Enzyme Product 

Extracts from infected tissues (V ) were shown to 
P 

synthesize an RNA product which was nearly 90% resistant 

to RNase after incubation (Experiment 2, Table 1). Upon 

phenol extraction of the enzyme reaction mixture, approxi-

2+ 
mately two-thirds of the recovered RNA (in SSC-Mg ) was 



47 

found to be RNase resistant and presumably double-

stranded. Fifty |il of RNA before treatment contained 5700 

cpm, while after RNase treatment (10 ng/ml, 30 min at 

35°C) 3700 cpm remained. Similar aliquots of phenol-

extracted RNA which were digested in 0.4 M KOH at 37°C 

overnight (May et al. , 1969) were completely hydrolyzed to 

small molecular weight products, presumably nucleotides, 

which were soluble in cold 5% TCA. These results confirm 

the RNA nature of the synthesized product. 

Uninfected plant extracts showed low activity in 

the presence of Act-D; over two-thirds of this product was 

RNase-resistant (Table 2), suggesting this RNA may also be 

double-stranded. 

Analysis of the Reaction Products on 
Sucrose Gradients 

In preliminary experiments to determine the sedi

mentation behavior of the RNA products synthesized by the 

particulate enzyme extract from infected tissue, aliquots 

of the reaction mixture were extracted with phenol and 

2+ 
suspended in 0.5 ml SSC-Mg together with leaf RNA 

sedimentation markers. The RNA samples were layered on 

5-20% linear sucrose gradients (Sucrose Gradient I), and 

centrifuged for 3.5 hrs at 40,000 rpm in a Spinco SW 41 

swinging-bucket rotor. Most of the radioactive label was 

found in a peak with a sedimentation value of about 14s 

(Figure 6). Ribonuclease treatment of extracted RNA prior 



Figure 6. Sucrose density gradient analysis of the 
particulate enzyme 3H-RNA product — Whole 
tobacco leaf 25s and 18s RNA's were used as 
optical density markers. One-half ml fractions 
of untreated (o o) and ribonucleased (B B> 
20 |ig/ml 30 min at 35°C) RNA samples of about 
5000 cpm each were centrifuged in parallel 
5-20% sucrose density gradients (sucrose 
gradient I) for 3.5 hrs at 40,000 rpm in a 
Spinco SW41 swinging-bucket rotor. Fourteen 
drop fractions were collected from the gradients 
and counted on Whatman 3 MM filter discs. 
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Figure 6. Sucrose density gradient analysis of the 
particulate enzyme ^H-RNA product. 
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to sucrose gradient analysis degraded about 20% of the 

material but a radioactivity peak at 14s remained, suggest

ing that the reaction mixture contained double^stranded RNA 

species (Ralph, 1969; Nilsson-Tillcren, 1970). 

Polyacrylamide-Agarose Gel Electrophoresis of 
Phenol-Extracted RNA 

The RNA products synthesized in vitro with the 

particulate enzyme from diseased leaf extracts were 

analyzed by polyacrylamide-agarose gel electrophoresis to 

provide more definitive information on the size of the 

ribonuclease-sensitive and ribonuclease-insensitive RNA 

species. Electrophoresis of the phenol-extracted enzyme 

product from TMV-infected plants showed thp presence of two 

unique RNA species (Figures 7 and 8). Using unlabeled 

infectious TMV-RNA, and tobacco leaf ribosomal RNA's with 

known sedimentation values (18s and 25s [Loening and Ingle, 

1967] with corresponding molecular weights of 0.75 x 10^d 

and 1.22 x 10^d, respectively, as calculated from the 

equation of Martin and Ames [1961]), it was' also possible 

to calculate the approximate molecular weights for the RNA 

products synthesized by the viral extracts (See Figure 10). 

TMV-RF, kindly supplied by Dr. A. O. Jackson (Jackson et 

al. , 1971), was coelectrophoresed with the phenol-extracted 

viral enzyme products (Figure 9). The coincidence of the 

optical density peak of the RF with the radioactivity 

resulting from the replicase reaction at slice 14 showed 



Figure 7. Polyacrylamide-agarose gel electrophoresis of V_-synthesized RNA — One 
hundred til of phenol-extracted ^H-RNA enzyme pr&duct resuspended in 
SSC-Mg2+ (10% in sucrose) was mixed with 10 ug TMV-RNA, layered on 1.6% 
acrylamide-0.5% agarose gels and electrophoresed for 5.0 hrs at 5.0 
MA/gel. Phenol-extraction of the 3H-RNA was facilitated by the prior 
addition of unlabelled carrier leaf RNA. Preparations loaded onto gels 
generally contained 4000 cpm and 50 ug leaf RNA's per 100 |al aliquot. 
Occasionally a small perturbation was noted in the optical density 
scans in a region near the top of the gel (slice #2). Its migration 
rate is somewhat less than the slowest 3H_RNA, and is thought to 
represent contaminating DNA. Gels were scanned, sliced, and counted as 
described in Materials and Methods. The unlabelled carrier leaf RNA 
was scanned for molecular weight determinations (Figure 10) prior to 
slicing. 
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Figure 7. Polyacrylamide-agarose gel electrophoresis of V-synthesized RNA. 



3 Figure 8. Effects of RNase treatment on phenol-extracted H-RNA enzyme product — 
Untreated 3H-RNA (o », 3800 cpm) and RNase-treated ĥ-RNA (o o, 
3800 cpm before treatment with 10 ug/ml RNase, 30 min at 35°C in 
SSC-Mg^+J were loaded on separate polyacrylamide-agarose gels and 
electrophoresed for 5.0 hrs at 5 mA/gel. For presentation, the 
TMV-RF peaks were normalized to give the same number of counts in the 
peak fraction #10. 
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Figure 9. Coelectrophoresis of TMV-RF with in vitro-synthesized H-RNA — Fifteen 

|jg of TMV-RF were mixed with 100 |ig of H-RNA (21,000 cpm total) and 
electrophoresed on acrylamide-agarose gels for 5.0 hrs at 5 mA/gel. Of 
21,000 counts layered on the gel, 13,000 counts were recovered; the 
rest, presumably of lower molecular weight, had migrated off the gel. 
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3 Figure 10. Calculation of approximate molecular weights for H-TMV-RF and RI -
Relative migration distances on gels of RNA's from three separate 
experiments (o, A, o) were plotted using known or calculated 
molecular weights for TMV-RF, TMV-RNA, and tobacco leaf 18s and 25s 
species. The RNA's synthesized in vitro had calculated molecular 
weights of 4 x 106d (RF) and 5 x 10&d (RI). 
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that at least one of the high molecular weight RNA species 

in the extract had electrophoretic properties similar to 

TMV-RF. This radioactive peak is also resistant to 

digestion by RNase (Figure 8), giving further support to 

the notion that it is RF. It has a calculated molecular 

weight of 4 x 10^d (Figure 10) in agreement with the 

results of Jackson et al. (1971). Another RNA species of 

high molecular weight, extracted from the viral enzyme 

reaction, was sometimes resolved on polyacrylamide-agarose 

gels (Figures 7 and 8, slice #3). This RNA was of higher 

molecular weight (5 x 10 d) than the RNA which coelectro-

phoresed with TMV-RF. Treatment with RNase (10 jig/ml) 

before gel electrophoresis showed that this higher molecular 

weight RNA species was digested by RNase (Figure 8). The 

properties of this RNA species are suggestive of TMV-RI. 

However, for unknown reasons its appearance has been 

spurious. Gel electrophoresis also occasionally showed 

the presence of smaller amounts of RNA of low molecular 

weight (at about slice 88, Figure 9). 

The products of the enzyme reaction, synthesized by 

particulate extracts prepared from uninfected leaves (run 

in the presence of Act-D), were also examined in a single 

experiment. No high molecular weight components comparable 

to RF or RI were observed. In this experiment the gel was 

run for a short period of time (3.3 hrs) to ensure that no 

material had run off the end of the gel. The counts were 
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all found in the region of a bromphenol blue dye marker 

near the bottom (low molecular weight region) of the gel 

(Figure 11). 

The Particulate Enzyme Extract: 
Discussion 

No single-stranded TMV-RNA was ever detected in the 

particulate enzyme extracts. One plausible explanation for 

this would be that the extracts contain nucleases -which 

digest the RNA as it is formed. Evidence in partial 

support of this idea comes from an experiment where un

labeled TMV-RNA was added to a reaction mixture and its 

fate was followed during the course of the reaction by 

phenol extraction and gel electrophoresis. In 20 min about 

half of the TMV-RNA was degraded to the point where it no 

longer migrated to the position of TMV-RNA on the gels. 

This RNA remaining after 20 minutes incubation apparently 

did not come from TMV contaminating the V preparations 
P 

because normally RNA prepared from V extracts does not 
P 

contain sufficient unlabled TMV-RNA to be detected optically. 

The above observation can also be used to argue 

that nuclease activity is not so extensive as to preclude 

the finding of TMV-RNA. In fact, there is a suggestion 

that a ribonuclease-sensitive product, TMV-RI, may be 

present (Figure 8). Furthermore, the products of the 

replicase reaction appear to be partially protected from 



Figure 11. Polyacrylamide-agarose gel electrophoresis of 
the products synthesized by the particulate 
enzyme from uninfected tobacco leaves — One 
hundred |il of the products (about 2000 cpm) 
contained in SSC-Mg2+ were layered on top of 
1.6% acrylamide-0.5% agarose gels and electro-
phoresed for 3.3 hrs at 5 mA/gel. A 
bromphenol blue dye marker was added to the 
sample to indicate the migration front of the 
sample in the gel. Optical density markers 
were also included in the sample and con
sisted of TMV-RNA, and tobacco leaf 25s and 
18s RNA's. 
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enzyme from uninfected tobacco leaves. 
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nuclease activity when formed as they are more subject to 

RNase after phenol extraction. Support for the latter 

suggestion comes from experiments which demonstrated in

creased RNase sensitivity of the incorporated label after 

phenol extraction. Before phenol extraction, about 90% of 

the counts were RNase insensitive, whereas after phenol 

extraction only two-thirds of the counts were resistant to 

RNase treatment. Thus, the experiment where TMV-RNA is 

added to the reaction mixture could be misleading since 

exogenous RNA's may not be afforded the same protection as 

RNA's formed during the reaction. 

It is also possible that an intact membrane-

associated system is necessary for the synthesis of conpiete -

single-stranded TMV-RNA. For example, the transcription of 

the three species of poliovirus RNA in HeLa cells has been 

shown to involve three distinctly different cytoplasmic 

fractions (Caliguiri and Tamm, 1970a, 1970b). One fraction 

characterized as a smooth microsomal structure with a 

sedimentation value of 130s, contains RF RNA and RI RNA but 

no single-stranded RNA. A second fraction, also charac

terized as a smooth microsomal structure but with a 

sedimentation value of 230s, contains mainly single-

stranded RNA; RF RNA and RI RNA are also present. A third 

fraction, characterized as a rough microsomal structure 

with a sedimentation value of 320s, contains only single-

stranded RNA. An analogous system could well exist in 



plants infected with TMV. The method of preparation of the 

particulate fraction used for replicase assays may very 

well exclude other fractions necessary for the synthesis of 

single-stranded TMV-RNA. 

The Solubilized Enzyme Extract: 
Results 

Solubilization of Particulate 
Enzyme Activity 

Solubilization of the particulate RNA polymerase 

.activity (V or H ) was performed in order to remove it 
P P 

from at least a portion of the particulate fraction, a 

necessary step in the purification and characerization of a 

"bound" enzyme. 

Various detergents and treatments were tested in a 

preliminary experiment for their ability to solubilize the 

particulate enzyme (Table 3). Only two detergent treat

ments, Triton X-100 and the detergent combination NP-40/DOC 

(Ehrenfeld et al., 1970), appeared promising. Other deter

gents, including Lubrol and Brij-58, were less effective in 

releasing measurable enzyme activity into the 24,000 x c[ 

supernatant. It was noted that about 15% of the 

activity was released into the 24,000 x c[ supernatant 

(Table 3, column B) even without prior detergent treatment. 

It is possible that resuspension of the pellet with the 

Potter-Elvehjem homogenizer was in itself responsible for 

releasing some particulate activity into the soluble 



Table 3. Solubilization of Particulate Enzyme Activity, 
V a 

Detergent or Treatment13 Ac Bc ^ x 100 = % in Super 

V - no treatment 
P 

850 110 15 

Triton X-100 406 165 41 

NP-40 + DOC 525 220 42 

Brij-58 442 80 18 

Lubro1 543 130 24 

70 mM Mg2+ 618 90 14 

Freeze-Thaw 459 115 25 

a 2+ Assays were run in the presence of 10 mM Mg , 
10 ng/ml Act-D, and the four nucleoside triphosphates. All 
samples were incubated for 60 min at 35°C. No zero-time 
control was run in this case, but similar experiments showed 
zero-time incorporation of about 50 to 75 cpm (when assayed 
in the presence of 2.5 mM Mn2+). Numbers listed in table 
are corrected for background activity. 

All detergents were used at 0.1% final concentra
tion. 

C"A" represents TCA insoluble activity (cpm) after 
treatment at 0°C for 10 min before centrifugation. "B" 
represents TCA insoluble activity remaining in supernatant 
(super) after centrifugation. 
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fraction. Addition of detergents, or other treatments of 

the Vp extract, lowered enzyme activity in the uncentri-

fuged preparation (Table 3, Column A). Presumably, the 

lowered enzyme activity reflects the effect of the treat

ment on the enzyme proper or on a structure containing the 

enzyme. 

Freezing and thawing (May et al., 1970), and 

addition of magnesium sulfate to 70 mM final concentration 

(May et al., 1970) were also ineffective in solubilizing 

the particulate enzyme activity. All initial detergent 

treatments were made at 0.1% (v/v) final concentration for 

10 min at 0-4°C. Assays of the various treatments were 

performed in the presence of 10 mM magnesium. The solu-

bilized enzyme was subsequently shown to be more active in 

the presence of manganese. 

The detergent combination NP-40/DOC was chosen for 

further studies of the solubilized enzyme. 

Effects of Detergent Concentration on 
Solubilization of Particulate 
Enzyme Activity 

At low detergent concentrations (Table 4) little 

particulate enzyme activity, measured in the presence of 

10 mM Mg +̂, could be solubilized into the 24,000 x c[ 

supernatant. At detergent concentrations approaching 0.5 

to 1.0%, about 70% of the activity found in the presence of 

the detergent was made completely soluble (remained in the 
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Table 4. Effects of Detergent Concentration on Solubiliza
tion of Particulate Enzyme Using NP-40 and 
Desoxycholatea 

Detergent 
Concentration 

VP + Detergent 
(cpm) 

Recovery of 
Activity 

(% of Control) 
Detergent 

Concentration A B A B (|) x 100B 

0.01 1880 80 96 4 4 

0.02 2290 245 118 13 11 

0.05 900 285 46 15 31 

0.10 655 175 34 9 27 

0.20 425 185 22 9 43 

0.50 370 270 19 14 73 

1.00 650 470 33 24 72 

0.0 (Control) 1945 

A = Before centrifugation (total activity). 

B = After centrifugation at 24,000 x g, measuring 
supernatant. 

a 2+ 
Samples were assayed in the presence of 10 mM Mg , 

10 [ig/ml Act-D and contained all four nucleoside tri
phosphates. Background counts were subtracted from all 
values. No zero-time controls were run. 

Recovery of activity in 24,000 x g supernatant 
relative to activity in V + detergent before centrifuga
tion, in per cent. 
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24,000 x c[ supernatant). While the highest levels of 

detergent used reduced the total activity considerably (see 

Table 4, Recovery of Activity, Column A), recovery of 

supernatant activity relative to the activity of the 

detergent-treated extract prior to centrifugation was 

enhanced. Release of V activity .\nto the V fraction was 
p s 

the same for treatment times of 5 or 20 minutes (at 0-4°C, 

and 25°C), and did not appear to be different for solubil

ization carried out at either room temperature (25°C) or in 

an ice bucket (0-4°C). Routine preparation of the Vg 

fraction was carried out with detergent treatment of the 

extract for 20 min at 0-4°C. 

Effects of Divalent Cations on Solubilized 
Enzyme Activity 

The requirements of RNA and DNA polymerases for 

divalent cations for optimum synthetic activity have been 

well documented. Two most commonly employed cations for 

RNA polymerases are magnesium and manganese. The effects 

of these divalent cations, either alone or in combination 

with one another, were tested on solubilized enzyme 

extracts (Table 5). Manganese was approximately 2 to 3 

times more effective as a metal catalyst for the Vg enzyme 

than magnesium at equivalent concentrations. Maximum 

incorporation by the V enzyme occurred at manganese con-
S' 

centrations of about 2 mM. At higher concentrations, 

approaching 20 mM, manganese was not an effective catalyst. 
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Table 5. Effects of Divalent Cations on Solubilized Enzyme 
Activity, Vg 

mM Metal Cation Added Expt. Ia Expt. Il*3 

0 none 320 405 

0.5 m 2 + Mn 1015 

1 m 2 + Mn 1440 915 

2 Mn2+ 1550 

5 Mn2+ 1240 795 

10 
.. 2+ Mn 1020 625 

20 m 2 + Mn 740 

0 none 270 

0.5 M 
2+ Mg 515 

1 m 2 + Mg 425 535 

5 Mg2+ 435 

10 Mg2+ 425 

1.0 Each Mn2+f Mg2+ 1140 

aVp washed in RB-no metal prior to detergent 
solubilization. 

V 
Vp not washed prior to detergent solubilization. 

All numbers are corrected for background activity; 
no zero-time controls were run. 
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It was found that washing of the V extract with RB-no 
P 

metal prior to solubilization improved the performance of 

the manganese cation over the magnesium cation in stimu

lating V activity (Experiment I, Table 5). This phenomenon s 

is suggestive of a divalent cation antagonism (Dixon and 

Webb, 1964) and was confirmed by an experiment in which 

1 mM each Mn and Mg were added to reaction mixtures 

(Table 5). Vg reaction mixtures containing Mn++ alone were 

three times as active as reaction mixtures containing Mg++ 

++ ++ alone. The presence of both Mn and Mg in the same 

reaction mixture, each at 1 mM concentration, depressed the 

3 incorporation of H-UTP into an acid insoluble product, 

when compared to reaction mixtures containing Mn++ alone 

at 1 mM concentration. All subsequent preparations of V 
s 

(and H ) included washing of the particulate extract prior s 

to solubilization. 

A comparison of the effects of Mn++ and Mg++ on the 

activities of V V , and H fractions (prepared and s s s 

assayed on the same day) is shown in Table 6. At 2.5 mM 

Mn++, V is about three times more active than H at ' s s 

equivalent protein concentrations. The Hg fraction is 

+4* ++ 
slightly more active in the presence of Mg than Mn , in 

contrast to the V fraction which is more active with Mn++ s 
++ than with Mg . activity measured in the presence of 

++ Mg is the same as activity measured in the presence of 

Mn++. From Table 6 it is also possible to calculate per 
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Table 6. Comparison of Vp, Vs, and Hs Activities in the 
Presence of Mn^ or Mg2+ 

Enzyme3 mM Metal b 
cpm 

H s none 200 

H 
s 

2+ 
2.5 Mn + 460 

H s 5.0 MnJ+ 515 

H s 
2+ 

5.0 Mg 770 

V s none 245 

V 
s 

2+ 
2.5 Mn + 1400 

V s 
2+ 5.0 Mn 1190 

V 
• 2+ 

5.0 Mn 2640 
P 

2+ 
5.0 Mgz+ V 

2+ 
5.0 Mgz+ 2250 

P 
2+ 

5.0 Mgz+ 

a 
Protein concentration for each enzyme preparation 

was about 0.20 mg/ml. 

Assays were run in the presence of 10 (ig/ml Act-D 
and the four nucleoside triphosphates. All samples were 
incubated for 60 min at 35°C. All numbers represent 
incorporation corrected for background activity. No zero-
time control was run. 
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cent solubilization of the V activity. At 5.0 mM Mn++ 
P 

about 50% of the particulate enzyme was solubilized into 

the V fraction in contrast to the 20 to 30% solubilization s 
++ levels seen for Vg measured in the presence of 10 mM Mg 

(Tables 3, 4, 7). 

The effects of various additions or deletions of 

reagents on the V activity are shown in Table 7. Samples 
s 

assayed in the presence of 10 mM Mg (Experiment I, Table 

7) were largely resistant to Act-D and DNase and did not 

show a dependency on nucleoside triphosphates or the ATP-

generating system, pyruvate kinase-phosphoenolpyruvate. 

The addition of TMV-RNA did not stimulate incorporation of 

label into an acid insoluble product. Addition of ammonium 

sulfate to a concentration of 4.2% of saturation (Gomatos, 

1970) did not enhance Vg activity (not shown in Table 7). 

A second experiment run in the presence of 2.5 mM 

Mn yielded results similar to Experiment I (Experiment II, 

Table 7) except that considerable activity was present in 

samples without Act-D or DNase. The possibility of a 

nuclear DNA-dependent RNA polymerase stimulated in the 

presence of manganese in the V preparation could account s 

for the high activity noted in samples without Act-D. 

Time-Course of the Solubilized 
Enzyme Reaction 

The solubilized enzyme showed a reaction time-course 

which could be interpreted as a biphasic reaction (Figure 
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Table 7. Enzyme Reaction Parameters for the Solubilized 
Enzyme, Vg 

Condition Expt. I3 Expt. IIb 

V 
P 

8095 

Vg pellet (after deterg.) 665 

V + Act-D s 1965 650 

V - Act-D s 2755 2450 

V + DNaseC, Act-D 
s 1710 550 

V - PEP - Py. Kinase 
s ' 1820 600 

V - NTPs s 1820 695 

V + TMV-RNAd 
s 1695 705® 

V + RNasef s 1948 

aExpt. I: All samples were assayed in the presence 
of 10 mM Mg2+. 

Expt. II: All samples were assayed in the presence 
of 2.5 mM Mn2+. 

Deoxyribonuclease I was used at 10-|ag/ml for 10 min 
at 35°C prior to incubation of sample with H-UTP. 

d30 ng TMV-RNA/0.420 ml (assay vol.). 

e8. 6 |ig TMV-RNA/0.420 ml (assay vol.) 

^Ribonuclease added to reaction mixture, post-
incubation, at 10 (JLg/ml for 30 min at 35°C. 
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12). The reaction was run twice (in separate experiments) 

in the presence of Act-D, 2.5 mM Mn++, 15 ng/0.6 ml TMV-RNA, 

and the other reagents normally used in replicase assays. 

Like the particulate enzyme time-course, the solubilized 

enzyme appeared to be very active up to 10 to 20 minutes. 

Unlike the particulate enzyme, however, the solubilized 

enzyme continued synthesis after 20 min, but at a slower 

than initial rate. 

Sucrose Gradient Analysis of V 
and H Activities s 

Sedimentation analysis of the solubilized enzymes 

was performed in an attempt to discover any qualitative or 

quantitative differences between extracts prepared from 

TMV-infected plants and extracts prepared from uninfected 

plants. 

One-half ml of Vg containing about 0.5 to 0.8 mg 

protein was layered on top of a 5-20% sucrose gradient 

(Sucrose Gradient II) made in RB-no metal, also 0.003 M 

in mercaptoethanol. In separate tubes, sedimentation 

markers consisting of 1 mg purified rabbit 4.2s hemoglobin 

dissolved in to prevent dissociation by the salt in 

RB, and in later experiments 1 mg of purified human 7.3s 

gamma globulin (Schwarz-Mann) contained in 0.5 ml RB-no 

metal, were layered on sucrose gradients made in water and 

RB-no metal, respectively. The samples were centrifuged in 

a Spinco SW 41 swinging-bucket rotor for 16.5 hrs at 35,000 
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Figure 12. Time-course of the solubilized enzyme reaction 
— Fifty |il samples were withdrawn from a 1.5 ml 
reaction mixture (containing 2.5 mM Mn2+) at the 
times indicated and mixed with 5 ml cold 5% TCA. 
Samples were counted on Millipore filters in the 
usual manner. 
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rpm at 4°C. One ml fractions were collected using an ISCO 

density gradient fractionator and were later split into 0.5 

ml samples for analysis of enzyme activity. H fractions 
s 

from uninfected plants were analyzed in the same way. 

From each 0.5 ml split sample, 400 |il were assayed 

in the presence of 8.6 jag TMV-RNA, while from the other 

0.5 ml 400 ul were assayed in the absence of exogenous RNA. 

The assay medium used for the analysis of fractionated Vg 

activity was identical to that used for analysis of Vp 

activity except that 2.5 mM Mn++ replaced 10 mM Mg++. 

Fractions were incubated for 60 min at 35°C and the 

reactions terminated by the addition of 5 ml of cold 5% TCA 

containing 2% pyrophosphate and 2% phosphate. The TCA 

samples were then transferred to Millipore filters 

(EAWP02500), and washed and counted as described in 

Materials and Methods. The presence of detergents, 

specifically Nt-40 and DOC, in the TCA samples tended to 

slow down Millipore filtration. However, it was found that 

addition of 5 ml of cold 95% ethanol to the filter after 

the first filtration step removed most of the detergent and 

allowed filtration to proceed at normal flow rates, without 

loss of sample. 

The results of three sucrose density gradient 

fractionations of whole Vg activity are shown in Figure 13. 

In the presence of TMV-RNA three activity peaks are evident, 

referred to as Top (4.3s), Middle (13.0s), and Bottom 



Figure 13. Sucrose density gradient analyses of solubilized 
enzyme (Vs) activity — One-half ml of separately 
prepared Vs extracts (about 1 mg protein) were 
layered on 5-20% sucrose gradients (sucrose 
gradient II, made in RB-no metal) and centri-
fuged for 16.5 hrs at 41,000 rpm in a Spinco SW 
41 swinging-bucket rotor. One ml fractions were 
collected (except in B, where 24 fractions were 
collected) and split for assay purposes: 0.40 ml 
was assayed with 8.6 ng TMV-RNA (® 9) and 
another 0.40 ml portion assayed with no RNA 
(o o). Hemoglobin (4.2s), or human gamma 
globulin (7.3s), used as an optical density 
sedimentation marker was run in a parallel 
gradient. In gradient B, the first two fractions 
were lost due to a technical error. 
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Figure 13. Sucrose density gradient analyses of solubilized 
enzyme (V ) activity. 
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(20.2s), Table 8. The Top component activity appeared to 

be the most active in the presence of TMV-RNA. In two 

cases, the Bottom component activity appeared to be de

pressed in the presence of TMV-RNA. The reasons for the 

differential effects of TMV-RNA on the individual activity 

peaks are unknown. In the case of the Bottom component, it 

may be that a template-sufficient enzyme can be inhibited 

by the addition of (exogenous) RNA's. 

Sucrose density gradient analysis of H activity s 

(Figure 14, Table VIII) reveals two peaks, one at about 

4.2s, and another at 20.7s. The 4.2s peak appears in about 

the same region in the sucrose gradient as the V Top S ... 

component. One characteristic of the IIg activity in 

sucrose gradients is its lack of a Middle component at 

13.0s. Another characteristic of the fractionated H s 

activity is the presence of a 20.7s component which has a 

sedimentation value close to that of the Vg Bottom compo

nent, 20.2s. Unlike the V Bottom component, the activity 
s 

of the H component appears, at least in one case (Figure s 

14, A), to be greatly stimulated, not depressed, by the 

addition of TMV-RNA. 

Polyacrylamide Gel Electrophoresis of V -
Synthesized RNA s 

Polyacrylamide gel electrophoresis of V -synthe-s 

sized RNA was performed in order to determine the size and 
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Table 8. Sedimentation Coefficients for Peak Vs and Hg 
Polymerase Activities in Sucrose Density Gradients 

H s V s 

Marker3 Top Middle Bottom Top Middle Bottom 

7.3s 4.2 20.8 4.2 14.0 21.0 

4. 2s 4.6 20.3 4.6 11.5 18.6 

4.2s 3.8 21.0 (4.2)c 13.4 21.0 

Average 
s Value 4.2 20.7 4.3 13.0 20.2 

Molec. 
Weight'3 70,000 760,000 72,000 295,000 710,000 

a 

Sedimentation markers used were human gamma 
globulin (7.3s) and purified rabbit hemoglobin (4.2s). 

Estimated molecular weights were calculated from 
sedimentation values according to the equation of Martin and 
Ames (1961). 

cEstimated activity peak, after loss of first two 
gradient samples due to technical error. 



. Figure 14. Sucrose density gradient analyses of Hs 
activity — Experimental conditions were 
exactly as described for the analysis of 
Vg activity. Human gamma globulin (7.3s) 
or hemoglobin (4.2s), used as optical 
density sedimentation markers, were run in 
parallel gradients. 
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Figure 14. Sucrose density gradient analyses of Hg 
activity. 
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molecular weight distribution of the RNA product and its 

resistance to pancreatic ribonuclease. 

Batch synthesis of RNA with the V extract was per-s 

formed in a manner similar to the V -synthesized RNA. 
P 

except that TMV-RNA (32 |ag/6.0 ml) was added to the 

incubation mixture during the assay. The Vg batch reaction 

was phenol-extracted in the presence of SDS and DEPf both 

at 1% final concentration in the aqueous phase. After 

precipitation with CTAB to remove low molecular weight 

material, inducing NP-40 and DOC which interfere with gel 

electrophoresis, the RNA was subsequently converted to its 

sodium salt and analyzed on both uniform 1.8% acrylamide-

0.5% agarose and 1.8%-12.5% composite acrylamide gels. 

The results of electrophoresis on 1.8% gels are shown in 

Figure 15. A peak corresponding to TMV-RF was found, using 

tobacco leaf 18s and 25s ribosomal RNA1s and TMV-RNA as 

molecular weight markers. Treatment of the RNA with 10 

ug/ml RNase prior to gel electrophoresis (Figure 16) showed 

the RF to be largely resistant to RNase. 

Analysis of V -Synthesized RNA on Composite s 
Polyacrylamide Gels 

A second preparation of V -synthesized RNA was s 

electrophoresed in a separate experiment on 1.8%-12.5% 

composite polyacrylamide gels in order to detect both high 

and low molecular weight RNA species (Figure 17). Untreated 



Figure 15. Polyacrylamide-agarose gel electrophoresis of V -synthesized RNA 
(with 2.5 mM Mn2+) — About 7200 cpm contained in 200 Hi were 
layered on a 1.8% acrylamide-0.5% agarose gel (9 cm) and electro-
phoresed for 5.75 hrs at 5 mA. TMV-RNA and tobacco leaf 25s and 
18s ribosomal RNA's were added to the sample for optical density 
markers. The gel was sliced and counted as described in 
Materials and Methods. 
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Figure 15. Polyaerylamide-agarose gel electrophoresis of V -synthesized RNA 
(with 2.5 mM Mn2+). * s 

30 40 50 60 70 80 90 

o\ arose 



TOP GEL SLICE NUMBER 

Figure 16. Polyacrylamide-agarose gel electrophoresis of Vs-synthesized RNA (with 
2.5 mM Mn +) treated with 10 ug/ml RNase — About 8000 cpm contained 
in 200 |al were layered on a 1.8% acrylamide-0.5% agarose gel (9 cm) 
and electrophoresed for 5.75 hrs at 5 mA; 7000 cpm were recovered in «J 
gel slices. 



Figure 17. Electrophoresis of Vs-synthesized RNA (with 2.5 mM Mn ), untreated 
(• •) and RNase treated (o o), on composite 1.8%-12.5% 
polyacrylamide gels — About 12,000 cpm of untreated and 9,000 cpm 
of RNase treated (10 [ig/ml) RNA, each in about 200 ul, were layered 
on separate gels and electrophoresed for 3.8 hrs at 5 mA/gel. TMV-RNA 
and tobacco leaf 4s, 18s, and 25s RNA«s were added to both samples for 
optical density markers. Treatment of one sample with ribonuclease 
prior to electrophoresis completely degraded the added RNA markers, as 
visualized by optical density scans performed on gels after electro
phoresis. 
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RNA contained a peak which migrated to a position on gels 

expected for TMV-RF, while another portion of the RNA 

migrated to a region corresponding roughly to TMV-RNA. The 

peak of this lower molecular weight RNA occurred at the 

composite gel interface, indicating the bulk of the 

material was of lower molecular weight than TMV-RNA. 

Ribonuclease-treated RNA was analyzed on another 

composite gel and was shown to contain a radioactivity peak 

in the region of TMV-RF, as estimated from markers run in a 

parallel gel. It was noted in two separate experiments 

(Figures 16 and 17) that RNase-treated material analyzed on 

polyacrylamide gels contained a product which did not 

migrate as fast as TMV-RF and was, unexpcctantly, presumed 

to be larger than the material from which it was derived. 

The nature of this material is unknown, moreover, similar 

observations of anomalous high molecular weight RNA's have 

been made by Dr. A. 0. Jackson (1971) for iri vivo-

synthesized TMV-RF RNased and analyzed in a similar manner. 

Analysis of H -Synthesized RNA on Composite s 
Polyacrylamide Gels 

The solubilized Hg enzyme has about one-third the 

activity of the Vg enzyme and it was therefore of interest 

to examine the RNA products from a Hg batch synthesis. 

Synthesis of RNA by the Hg extract was carried out as with 

the Vfi extract, including the addition of TMV-RNA as a 

possible template. Figure 18 shows the results of one 



3 2+ 
Figure 18. Electrophoresis of Hs-synthesized H-RNA (with 2.5 mM Mn ) on a 

composite 1.8^-12.5% polyacrylamide gel — About 8,500 cpm contained 
in 200 M.1 (containing unlabelled tobacco leaf marker RNA's) were 
layered on a composite gel' and electrophoresed for 3.8 hrs at 5 mA. 
The 3H-RNA was batch-synthesized in the presence of TMV-RNA at 
7 (Jig/ml. 
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Figure 18. Electrophoresis of Hs-synthesized H-RNA (with 2.5 mM Mn ) on a 

composite 1.89o-l2.5% polyacrylamide gel. 



81 

experiment in which the labeled RNA was electrophoresed 

with unlabeled TMV-RNA, 25s tobacco leaf ribosomal RNA, 4s 

tobacco leaf RNA, and a bromphenol blue dye marker. Most 

of the radioactivity migrated past the composite gel inter

face to a position corresponding to about 5s RNA (Thornburg, 

1971). The striking feature of this ^-synthesized RNA is 

its relatively low molecular weight, in contrast to the 

bulk of the V -synthesized RNA, which is of mainly high 
s 

molecular weight material. The exact nature of the Hg-

synthesized RNA and its possible role in vivo is unknown. 

Aliquots of phenol-extracted RNA synthesized by V 
s 

and H preparations were treated with 10 |ag/ml RNase for s 
o • 

30 min at 35°C in SSC-Mg . About 85% (average of two 

separate RNA preparations) of the V -synthsized RNA was 
s 

RNase-resistant, while only 35% (one preparation) of the 

Hg-synthesized RNA was RNase-resistant. 

The Solubilized Enzyme Extract: 
Discussion 

The solubilized enzyme activity has several charac

teristics which distinguish it from the particulate 

activity. V activity does not depend upon the presence of s 

exogenous nucleoside triphosphates, unlike the activity 

which does require exogenous RNA precursors. This observa

tion can be explained if the process of solubilization also 

releases endogenous nucleoside triphosphates (which may be 

normally unavailable) into the 24,000 x c[ supernatant, thus 
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obviating the need for added nucleoside triphosphates. 

Another polymerase shown to be active in the absence of 

exogenous nucleoside triphosphates is the RNA-dependent DNA 

polymerase from Rauscher leukemia virus (Scolnick et al. , 

1970). Dependency of the V enzyme activity on exogenous s 

nucleoside triphosphates may only be achieved after 

extensive purification of the enzyme. 

The solubilized enzyme prepared from virus-infected 

plants incorporates more label in the presence of 2.5 mM 

2+ +4* ++ 
Mn than any other concentration of Mn or Mg tested, 

whereas the particulate enzyme does not show a difference 

2+ 2 + 
in activity with either Mn or Mg when assayed at cation 

concentrations of 5 mM (Tables 5 and 6). The effects of 

divalent cations on other polymerase activities have been 

reported, including Q3 replicase (Haruna and Spiegelman, 

1965a); reovirus RNA polymerase (Gomatos, 1970); RNA poly

merase activities in sea urchin, rat liver, and calf 

thymus (Blatti et al., 1970); RNA-dependent DNA polymerases 

in murine leukemia, murine mammary tumor, and avian myelo

blastosis viruses (Scolnick et al., 1970). The differen

tial effects of divalent cations on plant virus RNA 

replicases have not been reported. 

Table 8 summarizes the data from sucrose density 

gradient analyses performed on H and V activities. The 
S 3 

Top component activity in both the uninfected and infected 

extracts had an estimated (Martin and Ames, 1961) molecular 
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weight of 70-72,000 daltons, in good agreement with one of 

the TMV replicase activities reported by Brishammar (1970). 

The Middle component activity of the V extract, missing in s 

the H extract, was estimated to be about 296,000 daltons. s ' ' 

The Bottom component activities for the H and V extracts s s 

had molecular weights of 760,00 daltons and 710,000 

daltons, respectively. 

It is readily apparent from Figures 13 and 14 that 

sucrose density gradient analysis of V and H activity, as s s 

performed, does not yield consistent results. Variability 

in relative peak activities, e.g., Top, Middle, and Bottom 

components for V , was evident. Absolute enzyme activities s 

for H and V extracts based on protein concentration and 
S o 

amount of label incorporated were also variable. Perhaps 

further optimization of the assay conditions for RNA 

replicase activity will provide consistent results. 

While it is tempting to postulate involvement of 

host polymerase subunits in the replication of viral RNA, 

the results of this research do not clearly indicate such 

a role. It is known in the case of QP replicase, however, 

that three of the four enzyme subunits are of host origin, 

and the remaining subunit is of viral origin (Kondo et al., 

1970; Kamen, 1970). A similar situation for TMV-RNA 

replicase may well exist in infected tobacco plants. In 

fact, it has recently been reported that an RNA-dependent 

RNA polymerase activity which synthesizes RNase-resistant 
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RNA exists in uninfected Chinese cabbage leaves (Astier-

Manifacier and Cornuet, 1971). The RNA polymerase activity 

in uninfected Chinese cabbage leaves is about one-third 

that of TYMV-infected leaves, and increases in activity 

during the first week of infection. The RNA polymerase 

activity in uninfected tobacco leaves is also about one-

third that of TMV-infected leaves (Table 6), however, an 

increase in this activity during TMV infection has not been 

examined. These findings are only circumstantial evidence 

for the possible involvement of host RNA polymerase 

enzymes, or subunits, in the replication of TMV RNA. More 

definitive answers with regard to this question must await 

further purification of the RNA polymerases from both un

infected and virus-infected tobacco plants. 

Whether the solubilized enzyme is the same as the 

particulate enzyme is not yet clear since several differ

ences, as mentioned above, exist between these two 

activities. The RNA products synthesized by both the Vg 

and V extracts, however, are of high molecular weight and 
tr 

are largely resistant to RNase. The possibility that these 

enzyme extracts contain a "repair" enzyme or other poly

merase capable of adding onto, or finishing an incomplete 

TMV—RF, cannot be discounted. Recent evidence (Schekman 

et al. , 1971), in fact, has shown that 12. coli infected 

with 0X-174, a DNA-containing bacteriophage, contain repair 

enzymes which convert nicked (or gapped) 0X-174 DNA 



replicative form (RF-I) to another replicative form (RF-II) 

which contains intact double-stranded circular DNA. The 

enzyme extract prepared from virus-infected tobacco plants 

may perform a similar function jLn vitro . thus mimicking 

the activity thought to represent authentic TMV-RNA 

replicase. 



SUMMARY 

Particulate and solub]e (Vg) enzyme extracts 

were prepared from TMV-infected tobacco plants which were 

capable of synthesizing double-stranded RNA's resistant to 

pancreatic RNase. These RNA's migrated in polyacrylamide 

gels to a position expected for TMV-RF. The particulate 
S 

extract, on occasion, synthesized a higher molecular 

weight, RNase-sensitive product thought to be TMV-RI. 

Neither the nor the Vg extract synthesized TMV-RNA. The 

presence of TMV-RI in either of two V RNA preparations was s 

not detected. The V extract synthesized RNA which was 65% 
P 

resistant to RNase, whereas the Vg extract synthesized RNA 

over 80% resistant to RNase. 

The enzyme activity of the extract was 80% 

resistant to the presence of Act-D and DNase in the assay 

and required all four nucleoside triphosphates for optimum 

activity. The V extract did not show a preference for 

++ Mn over Mg when assayed in the presence of either 

cation at 5 mM concentration. 

The enzyme activity of the Vg extract was 27% 

resistant to the presence of Act-D and 22% resistant to the 

presence of DNase when assayed in the presence of 2.5 mM 

4""f~ Mn , and over 70% resistant to either of these inhibitors 

+ + when assayed in the presence of 10 mM Mg . The soluble 

86 
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enzyme was not dependent upon the presence of all four 

nucleoside triphosphates, in contrast to the particulate 

enzyme which does require their presence. The Vg extract 

was two to three times as active in the presence of Mn++ 

at an optimal concentration of 2.5 mM when compared to 

Mg++ at the same concentration. 

Solubilized enzyme preparations from uninfected 

tobacco plants were one-third as active as equivalent 

extracts prepared from virus-infected plants. The RNA 

product synthesized by the H preparation was about 35% s 

resistant to RNase and was of low molecular weight as 

judged by electrophoresis on composite polyacrylamide gels. 

The Hg extract does not synthesize any high molecular 

weight RNA# even when TMV-RNA is added to the assay mixture 

(batch synthesis) as a possible template. 

Sedimentation analysis of H and V extracts on s s 

5-20% sucrose gradients revealed some qualitative differ

ences between the two preparations: the Hg extract con

tained two RNA polymerase activities which sedimented at 

4.2s and 20.7s, while the V extract contained three ' s 

activities at 4.3s, 13.0s, and 20.2s. The degree of 

variability found in TMV-RNA stimulation of activity in 

either the H or V extracts fractionated on sucrose s s 

density gradients did not permit meaningful quantitative 

comparisons. 
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