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SUMMARY

An investigation has been carried out on the
properties of an RNA-dependent RNA polymerase detected in
cucumber cotyledons infected with cucumber mosaic virus
(CMV). Healthy cucumber cotyledons were devoid of such an
enzyme. ‘The significant findings of this investigation
wvere i

l. CMV-induced kA polymerase activity wvas detected
both in goluble (soluble at 16,000 g for 10 min.) and
particulate (sedimented at 16,000 g for 10 min.) fractions

of disrupted CMv-infected cucumber cotyledons.

2. 3Soluble RNA polymerase, A method has been described
for the partial purification of the soluble CMV-induced KNA
polymerase which was free of detectable plant ribonucleasge.
The soluble RiA polymerase purified in this manner had a
molecular weight of 123,000 as determined by sucrose denéity
gradient centrifugation, and was not associated with a viral
RNA template., The soluble xNA polymerase copied added RNA by
complementary base pairings; however, there was no unique
specificity for CMV-KNA as turnip yellow mosaic virus (TYMV)-
KNA, tobacco ringspot virus (TRSV)=-itNA, tobacco mosaic virus
(TMV)-RNA and yeast ribosomal RNA were also copied. Also
the kKNA present in the engyme preparation (50 - 80 ug/ml)
vas copied by the goluble RINA polymerase in the absence of
added RNA but this copying was only optimal with a concentration

of 5 - 13 mM MgSC, in the assay medium. Further, with the
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presence of 5 - 13 mM MgSO, in the assay medium the soluble
KNA polymerase copied added polyC template by camplementary
base pairing while polyA, polyC and polyU were copied at a
rate no greater than 2 - 3% of that of polyC.

The product of the soluble RNA polymerase reaction
using either added yeaat RNA or CMV-KhA as template, was a
polyribonucleotide of which 80 - 90% vas resistant to digestion
by pancreatic ribonuclease, had a sedimentation value of about
55 and a melting temperature near 92° in standard saline-

citrate.

3. rarticulate KNA polymerase. In particulate fractions,

two virus-induced kinA polymerase activities were found, one
requiring the addition of RNA before activity could be
detected, the other not requiring added KNA. The particulate
KNA polymerase activity dependent on added KiA was solubilised
during the polymerase assay by the MgS(Q, (29 mM) présent in
the assay medium, All the properties investigated of this
enzyme, including its molecular weight of about 120,000 as
determined by sucroase density gradient centrifugation after
solubilisation in the presence of MgSC,, indicated that it
was very similar or identical to the KNA polymerase found in
the soluble phase. 3y contrast, when the particulate KNA
polyﬁerase was eolubilised by freezing and thawing, it had a

molecular weight of about 150,000,

The particulate <NA polymerase not dependent on
added XNA gave a product which was mostly double-stranded

(more than 680% resistant to digestion with pancreatic
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ribonuclease ), had a peak sedimentation value on sucrose
gradient centrifugation of about 85 and a melting temperature
of 93° in standard saline-citrate. However, nearest-neighbour
analysis of the product and hybridisation studies did not
provide a definite answer on the nature of the RiA in a

presuned RNA polymerase-template KNA complex.

4, It is considered that the various types of virus-
induced RNA polymerases found both in soluble and particulate
fractions of CMV-infected cucumber cotyledons represent
various incamplete forms of the actual enzyme responsible

for the in vivo replication of viral RNA.
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ANTRO T,

The programme of work described in this thesis vas
carried out because crude extracts of cucumbers infected with
either cucumber mosaic virus (Q-CMV, Q-representing Queensland
isolate), tobacco ringspot virus (TRSV) or rose virus (RV),
were found to contain a plant virus-induced khA-dependent KNA
polymerase (Gilliland and Symons, 1968). The aim of this
wvork was to characterise both the plant virus-induced KNA
polymerase activity and the product it made; and hence
determine its relationship to the in vivo replication of plant
virus kNA. The majority of the work described in this thesis
vas concerned with the viral-induced RNA polymerase fram CMV-
infected cucumber cotyledons; CMV contained a single-
stranded KNA genome of 1 x 10° molecular weight (Francki
et al., 1966).

The CMV and TRSV-infected cucumber systems had
previously been used for a study of virus-induced changes in
the level of activity of the ribonucleotide kinases
(Gilliland et al., 19663 Gilliland and Symons, 1967). Such
systems are presently being used by our laboratory to
investigate the nature of the kNA and protein species
induced into the host plant by plant viruses.

Viruses are widespread in nature afflicting animal,
kacterial and plant cells alike. They are nucleoproteins,
the nucleic acid component of which is either DNA (single or
double~gtranded) or KNA (single or double-gtranded). However,

the genome of most plant viruses isolated is single-stranded
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RNA Of 1 = 2.5 x 10°

molecular weight. The exceptions are
cauliflowey mosaic virus (double-stranded DNA), rice dwarf
virus (double-stranded KNA), wound tumour virus (double-
stranded KiA) and potato spindle tuber virus (possibly
dokble-gtranded KNA3; Diener and saymer, 1969).

Thie Introduction will consider the evidence and
theories that explain the replication process of small iKhA
viruses (single-stranded RNA of 1 - 2.5 x 10° mol. wt.)which
appeared vithin the literature up to 1971. The majority of

the evidence originated from studies using bacterial viruses.

A. GROWTH PROPERTIES OF SMALL KNA VIRUSES.
The following discussion of the growth properties

of small KNA viruses will be given in general ocutline only.

(1) Effect of RNA virus-infection on host cells.
Changes in host cell metabolism accompanied kNA phage infection,

but the extent of these changes depended on the particular phage
(Watanabe and Watanabe, 1970). Synthesis of bacterial RNA
was only slightly affected by infection with £2 or Q3 and less
than half the protein and RNA synthesised after infection was
recovered in phage particles (Ellis and Paranchych, 1963}
Watanabe et al., 1968). In contrast, despite the physical
and chemical similarities of the RNA phages, infection with
R17, R23 or ZIK/1 resulted in extensive inhibition of
bacterial protein and ribosomal RiNA synthesis (Ellis and
Faranchych, 1963; Bishop, 1965; Hudson and raranchych,

19673 watanabe and Watanabe, 1970). In the case of Rr23,

60% of KNA synthesised during infection was encapsulated into
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phage particles and almost all the protein synthesised late
in infection was coat protein (watanabe et al., 1968).
However, the precise mechanism whereby host cell khNA and
protein synthesis is inhibited by RNA phage infection is
still not fully understood. Lysis of infected bacteria
occurred between 22 and 60 minutes, and each cell yielded
up to 40,000 virus particles, of wvhich, however, only a
fraction (5 - 50%) were viable depending on the phage strain
and the growth conditiona.

In most types of cell, small animal viruses such
as picornaviruses (@.g., poliovirus, foot and mouth disease
virus) caused a rapid suppression of host cell protein
synthesis (Hausen and Verwoerd, 1963; Holland, 19633
McCormick and Ferman, 1967) and suppressed both messenger
KA and ribosomal RNA synthesis (Fenwick, 19633 Summers
et al., 1967). Mature viruses appeared within the cell
several hours after infection.

(2) virus-induced proteins. In the host, the viral
RNA genome itself was found to serve as a messenger that
directed the synthesis of viral-specific proteins. A small

6 molecular weight was predicted to code

KNA gename of 1 x 10
for 3 or 4 proteins with an average molecular weight of
30,000 (Lodish, 1968). Three such virus-specific proteins
were detected in phage Ms2 (RNA of mol. wt. 1 x 10%) -
infected E, coli protoplasts, in which host KNA synthesis
was halted with actinomycin D (an antibiotic that stops
host LDNA-dependent kKNA polymerase activity) (vVinuela et al.,

19673 1968). Such phage RiA was recognised as providing
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information for the synthesis of coat protein (Nathans
et al,, 1962; Lodish, 1968), a minor component of the virus
coat (one molecule per virus particle) designated maturation
protein or A protein (Steitz, 1968; Lodish and Robertson,
1969) and the replicating enzyme, RNA-dependent RNA
polymerase (Garwes et al., 1969) Jeppesen et al., 1970;
Kamen, 1970).

The animal virus, poliovirus (RNA of mol. wt.
2 x 106) wvas found to induce four capsid (coat) proteins
and 10 non-capsid proteins in Hela cells treated vith actino-
mycin D (Summers et al., 1965; Summers and Maisel, 1968).
This exceptionally large number of virus-induced proteins
(some having mol. wts. greater than 30,000) did not agree
with the expected 7 - 8 proteins of 30,000 molecular weight.
However, it was later found that the 14 different viruas-
specific polypeptides detected did not represent 14 different
species independently translated from the genome. Rather,
the species arose by cleavage of larger precursor proteins,
possibly from one primary gene product (Jacobson and Baltimore,
1968; Summers and Maizel, 1968). It wvas suggested that this
phenomenon could be general for all small RNA animal viruses
(Holland and Kiehn, 1968).

The presence of large precursor protein molecules
reflected a difference in the growth behaviour between
poliovirus and the RNA bacteriophages so far investigated.

Tobacco mosaic virus (TMV; a plant virus wvith an
RNA of mol. wt. 2.1 x 106) was recently reported to induce

5 virus-specific proteins in actinomycin D-treated tobacco



S.
plants (Zaitiin and Hariharasubramanian, 1970), one of
which was identified as the viral coat protein.

(3) control of viral-directed protein synthesis.

For some time it had been evident that a specific mechaniem
was needed to explain the large exceas of viral coat protein
synthesised late in infection as compared to the synthesis
of the other two known virus-induced proteins (maturation and
polymerase proteins) used in RNA phage replication.

Lodish and Zinder (19662 suggested that the viral
coat protein of the RNA phage acted directly or indirectly
as a ‘repressor' of thae synthesis of non~coat proteins
in 1{!2. particularly the RNA polymerase whose production
ceases midway through infection cycle. Several workers
confirmed that small amounts of coat protein bound to
bacteriophage KNA and specifically stopped the translation
of the non-coat genes (ikichelson and Nathans, 19673
Hobartson et al., 19673 Sugiyama and Nakada, 19683 ward,
19683 ward et al., 1968). The possibility therefore existed
that small RNA viruses used coat protein in vivo to regulate
the production of non-coat proteins.

(4) site of synthesis of viral components. The
plant and animal host cell are considerably more complex than
the bacterial cell which does not contain nucleus, nucleolus,
mitochondria and other organelles. The RNA of amall RNA
animal viruses was transcribed, translated, replicated and
the progeny virus assembled, within the cytoplasm of the cell
(Crocker et al., 1964) and in association with membranes
(Penman et al., 19633 Fenman et al., 19643 Dales et al.,
1965) Amake and Dales, 1967a,bs; Skinner et al., 1968).
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It was recently demonstrated that the replication of polio-
virus KNA was associated with the smooth cytoplasmic
membranes while poliovirus protein synthesis wvas associated
with the rough membranes (Caliguri and Tamm, 19693 Caliguri
and Tarm, 1970a,b). However, views on the site of synthesis
of plant viral components are varied and to same extent
contradictory. Viralespecific proteins have been reported
to be made in the cytoplasm (Schlegel and sSmith, 1966

Cceck, 1967), nucleus (Reddi, 1966a) and the chloroplasts
(zaitlin and Boardman, 1958). Protein synthesis and virus
assembly, however, probably occur in the cytoplasm (zaitlin
et al., 1968) and in contact with membranes. It was considered
that the site of replication of the plant viral KNA wvas the
chloroplasts (Bové, 1967c3; Ralph and Claﬂ@f 1966), the
nucleolus (Bové, 1967a; Eové et al., 1969) or peripheral
vesicles of the chloroplasts (Ushiyama and Matthews, 1970).
The RNA replication work described above has all been carried
out using turnip yellow mosaic virus (TYMV), but even =0,
there was no consistent conclusion as to the site of synthesis
of the TYMV~ENA. Thus, the actual site or sites of synthesis
of plant virus components had not yet been determined (see
Esau, 1968).
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B. FROBLEMS OF VIRAL~RNA REPLICATION
The replication of the single-stranded RNA

genome presented an intriguing problem. Viral RNA synthesis
could not be attributed to enzyme systems responsible for
KNA synthesis in the normal host as replication of the RNA
viruses proceed in the presence of actinamycin D (Summers
et al., 1965) vinuela et al., 1967). Doi and Spiegelman
(1962) eliminated the involvement of DNA in phage RNA
replication by the hamology test in which they failed to
demonstrate a hybrid between denatured normal or infected
host DNA and RNA from the phage MS2. Similarly, Cooper and
Zinder (1962) showed that DNA was not an intermediate by
obtaining undiminished yields of phage fram f2-infected

E. coli under conditions of thymine deprival and added
fluorodeoxyuridine wvhich reduced DNA synthesis to 3% of

the normal level. However, such a pathway via DNA inter-
mediates, may exist for large animal tumour viruses (@.g.,

6 mol. Vto)’

Rous sarcoma virus, single-sgtranded kWA of 10 x 10
where an RNA-dependent DNA polymerase has been found
associated with the purified particle (Baltimore, 1970j
Spiegelman, et al., 19703 Temin and Mizutani, 1970). These
large viruses apparently have a different life cycle
(replicating process) to the RINA phage and other small RNA
viruses.

One model of small RNA virus replication stemmed
from studies on the single-gtranded D..A phage @gx174. Upon
infection of E. coll, the single-stranded LDNA was converted

tc a double-atranded LKA species (Sinsheimer et al., 1962).
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This double-stranded LNA in turn served as a template for

the formation of single-stranded copies via an asymmetric
synthesis. As a single-stranded HRNA virus would have the
same general problems as a single-stranded DNA virus, it was
quite possible that the RNA had a similar pathway in its

life cycle. However, because such a2 model implied an HNA~RNA
tranamission of information the existence of a viral-induced
RiA-dependent HnA polymerase was predicted. The remaindex

of this Introduction will be concerned with studies performed
both in viveo and in vitro which indicate the mechanism by

vhich the genome of amall KNA viruses is replicated.

C. REFLICATIGV CF VIRAL ®NA® 1IN VIVO AND iu VITRU

STUDIES

A considerable source of our knowledge concerning
viral RNA stemmed from studies of the intact, virus-host cell
aystems, and these will be presented in general outline only.
These studies followed twvo different approaches; the host
cell was infectad with an RNA virus vhose RNA had been
labelled with radiocactive precursors and the fate of the
parental RNA was then followed in the infected cell. The
other approach vas to briefly incubate infected cells, in
the pressnce of suitable radicactive precursors (e.q.,
uridine-’"(':). under conditions in which host cell RNA
synthesis was blocked (e.g., with ultra-viclet irradiation
or actinomycin L) The newly synthesised labelled RNA vas
extracted by deproteinisation procedures employing phenol



and/or sodium dodecyl sulphate (SDS), and examined by
physico-chemical methods. Such studies suggested the involve-
ment of a double-stranded KNA structure in the replication of
xNA viruses. lowever, the conclusion drawn from in vivo work
has been questioned by weissmann and coworkers (Borst and
weissmann, 1965; Weissmann et al., 1968). These workers

used an in vitro system to follow the replication of the phage
Qf-kNA, (using the isolated phage oB-induced KNA replicase)

and suggested that in this particular case at least, no truly
double-stranded kiA structure was involved in viral RNA
replication. These workers postulated that the deproteinisation
techniques used during the in vivo work resulted in the formation
of KNA artifacts. The in vitro work of Weissmann and covorkers

will be discussed in this section also.

(1) Fate of parental KhA. The interpretation
of experiments designed to follow the fate of labelled parental
RNA was complicated by the fact that the viability of the RNA
viruses was often low (phages 5 - 50%; poliovirus 0.1%) and
there was same uncertainty as to whether the given labelled
fraction was actually participating in the replication
process. Studies on the animal kiA viruses were also
complicated by the fact that 80% of the absorbed virus wvas
not uncoated. Further, parental strands wre coneerved within
the host and were not found in progeny viruses (Doi and
spiegelman, 1963) thus limiting this technique for determining
the replication cycle.

Sedimentation analysis of the content of host

32

cells infected with F-labelled xi\A phage indicated that



within minutes after infection the parental <NA was
associated with the 70S ribosomal fraction (Doi and
Spiegelman, 19633 Erikson et al., 1964; Erikson and Franklin,
19663 Godson, 1968). Similar analysis of the deproteinised
RMA from S2p-labelled phage kl7-infected E. coli showed that
part of the parental KA (27S; mol. wte. 1 X 106) sedimented
in a sucrose density gradient at 16S and had become resistant
to pancreatic ribonuclease digestion (double-stranded RNA

of mol. wt. 2 x 10°

3 Erikson et al., 1964; Kelly and Sinsheiwmer,
1964)., After heat denaturation, the 16S fraction yielded a
radicactive kivA molecule which sedimented at 27s (irikson
et al., 1965), the characteristic value of the single-stranded
K17 KNA (mol. wt. 1 x 10%).

Studies on the animal xinA virus, mengovirus (kNA
mol. wt. 2 x 106) showed that 50% of the labelled parental
RNA was located in large polysomal aggregates which were
actively synthesising protein (Toby, 1964a,b). However, in
this particular case the deproteinised parental KNA was not

found in a ribonuclease-resistant form, in contrast to the

phage situation.

(2) virus-specific «iiA species formed in the host

during labelling experiments. Basically similar results
have been reported for bacterial, animal and plant KiA

viruses by the use of in vivo labelling techniques. Hoat

cell KNA synthesis was blocked by the addition of actinomycin
D (bacteria in protoplast form) or, in the case of bacterial
host, by ultra-violet light but the latter method gave varying

degrees of damage to the host-virus system. A suitable
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radiocactive precursor (e.g., uridine-" C) was supplied to

the host-virus system and the KNA formed during the virus
growth cycle vas extracted (deproteinised with phenol or
SDS) and examined by sucrose density gradient centrifugation,
polyacrylamide gel electrophoresis or methylated albumin
keiselghur (MAK) column chromatography.
In the smmall KNA animal virug systems the major

deproteinised KikA component isolated was 375 (mol. wt.
2 x 106) viral progeny <ikA and a pancreatic ribonuclease-
resistant 205 form (double-stranded KNA of mol. wt. 4x 106s
designated °‘replicative form') when analysed on sucrose
gradients. Some radicactivity sedimented between the 20s
and 375 RNA species and has been identified as double-stranded
KNA with nascent single RNA strands (designated ’'replicative
intermediate®, :trikson and Erikson, 1967; Oberg and Fhilipson,
1970).

| Leproteinised KNA from E. coli infected with RNA
phage, which had been pulse labelled during infection also
contained three types of viral KNA; a broad band at 165
containing ribonuclease-resistant RhNA predominated over the
viral inwA peak (27S) with brief labelling periods, but longer
pulses showved the 275; peak predaminating (Fenwick et al.,
1964). A phage-infected kL. coli also contained the
'replicative intermediate' knA (16 - 2753 2 - 5 nascent
single xNA chains on double-stranded KNAj Vandenberghe et al.,
1969). However, Ms2 and QR phage-~infected E. coli contained,
in addition to the other RNA species, a ribonuclease-resistant

6S KNA species ('abnormal KNA®) (Kelly et al., 1965;
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Baner jee et al., 1969b).
Deproteinised RKNA fram TMV-infected tobacco

32P1 also contained

plants treated with actinomycin D and
a labelled ribonuclease-resistant viral KA structure (Itoh

and Hirai, 19663 kalph and wojcik, 1969),

(3) The role of the double-stranded RiNA. bDouble-

stranded viral-induced KENA has been isolated fram several
virus-infected systems in which it has been sought (animal,
bacterial and plant systems). However, all such double-
stranded RNA species have been isolated by techniques which
invoive deproteinisation (using phenol or SD5) of the host
extracts., The double-stranded <NA isolated in this manner
was resistant to pancreatic ribonuclease digestion but
destroyed by ribonuclease 111 (kobertson et al., 1968), an
enzyme which has now been shown to be sgpecific for double-
stranded <NA. The two strands of the doubla-stranded xNA
consisted of viral RNA (referred to as plus or positive
strand) and a strand complementary in base composition to
viral RNA (referred to as minus or negative strand;
Langridge et al., 1964; wWeissmann et al., 1964). As the
double-stranded DNA structure formed in #£X174 replication
wvas involved in the replication cycle (discussed in
*Problemg of viral kiiA replicatiorn’) it was tempting to
ascribe a similar role to the double-stranded KiA.

Evidence that the double-stranded kikA played an
active role in the replication of KNA viruses was shown when
animal-virus induced double-stranded KNA was found to infect

tissue cultures (Montagnier and Sanders, 1963; baltimore et al.,
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1964). However, in contrast to the animal aystem, double-
stranded kiNAs isolated from phage-infected bacteria had to
be heat denatured before becoming infectious for E. coli
protoplasts (Amman et al., 19643 Franke and Hofschneider,
1966). Infectivity of normal or heat-denatured virus-induced
double-stranded KNA of small plant viruses has not been
reported.

Further evidence which suggested that the double-
stranded XNA was an intermediate in KiNA replication came.
from pulse chase experiments using Rl17-infected E. coli.
Fenwick et al. (1964) supplied uridine—3H to x17 phage-
infected cells in which hoet RNA had been inhibited by
irradiation with ultra-violet light. 1f the KiA was labelled
for 10 sec., the extracted labelled KNA was found to be in
the 16S, pancreatic ribonuclease-resistant region of a sucrose
gradient. when the cells were further incubated in
unlabelled mediun after the initial 10 sec. labelling period,
there wvas a marked increase in label in the 275 viral-rhA
region, with a corresponding decrease in the amount of
labelled ribonuclease-resistant RhNA. This suggested a
precursor-product relationship between 16S xkiNA (double-
stranded kNA) and 27S prdgeny viral KNA (single-stranded kiNA),
Billiter et al. (1966) confirmed this loss of radioactivity
from the double-stranded KhA structure using phage MsS2-
infected E. coli.

Thus it is believed from in vivo studies that the
double-gtranded =iA acted as a template for the production of

virus-like xI'A and is an important intermediate in the



replication of small kNA viruses.

(4) Mechanism of KNA replication from the double-
stranded kNA-conservative versus semiconservative replication.

Only tvo different theories concerning the mechanism of
replication of viral-RNA fram double-stranded RNA have received
any support in the literature, These were the asymmetric
conservative and asymmetric semiconservative hypothesis. The
proposition common to both was that the replication was an
asymmetric process, only one strand (plus strand or viral-like
KNA) being produced in any quantity (Erikson et al., 1965).
However,once progeny plus strands were produced by either
rechanism they could then cycle to produce more ribonuclease-
resistant structures, associate with the ribosames to produce
more viral proteins or be incorporated into progeny virus
particles.

The semiconservative mechanism was first proposed
by Weissmann et al. (1964) and Fenvick et al. (1964).
According to this hypothesis, the replicating enzyme RMNA-
dependent RNA polymerase catalysed the synthesis of a minus
strand, making use of the parental strand as template. This
reaction was common to both theories and resulted in the
synthesis of a completely double-stranded RhA structure
(replicative form). Either the same enzyme or a second
polymerase then used the duplex as a template to release
newv single strands by displacement of the positive strand
of the duplex, This mechanism was similar to the one used
to explain DNA-xhA hybrids when E. goli KiA polymerase was
provided with single-stranded ONA templates(Chamberlin and

Berg, 1964; Sinsheimer and lawrence, 1964).
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On the other hand, the conservative mechanism

Froposed that the double-stranded RNA template remained
intact, and the progeny kNA (plus strands) are produced on
the template without displacement of either strand.

This conservative mechanism was well characterised
in the synthesis of KNA fram double-stranded DNA by E. coli
DNA-dependent RNA polymerase (Bremer and Konrad, 1964;
Jehele, 1965) and gX174 progeny molecules from the double-
stranded ¢x174 intermediate (sSinsheimer et al., 1962;
Denhardt and sinsheimer, 1965). In most reports authors
have concluded that their results were in accord with the
semiconservative model, but few have attempted experiments
to distinguish this hypothesis from the alternative one.

Differentiation between the two different models
vas achieved by following the fate of the parental KNA after
it had been incorporated into the duplex structure. The
conservative model predicted that the parental «hA should
remain in the double-stranded structure, wvhen the new positive
strands were synthesised, while the semi-conservative model
postulated their displacement (see Lodish and Zinder, 1966bj;
Billiter et al., 19663 Kelly and Sinsheimer, 1967 and Erikson
and Erikson, 1967). Results obtained with wild type KNA £2
phage showed a slow and incamplete loss of parental label
fram the double-stranded form (Lodish and Zinder, 1966b);
however, the difficulties with thia type of experiment were
that the displaced parental KNA may be reincorporated into
a duplex structure thus indicating a conservative mechanism.

However, if the fZ mutant ts-6 (a temperature sensitive
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mutant) was used then synthesis of plus strands occurred

in the abaence of minus strand synthesis at 43° (Lodish
and Zinder, 1%66b) thus overcaming the reincorporation
problems encountered in wild type phage experiments. In an
experiment described by Lodish and Zinder (1966b), cells

32

were infected with F=labelled £f2 ts-6 and incubated at 34°.

32 _jabelled double-strarded

allowing maximum formation of
KA. The infected cells were then transferred to 43°
(vhereby no minus strands were made) and within one min. 50%
of the labelled ri:A was displaced, 90% being released within
9 min. of the temperature shift. Hence, under conditions
wvhere minus but not plus strand synthesis was blocked,
parental G+A molecules were released, suggeating a semiconservative
type of replication. lHowever, given a semiconservative mechanism
for replication it was apparent that the failure to find parental
KoA in progeny animal and bacterial viruses (Davis and
Sinsheimer, 1963; Yol and spiegelman, 1963; Homma and Graham,
1965) still needed explanation. It would not be unlikely that
in fact both mechanisms operate during the replication of mmall
RNA viruses.

It alaoc muat be pointed out that the involvement of
double-atranded KNA in the replication process of viral riaA
has been suggestéd mainly from in vivo studies which involwed
the use of deproteinised RNA products (phenol or SUS extracted
WiA)e. welssmmann 2t al. (1968) from in vitre work, using the
isolated (@ phage replicating enzyme and avoiding deproteinisation
of RNA products, proposed another mechanism which disregarded

truly double~stranded 2NA as an intermediate in
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Qf phage KNA replication. This mechanism and its implications
on the other mechanisms of viral KNA replication are discussed

elow.

{(5) Comparison of viral HLA produced in vivg

and viral RNA produced in vitro, and implications on the
mechanism of viral ki‘A replication. The in vitro synthesis

of phage kNA has been used as a model system for studies on
the replication procedure of KiA phage'(weissmann et al.,
1968y Spiegelman et _al., 1967; August et al., 1970). Cne

of the chief attributes of this system was that the in vitro
reaction closely resembled the in vivo process even to the
extent of yielding infectious RNA (infectious for E. coli
protoplasts).

Thus the Q7 phage-induced RNA replicase isoclated
by the method of Face and Spiegelman (1966) utilised (°-kivA,
in vitro, as template for the ultimate synthesis of more
infectious, self-replicating Qf-kNA. The question arose
vhether this replieation involved preliminary formation of
viral minue strands and hence a double-stranded KiA
intermediate as shown by in vivo studies. Spiegelman's
group reported the presence of a pancreatic ribanuclease-
resistant structure (15s) after short (2 min.) incubations
of the replicase with Qr~iNA template (27S) and after treatment
of the product with sSDS (Face et al., 1967a,b,c). Further
investigations of the deproteinised products of the replicase
reaction revealed the presence of both double-stranded KA
(replicative form), double-stranded :NA with nascent single

strands (replicative intermediate) as well as infectious ENA
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(Pace et al., 1967a,b,c). Thus, all three KNA species
obtained from this in vitro wvork corresponded well to those
already found to exist during in vivo studies. However, both
systems employed deproteinisation techniques in the isolation
of the viral RNA species.

weissmann et al. (1968) studied the rate of production

and types of (B -RiA produced by the RhNA replicase (also
isolated by the method of Pace and Spiegelman, 1966) during
in vitro replication, prior to deproteinisation with phenol
or SUs. Feix et al. (1967) observed that the formation of
intact virus-like QR-ki\A was preceded and accampanied by
synthegis of full-length viral minus strands wvhich were
pancreatic ribonuclease-gensitive and therefore not part of
any double-stranded helix. One main product in the early
stages of prodpction of minus strands was a 40S sedimenting
complex. The pancreatic-ribonuclease resistance of this 405
protein-kNA complex was only 10% which wvas extremely low Than
compared to replicative form RNA obtained by phenol or SDé
extraction of vivo or in vitro (RNA replicase) systems.
However, once the 40S complex was treated with phenol the
ribonuclease-resistance of the extracted RNA increased to
73%. 1t was believed that the 40S camplex consisted of plus
and minus strands held by the protein in a particular
conformational state which was favourable to annealing during
deproteinisation. weissmann et al. (1968) also found that
double-gtranded Q8 phage-kNA (isolated by phenol extraction
of (B phage-infected E. coli) was not used as template in

the (B-RkhNA replicase reaction, suggesting that such a duplex
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structure wag not invcolved in the replication cycle and

was merely an artifact probably as a result of enzyme oOr
protein removal. However, it was also noted that purified
non-infectious (non-infectious for E. coli protoplasts)

Qa2 minus strands promoted vigorous synthesis of infectious
RNA in the Qo=KNA replicase reaction, the initial rate of
RNA production being 5 times that found for even (p—xKNA
itself. This finding indicated that the template for the
production of viral kiiA was the minus strands. It should

be noted that minus strands themselves were not infectious
in vivo because they could not produce the kNA-dependent RNA
polymerase, the first step in RNA virus-infection in vivo.
In light of the results obtained by weissmann and co-workers,
a mechaniem wvas proposed which ignored the involvement of
truly double-stranded structures in the replication process
(see weissmann et al., 1968). This mechanism accounted for
the gensitivity of intermediates to pancreatic ribonuclease
and the eape with which they are converted to partially
ribonuclease-resistant structures by deproteinisation. The
most significant featureas of this mechanism of viral KRNA
replication were the 'open structure' suggested for the
intermediates of both stages, the formation of minus strands
and the production of new viral kiA. The ‘open structure'
existed only in the presence of protein which arranged the
two strands in such a conformational state that on removal
of protein they annealed, giving rise to artifactual
replicative form and replicative intermediate KiNA species,

The mechanism in addition to explaining Weisemann‘'s in yitro
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replication studies had the agreeable feature of eliminating
the problem of deciding whether the replication occurs by a
conservative or semiconservative mechanism (as all kNA
intermediates detected in vivo are artifacts of the
deproteinisation procedure). Most in vivo double-gtranded
structures isolated have been extracted by techniques which
involved the use of phenol and hence were probably the
deproteinised forms of the intermediates. iHowever, partially
pancreatic ribonuclease-resistant material could be recovered
from the QR-HKNA replicase reaction without either phenol or
5DS extraction (weisemann et al., 1968; leas than 10i of the
total kiNA)e. Therefore, it is not possible even at this stage
to state what role, if any, double-stranded RhA plays in vivo
or if in fact the mechaniam suggested above applies.
Engelhardt et al. (1968) suggested that double-stranded KkNA
structures were not involved in RNA synthesis at all, but in
coat protein synthesis.

Thus at present there are two basic models being
considered for the structure of the replicating camplex
involving the camplementary strand as template for synthesis
of progeny KNA. They are: 1l. viral khNA is synthesised from
a double stranded KNA intermediate either by a conservative
or semiconservative mechanismsy 2. viral rna is synthesised
from a free camplementary strand. However, this second
mechanism is the result of work on only one isolated <NA-
dependent KNA polymerase from a phage-infected bacteria
and has not yet been shown to be the case for amall KNA

animal and plant viruses,
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D. REPLICATION OF VIRAL RNA = STUDIES WITH

INDUCED RNA FOLYMEKASE

| viral replication in vivo is known to be carried
out by a novel enzyme system ariging in host cells upon
infection with small KNA viruseg, i.e., the kNA-dependent
RNA polymerase. The existence of such an engyme was first
postulated to explain the RNA- kivA exchange of information
during the replication cycle., Several laboratories have
reported the isolation of RMNA virus-induced khA polymerase
activities from infected animal, bacterial and plant systemas.
The finding of both single-stranded and double-stranded kiA
after deproteinisation of the products of several isolated
viral-induced <iA polymerases agreed vith the mode of
replication pfoposed by the in vivo work. The important
properties of the virus-induced kNA polymerase preparations
and their products are described for bacterial, animal and
plant virus systems with extensive discussion being confined
to the Q8 phage-~induced xNA replicating enzyme.

(1) bBacteria - RiA virus systems

(a) ms2 , : weiasmann

et al. (19633 1964) isolated an KA synthesising enzyme

from E. coli infected with MS2 phage. Affer partial purification
(twenty-fold) the preparation was free of DiA-dependent KNA
polymerase activity but contained endogenous viral minus

strands. .adicactive xnA was synthesised by the partly

purified enzyme, using radiocactive nucleoside triphosphates

as substrates and no stimulation of activity was found upon

addition of Ms2 (plus) kikAe The base composition of the
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product was similar to M52 RNA (Ochoa et al., 1964). Only

a small part of the product of the KNA synthetase wvas
registant to pancreatic ribonuclease when treated prior to
deproteinisation. However, after phenol or SDS treatment,
50% of the product was found to be resistant to pancreatic
ribonuclease digestion (Borst and wWeissmann, 1965). This
result suggested that plus and minus strands within the

MSZ replicating complex in vivo might not be tightly bonded
and the ribonuclease-resistant structure observed after
standard extraction methods was merely an artifact (see also
product of (B8 phage-induced RNA replicase discussed previously
in *Comparison of viral RNA produced in vivo and viral kNA
produced in vitro and implications on the mechanism of viral
RNA replication'). The ribonuclease-resistant product of
the MSZ2-induced KNA synthetase isolated after phenol
extraction was indistinguishable from the M32 specific
double~stranded kA produced in vivo with respect to all
physico-chemical properties. Analysis of the product of

the RNA synthetase by hybridisation techniques (Weissmann,
1965) showed that the radioactivity in the duplex was almost
entirely due to plus strands. It wvas therefore concluded
that the non-labelled minus strands found in the duplex
were present in the enzyme preparationprior to incubation
and probably bound to the enzyme as an gnzyme-viral RiNA
complex (replicating complex).
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(b) £2_ phage~induced rhA polymerase. August et al.
(1965) utilised the non-permissive host E. coli s26

infected with sus~1l, an amber mutant of the f2 phage,

as a pource of enzyme. This host~phage system did not
yield phage particles but produced 5 - 8 fold increase in
the amount of viral RNA polymerase and virus-specific
double-stranded RNA (Lodish et al., 1964). The hundred-
fold purified preparation of RNA polymerase required RNA
of any variety (viral, soluble or ribosomal) as a primer
although semi-crude preparations lacked the requirement
for added primer RNA. The nearest-neighbour fregquency
of the product was different for TYMV-RNA or £2 RNA primer
suggesting that the added RNA determined the nucleotide
sequence of the product. Its base composition, and the

finding that, after deproteinisation, more than half of

the product was resistant to pancreatic ribonuclease digestion

indicated that a doudlle-stranded kKNA wvas formed.

(c) 1 _phage-induced RNA replicase - isolated

by Spiegeiman and co-workers. Haruna et al. (1963) isolated
fram E. coli infected with phage MS2 or (08, an enzyme, that

under the appropriate ionic conditions epecifically required
the addition of MS2 or (R-RNA for activity. In contrast

to the two enzyrme preparations described already, (B-kKNA
replicase isolated by Haruna and Spiegelman (1965)

catalysed the synthesis of B -kNA which was infectious

for E. coli protoplasts, producing several times the amount
of input R=RNA (1 pg of (R -RNA/40 ug of protein). Also the

RNA replicase was found to replicate ‘variants®' of (g ~RNA
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(Mills et al., 1967; which were only 17% of the original

QP -niA but were self-duplicating in the reaction) and

QB -xiA minus strands (Spiegelman et al., 1968; wWeissmann

et al., 1968). The mechanism by which infectious Q8 -knA
was produced has been previously discussed in *Comparison

of viral RiA produced in vivo and viral RiWA produced in vitro
and implications on the mechanism of viral riiA replication’.
As the QB phage-induced RNA replicating enzyme has been
purified by two grdups (Spiegelman's and August®'s) by
different methods which yielded enzymes of different physical
properties, the preparation and properties of these

Qf phage-induced replicating enzymes will be described in

this and the following section.

(i) Furification of (B-ikiA replicase (race et al.,

1968). The primary concern of this purification was to

isolate an enzyme which produced a biologically active

product (RhNA that was infectious) and not to purify the enzyme
as many fold as possible. Qf phage-infected E. coli

Q13 cells were lysed by freezing and thawing followed

by grinding and the supernatant obtained after centrifugation
was treated with protamine sulphate and the ernzyme precipitated
with (NH4)25u4. The RNA replicase was dissolved and chromatographed
on a DEAE=-cellulose coluﬁﬁ. These procedures were designed

to remove ribonuclease activities, Di/A-dependent WA polymerase
activity, polynucleotide phosphorylase activity and poly-
adenylate synthetase activity. Mature virus particles
retained to this stage were eliminated by subjecting the

enzyme to buovant density ecentrifugation in CsCl, followed
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by a sedimentation purification of the enzyme through

a 5 - 20% sucrose density gradient. The sucrose gradient
led to the partial separation of the (Q3-RNA replicase into
a 'heavy' and a 'light' component. The ‘heavy' component
wvas found to be a polyC-directed polyG polymerase, and
neither component alone could initiate the formation of
infectioua Qp~KNA in the replicase reaction. The properties

of the QA-KNA replicase are discussed belov,

(ii) Eroperties of the Q8-RhNA replicase. As

mentioned above, two components of (Q8-RNA replicase were
partially separated by sucrose density gradient centrifugation
of the enzyme. Their relative positions in the gradient
indicated that one (designated ‘heavy' and detected by its
ability to copy polyC only) was approximately 130,000 and

the other (designated *'light®) about 80,000 in molecular
wveight (Eikhom and Speigelman, 1967). However, after sucrose
density gradient centrifugation of the replicase enzyme,
intact QR~-RNA was still copied to produce infectious KNA

by a protein which had a molecular yeight of 110,000 (apparent
mol. wt.). Thus it was concluded and subsequently proved
that the (Qg-RNA replicase activity which copied intact (g-RNA
was a composition of both 'heavy' and ‘light' components.
Neither of these components, adequately purified from one
another, could initiate extensive polynucleotide synthesis
when challenged with Qpa-kinA. It should be noted that the
*light*' component wvas detected by the addition of the 'heavy*

component thus making it competent to copy intact Qg-ikNA.
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(1ii) Host components. The RNA of phage Qf
has been shown to have a molecular weight of 1 x 106
(overby et al,, 1966; Bishop et al., 1967} and could,
therefore, code for about 110,000 molecular weight
equivalents of protein. Of this 50,000 was accounted for

by the viral coat protein (mol. wt. approximately 14,000)

and the A protein (mol. wt. approximately 37,0003 Roberts

and Steitz, 19673 Vinuela et al., 19683 Nathans et al., 1969).
This left only about 60,000 molecular weight equivalents

(see Garwes et al., 1969; Kamen, 1970; Kondo et al., 1970)

to be shared hetween the two replicase units found by
spiegelman, which sum to almost 3 - 4 times (210,000)

the molecular Qeight. This discrepancy suggested that

eithe,x:: the replicase components consisted of emall identical
gubunits or that one of the replicase components wvas a
host-specified protein. Likhom et al. (1968) showed this
latter hypothesis to be true by demonstrating the existence
in uninfected E. coli cells of a protein having all the
properties of the °'light' component of the Qe-kNA replicase.
Thus, when the host *light' component was combined with
purified ‘heavy*' component, an enzyme wvas reconstituted

which would copy QR-KNA to produce biologically functional
Qg-iKNA. ihius, it would seem that the 'heavy’ component
(130,000 mol. wt.) was unique to E. coli infected with Qg
phage; however, even this component was larger than would

be expected for a primary gene product of the Q2-RNA genome.



26.

(d) 8 phage-induced RNA polymerase = isolated

by August and co-workers. The (B replicating enzyme
isolated by thie method had different physical properties

to that prepared by the method of Face et al. (1968). The
enzyme procedure described below yielded a 2,000 - 5,000
fold purified QR-RNA polymerase, which in the presence of
a ‘'factor fraction' and (R-iRNA produced a biologically

competent Q8-RNA product (infectious for E. coli protoplasts).

(1) Furification of the (Qf-RNA polymerase
(Coyang and August, 1968). A crude extract vas obtained by

retaining the supernatant after centrifugation of frozen and
ground infected £. coli Q13 cells. The :upernatant was
subjected to a liquid-polymer extraction of nucleic acids,
and the QB-RNA polymerase was precipitated with (NH4)2504.
The precipitate was dissoclved and the enzyme fractionated

on a DEAE-cellulose column, The fractions which contained
QB -RNA polymerame activity were pooled, the protein
concentrated with (NH4)2804 and passed down a hydroxyapatite
column, These chromatography'staps were interesting as
they resulted in two important fractions, the core enzyme
(150,000 mol. wt.} see below) and a 'factor fraction' which
had to be added toc the core enzyme before (A -iNA was
replicated in the (R-iNA polymerase reaction mixture. This
‘factor fraction' was found in the (NH4)2SU4 cancentrated
fraction of the 0,20 - 0,25 M tris-HCl eluants (or 0.15 M
~NaCl eluant, Shapiro et al., 1968) of LEAZ=-cellulose
chromatography pooled with the 0.15-0.25 M (nNH,),SC, eluants

of hydroxyapatite chromatography (Franze de Fernandex
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et al.,, 1968). The (A -RNA polymerase was chromatographed
through a Sephadex G-100 column and finally sedimented in
a 5 - 20% glycerol density gradient, Thus the definition
of the (B -kNA polymerase described here is that enzyme
vhich required the addition of the °‘factor fraction'

before QR-KMNA can be replicated.

(ii) Properties of the (f-RIA polymerase.
The molecular weight of the (8-ikANA polymerase has been

stated as 150,000 (August et al., 1968; August et al., 1970)
wvhile a molecular weight of 130,000 has been shown by Kondo
et al., (1970} This enzyme has nowv been shown to consist of
one phage gencme coded protein (69,000) and three host
proteins (Xamen, 19703 Kondo et al., 1970; discussed

below). The enzyme has been shown to copy polyC or any
synthetic heteropclynucleotide containing cytidylate (Hori
et al., 1967) synthesising a strand camplementary to the
template polymer, The engyme replicated minus (complementary)
strands of (B-ihA (August et al., 19683 August, 1969

Paner jee et al,, 1969a) producing infectious (B-RNA. Also
the enzyme replicated an unusual 6S-RNA which was isolated
from QB-infected E. coli cells and was found associated with
the partially purified RNA polymerase (the DEAE-cellulose
fraction), producing a non-infectiocus 6S-RNA product

(Baner jee et al., 1969b). Whether this 65-kNA, which wvas
pancreatic ribonuclease-resistant and composed of 110 - 130
nucleotides, was derived in some manner from Q3 -RNA or
present in the hest cell was not known. However, the (g -rRNA

polymerase would only replicate (B -RNA to produce an
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infectious QB-RNA product in the presence of the *factor
fraction*® (Baner jee et al., 1967; Hori et al., 1967; Franze
de Fernandez, 19683 August et al., 1969).

(iii) Host components. Since the original
discovery of the *factor fraction' (Baner jee et al.,
19673 Hori et al., 1967) which was required for the QR-RNA
poclymerase to replicate QA-PNA, this fraction has been
found to be present in healthy E. coli cells (prepared as
described for infected cells) and has been resolved into
two components, both of which are required in the QR-RNA
replication reaction (Franze de Fernandez et al., 1968;
Shapiro et al., 1968). One factor (Factor 1) was separated
from the enzyme during the DEAE~-cellulose chramatography
procedure of enzyme purification, was heat stable and
partly resistant to proteases, and sedimented at 3s
(approximately 70,000 mol, wt.)., The second factor was
isoclated in the hydroxyapatite procedure, was heat and pepsin
sensitive and sedimented at 1,55 (approximately 40,000 mol,
wt.)s Both were present in extracts of uninfected celils
(Franze de Fernandez et al,, 1968) Shapiro et al., 1968).
The role of these in the QR-RNA polymerase reaction
appeared to be at some step between the association of
QGR«=KNA and enzyme and the initiation of synthesis (August
et al., 1968; August, 1969). This conclusion was based on
the observations that the factors do not affect either the
kinetics or formation of an enzyme-viral KNA complex.
In their absence, however, no synthesis was detected with

Qg -ENA as template., It is also noteworthy that in contrast
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to the requirement for QPf-RNA directed synthesis, the

factors had no effect in the reactions directed by
complementary minus stands (August et al., 1968) polyC or
copolymers containing cytidylate (August et al., 1968)

or 65-RNA (Baner jee et al., 1969b). The fact that

two factors were required only with Q?-RNA as template
suggested that these agents do not react directly with

the enzyme but are in some wvay related to the role of (B-kNA.
This postulate was supported by the fact that saturation

of the reaction with °'factor fraction' was unrelated to the
amount of enzyme; however, as the (B-RNA was increased a
greater concentration of ‘factor fraction®' wvas required for
maximum incorporation of nucleotide (Franze de Fernandez

et al., 1968)., August et al. (1970) suggested that Factor 1
could be an initiation protein while Factor 11 could modify
the primary structure of (8 —-RNA or even remove the terminal
adenylate residue of (! -RNA.

Another interesting development with the (B -RNA
polymerase was the discovery of host components in the enzyme
itself, Kondo et al., (1970) have shown that the (® -RNA
polymerase prepared by a slightly modified version of the
method of Eoyang and August,( 1968; and presented above) was
composed of the phage polymerase gene product of molecular
weight 69,000 (as expected, see ‘'host proteins' of @ -RMNA
replicase), and three host proteins of molecular weights
74,000, 47,000 and 33,000 respectively. All molecular
weights were estimated after disruption of the § -kNA
polymerase with SDS and mercaptoethanol and separation of

the resultant proteins by sSDS-polyacrylamide gel
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electrophoresis (Kondo et al., 1970). However, as all
four polypeptides were part of the RNA polymerase it was
necessary to account for the fact that their total molecular
weights (223,000) greatly exceed the value of 130,000
estimated from the sedimentation properties of the enzyme
(kondo et al., 1970). such an apparent discrepancy may be
due to the enzyme being highly assymetric (mol. wt. of
130,000 wvas estimated assuming the enzyme was a globular
protein) or if it was in association-dissociation equilibrium
with its subunits. However, the actual reason for this
discrepancy is not known. A similar conclusion on the
number and the molecular weights of the polypeptides of
QA=RNA polymerase has been made by Kamen (1970). Using the
QB8-KNA polymerase isolated from Q2 coat amber mutant
(amber-12 )-infected E. coli the KNA polymerase was deduced
to be composed of one single phage-specific polypeptide
(65,000 mol. wt.} and three host specified polypeptides
(mol., wts. 70,000, 45,000 and 35,000)., None of the host
proteins described had the same mobilities as subunits from
E. coli DNA-dependent RNA polymerase (Kondo et al., 1970).
However, Travis et al. (1970) reported that a cambination of
the 45,000 and 35,000 host units from disrupted (a=xKNA
polymerase preferentially stimulated the synthesis of

ribosomal RNA by E. coli DNA-dependent KNA polymerase in vitro

a function also performed by a factor (psi) found in

uninfected E. coli.
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Thus the replication process of phage RNA has
proved to be considerably more complex than first envisaged,
not only vith the types of replicative intermediates but
also the composition of the enzyme itself. A comparison
between the properties discussed of the (B -RNA replicase
(isolated by Spiegelman) and the QRf-RNA polymerase (isolated

by August) are presented in Table 1.

(2) Animal-RNA virus systems. Baltimore and
Franklin (1963) first demonstrated the induction of an RNA

polymerase by RNA animal viruses using L-cells infected with
mengovirus (RNA mol. wt., 2 X 106). The enzyme activity
was associated wvith a particulate cytoplasmic fraction
(microscmes) which on incubation with nucleoside triphosphates
yielded a double-stranded RNA product (afiter deproteinisation).
The RNA polymerase activity which was independent of added
viral RNA template has since been demonstrated in microsomal
fractions of numerous animal virus-infected cells (FPlagemann
and Swim, 19663 Scholtissek and Rott, 1969a,bj Mahy et al.,
1970). Deproteinised products of animal virus induced KNA
polymerase reactions contained labelled double-stranded
and sametimes virus-like single-stranded RNA (Martin, 1967).
The only report of a small animal virus-induced RNA
polymerase vhich was activated (three-fold) by the addition
of viral RNA has been using partly purified extracts of

polio virus-infected Hela cells (Gargiglio et al., 1969).
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(3) Plant-rkiA virus systems. Studies using plant

virus-induced RNA polymerase have not been as successful

as the Qg phage-induced RiWA polymerase studies, due to the
difficulty in isolating such a replicating enzyme. Even

the site of the viral-induced RiiA polymerase within the
plant cell was not known (see °'Site of synthesis of viral
components' discussed previously); all animal virus-induced
R«A polymerases were apparently attached to membrane
preparations (see Martin, 1967).

Astier-Manifacier and Cornuet (1964, 1965a,b) first
reported procedures for the isolation of TYMV-induced iRnA
polymerase activity from infected Chinese cabbage
leaves, The synthesis of kiiA by the enzyme was not
stimulated by the addition of viral RNA suggesting that
the engzyme was firmly bound to its template, a situation
found in most animal virus-systems and one phage system
(see °'MS2 phage-induced RivA synthetase'). However, the
activity of this enzyme préparation vas extremely low and
it remained for Bové (1967a.b) and kalph and wWojcik (1966a)
to report significant plant virus-induced RiNA polymerase
activity using TYMV;infected Chinese cabbage leaves.

In contrast to the soluble engzyme preparation used by
Astier-Manifacier and Cornuet (1964) these other workers

found the KNA polymerase activity associated with particulate
preparations (sedimented at 16,000 g for 10 min.) of disrupted
plant tissue. However,in both preparations formation of

an RiNA product vas only dependent on the four ribonucleoside

triphosphates and noton added viral RNA primer. Hybridisa-
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tion experiments revealed that the radiocactive KA
synthesised in cell-free particulate fractions of TYMV~
infected Chinese cabbage leaves, was mostly viral-like
RNA (Bové, 1967b). Bove et al. (1968) presented evidence
that the double-stranded TYMV-RNA produced was not an
artifact of RNA isolation (see °*MS2 phage-induced RNA
synthetase’), and that a structure which was 90% resistant
to pancreatic ribonuclease digestion does exist during the
in vivo replication of the plant virus. riowvever, the
presence of plant ribonuclease in such preparations may have
selected dou:le-stranded RNA during the incubation used
in the assay of TYMV-KNA polymerase.

Soon after the detection of the TYMV-induced
RNA polymerase there were reports of similar activities
in particulate fractions of several virus-infected plant
systems (kalph and vojcik, 1969; Semal and Hamilton, 1968)
Semal, 1969%a,db). However, these particulate preparations
also contained host LiiA-dependent RNA polymerase activity
(Bové, 1967a,b,c; Semal and Hamilton, 1968).

keports of plant virus-induced RNA polymerase
activities recently appearsed in the literature which were
both soluble and free of host DhNA-~dependent RNA polymerase
activity. These soluble RNA polymerase activities required
the addition of RNA for activity and were detected in
extracte of virus-infected cucumbers (Gilliland and Symons,
1968; May et al., 19695 19703 May and Symons, 1971) and
TMV-infected tobacco plants (Britshasmer, 1970).

Cf worthy mention wvas a preliminary report by
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Sela (1970) of the formation of an active TMV=KNA
polymerase, in vitro, by the addition of TMV-RNA to a cell-
free protein synthesising system. This approach bypassed
production of the enzywe in the infected plant host and
the problems associated with the detection and isolation

of such activity.

(4) Summary. The inconsistency in the template
requirements found for the viral RNA polymerase systems
in vitro (animal, bacterial and plant) pose a yet unsolved
problem, The enzyme has been isolated either as an encyme-
viral RNA camplex (not requiring any added RihA primer) or
free of bound viral RNA. In the latter case the enzyme
either copied added viral KNA (phage QR8-induced RiA
polymerase or replicase) or any KNA species (£f2 phage-
induced RNA polymerase, CMV-induced xNA polymerase). The
priming effect of RNA isolated from sources other than the
virus particle itself with RNA polymerase preparations
was unusual. However, recent findings with the phage
8 -induced RNA polymerase introduced the problem of
'gpecificity factors® which govern the specificity of the
viral replicating enzyme for RNA, Thus, it was possible
that incomplete portions of the viral-induced kNA
replicating enzymeswere isolated but only the complete
enzyme associated with ‘'specificity factors®' copied viral

RNA in preference to other RKRNA species.
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E. CONCLUSIONS

The relevant data and theories concerning the
replication of small RhA viruses has been discussed. The
most prominent feature of the replication process was the
synthesis of a specific polymerase wvhich catalysed the
synthesis of viral RNA via a replicative camplex within
the infected cell, whether this camplex wvas a double-
stranded RNA intermediate (composed of one plus and one minus
strand of viral RNA) or a free minus strand was not clear.
However, it was clear that the viral-induced RNA polymerase
played an important role in the replication of small kNA
viruses., If the phage QS-induced RNA polymerase is typical
of all small KNA virus replicating enzymes, then the kNA
polymerase may be far more complex than first imagined
with host proteins being used in the replication process.

The study reported in this thesis described an
attempt to characterise both a soluble and particulate
cucumber mosaic virus (OMV)-induced RNA polymerase detected
in infected cucumber cotyledons. The CMV=induced RNA
polymerase studied theoretically constituted one of the
three or four proteins coded for by the CMV-KNA genome (RNA
mol. wte 1 x 10°). The investigation into the nature and
properties of plant virus-induced RNA polymerases was of
considerable importance to our understanding of the mechanism
of replication of plant viruses, of which little is known.
One long term aim of this project was to achieve plant viral

RNA replication with an isolated viral-induced RNA polymerase.



TABLE 1+ CUMPARISON OF TWC VIRAL RNA REPLICATING ENZYME
PREPARATIONS FROM o PHAGE-INFECTED E. COLI

QB phage~induced replicating enzyme

RNA replicase RNA polymerase
(Pace et al. 1968) (Eoyang and August 1968)

Molecular weight .
of enzyme 110,000 (apparent) 130,000 - 150,000

210,000 (actual)

Templates copied

(or replicated) polyc | polyC
QB-RNA ‘variants* 6 5=HNA
bos-m.'.\ minus strands bQF-RNA minus strands
BoReryA boB=ivA plus Facter 1

plus Factor 112

cytidine containing
synthetic poly-

nucleotides
Molecular weights
of protein
campanents
{a) Host protein 80,000 74,000
47,000
33,000
{(b) Viral protein 130,000 9,000

All aspects of this table have been discussed in the
text, and only the known protein camponents and template
requirements are presented.

%Factor 1 (mol. wt. 70,000) and Factor 11 (mol. wt. 40,000)
canstitute the *‘factor fraction' described in the text which
wvas essential for Q%-RNA to be replicated by the Qf=RnA -

polymerase .

Puse of these templates led to the productian of Q Liwa which
wvas infectious for protoplasts of E. goli.



CHAFTER ONE
GENERAL MATERIALS AND METHODS
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GENERAL MATERIALS AND METHODS

In order to avoid unnecessary repetition, those
materials and methods that are used more than once in the

following chapters of this thesis are described below.

1. Materials. CUnlabelled nucleotides, pyruvate kinase
(suspension of 10 mg/ml in 2 M (NH4)2504). pancreatic
ribonucleage-A, pancreatic deoxyribonuclease (ribonuclease-
free), haemoglobin (Type 1), polyadenylic acid (polyA),
polycytidylic acid (polyC), polyguanylic acid (polyG),
polyuridylic acid (polyU) and salmon DNA (Type 111) were
purchased from Sigma Chemical Co., St. Louis, Missouri.

PolyC has also been obtained fraom Miles Laboratories, Elkhart,
Indiana. <1-329-£ibonucleoside S'-monophosphates with a
specific activity of 2 millicuries/pmoles were prepared as
described by Symons (1966, 1968) and were converted to the
triphosphate as described by Symons (1969). ATF-aﬁ was
obtained from Schwarg Bioresearch Inc., C(rangeburg, New Yorke.
CMV and TKSY from infected cucumber plants were purified as
descrived by Scott (1963) and TMV from infected tobacco plants
was prepared by differential centrifugation. TYMV-RNA
(Honesty strain) was the same preparation as that used by
Symons et al. (1963). Eaker‘'s yeast ribosomal RNA was
prepared by the method of Crestfield et al. (1955). Yeast
transfer RUA was prepared as described by Holley et al.
(1961) and E. coli xiA as described by Bolton (1966).
Fhosphoenolpyruvate (PEF; cyclohexylammonium salt) was a gift

of Dr. R.H. Symons, University of Adelaide, South Australiaj
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this was ion-exchanged to the potaa‘iun salt by the
method of Clarke and Kirby (1966). Actinomycin D was
kindly donated by Merck, Sharp and Dohme, Rahway, hew Jersey.
Sucrose (analytical reagent) was obtained from the Colonial
sugar Refineries, Sydney, New South Wales, or Mann Research
laboratories, New York, New York (special enzyme grade) and
used without further purification. All other chemicals

were either analytical or laboratory reagent grade.

2. Viruses and plants. All virus strains and plants were
kindly donat§d by Dre. R.I.B. Francki, University of Adelaide,
South Australia, Viruses used throughout this thesis were
CMV (Q-strain), TkSV and TMV (Ul strain). Cucumber seedlings
(Cucumis sativus L. var °'Polaris') were germinated in a
glasshouse. Seven to ten days after planting the seed, the
cotyledons wvere lightly dusted with Carborundum powder and
infected by an inoculum (serial inoculation) prepared by
grinding infected plants with a small amount of vater in a
mortar and pestle., At intervals of three or four months
purified virus (g-CMV) was used as inoculum, Control plants
were rubbed with an homogenate prepared fram healthy plants,
however results obtained from these controls were identical
to untreated healthy plants. Plants wvere grown either under
glasshouse conditions or in a constant temperature rocm

(24 - 28%) using fluorescent lighting at an intensity of

100 - 150 ft-c for a 12 hour day. For assay of virus-induced
KNA polymerase, infected plants were harvesgted 7 - 13 days
after infection with CMV. 1In all, over 60,000 cucumber

plants were inoculated with plant viruses during the course
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of this project. Under our conditions, distinct symptoms
of CVMV appeared 7 -9 days after infection with CMV (see

Figure 1), The fact that there was a relationship between
CMV=-induced RNA polymerase activity and appearance of CMV
symptamg on the primary leaves of the cucumber plants,

allowed the selection of the best tissue for enzyme extraction.

TMV was similarly grown on tobacco plants.

3. Agsay of plant ribonuclease activity. The method vas

gimilar to that of Reddi (1966b) and involved the measurement
of the rate of hydrolysis of yeast RMNA to acid-insoluble
material at 37° and pk 7.2.

The plant extract (0.15 ml) was incubated at 370
for 25 min. with 1.35 ml of 0.3% (w/v) yeast kA, 0.1 M
Tris-HCl buffer pH 7.2. The reaction was stopped by chilling
in ice and then the addition of 0.5 ml of cold 3 N perchloric
acid. After thorough mixing, the suspension was allowed to
stand for & min. and the RNA precipitate removed by
centrifugation at 5,000 g for 10 min. To 0.25 ml of the
supernatant 4.0 ml of vater was added and the optical
density at 260 mp was measured. The enxyme extract wvas added
after the acid in the control experiment. Flant ribonuclease
activity was expreseed relative to that of pancreatic

ribonuclease.

4, Assay of R\MA polymerase activity. Enzyme assays were

based on the incorporation ofa -32P-labclled ribonucleoside
triphosphate into acid-insoluble material by a modification

of the procedure of Gilliland and Symons (1968). The
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standard enzyme assay medium contained in a final volume of
0.375 ml:

32? NTF (usually UTF or GTF unless

45 mumoles & -
stated; 5 - 8 x 103 cpm/assay).

240 mumoles of each of the thres unlabelled nucleoside
triphosphates (neutralised to
PH 8,0 with NaOH before addition
to the assay medium).
2,5 pg actinamycin D.
0.5 pmole FEP (K').
25 pg pyruvate kinase.
500 pg bovine serum albumin.
5.0 ’NOIQ KCl,
10.8 pmoles MgSO, (unless stated othervise; 29 mM).
9.0 pmoles 2-mercaptoethanol.
10.0 ymoles iWH,Cl.
12 ymoles Tris-HC1l buffer pH 8.5.
1.0 mg yeast RNA (unless stated othervige).
Flant protein (in 0.1 ml), the amount of protein
depending on the polymerase
preparation used; actual

amounts are quoted in the
text,

variations within the stated conditions are given
in the text. Assays were incubated at 37° for 30 min.
(unless stated otherwise) and the reaction wvas stopped by
chilling in ice. All assays were carried out in duplicate.
To each assay vas added 5.0 ml of an ice~cold solution
containing 5% trichloroacetic acid, 2% NaH,PO,, and 2% N’a4P207,
and the acid-insoluble material wvas filtered onto a glass
fibre disc (Whatman GF/A or GF/C, 2,5 cm in diameter) in a

Millipore apparatus, vhere it was slowly wvashed (S - 10 min.)
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with 120 m1l of the ice-cold acid solution. Residual
trichlorocacetic acid was removed by washing the glass-
fibre disc with 5.0 ml of cold ether. In assay mixtures
that contained added pancreatic ribonuclease or low levels
of added RNA (less than 1.0 mg/assay), 1.0 mg of yeast RNA
was added immediately before acid precipitation to ensure
complete recovery of the RNA product.

The ether washed disce were dried in an oven (100°
for 5 - 10 min.) and then counted in a frackard liquid
scintillation spectrameter. Zero time incubation mixtures
vere treated in the same manner for the estimation of blank

values wvhich were normally 30 - 60 amp per assay.

5. learest neighbour analysis of the KkiA polymerase product.

Usually for these analyses, assays were carried out with the
specific activity of the labelled substrate five times that

of the standard assay (i.e., about 2.5 x 106

cpm/assay).

The collection of the product on the glass fibre disc
involved a slower wash (30 min.) with acid solution (200 m1).
The glass-fibre discs with labelled product were covered with
1.5 ml of 0.3 N KCH and incubated in stoppered tubes at 37°
overnight to hydrolyse the KNA to 2°'(3*)-mononucleotides.
Fotassium ions were exchanged for ammonium ions by passing
the digest slowly through a column containing 2 - 3 grams of
Zeokarb 225 (iwH,'), which was then vashed with 6.0 ml of
water. The solution was taken to dryness on a rotary
evaporator, and the residue vas dissolved in a small volume
(0.25 m1) of 504 ethanol (v/v) - 1% NHqCH (w/v). Duplicate

samples were dried as bands 5 om wide on whatman 3 MM
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chromatography paper, and the four mononucleotides were
geparated by one-dimensional chramatography for 16 hours

in isopropanol - water - 25% (w/v) ammonia (7 5 2 1 1)
followed in the same direction, after drying the chromatogram,
by 24 hours in tertiary butanol-isobutyric acid-~water

(30 1 46 1 24) (made to pH 3.7 with 25% (w/v) ammonia and
containing 0.4 mM EDTA). Final R, values were:

2°(3*)=-GMF, 0.113 2°'(3°*)-UMP, 0.173 2°'°(3°')=-CMF, 0.24;
2*(3*')-AMF, 0.35. The labelled nucleotigns were located
under ultra-violet light, cut out, and counted in a Packard
liquid scintillation spectrometer., Yield of radioactivity
in the mononuclaotides was 75% of the radicactivity present
in the original RNA product, allowing for decay of the

32P-label wvhile employing this technique.

6. Isolation of the product of the RNA polymerase reaction.
After incubation, the reaction mixture containing the radio-

active product (5 - 20 times the normal assay size and about

2.5 x 10°

cpm of labelled substrate/assay) was shaken with
SbS (final concentration 0.5 - 1.0%) and Chelex resin
(ha¥, 50 mg/ml) (Feix et al., 1967). An equal volume Of
78% agqueous phenol was added, and the mixture was shaken
vigorously for 10 rin. After centrifugation at 5,000 g
for 10 min. the aqueous layer vas collected and most of
the phenol was removed by shaking with an equal volume of
ether, The ether-water mixture was centrifuged at 5,000 g
for 10 min. and the aqueocus layer was removed, and the KNA

was precipitated fram the aqueous layer by the additipn of

two volumes of ethanol. The precipitate was dissolved in
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0.15 M Nacl, 0,015 ¥ sodium citrate, pH 7.0 (SSC) and used
for the studies on the nature of the polymerase product.
Yield of labelled product was 50 - 70%.

7. Extraction of plant viral RiA. RNA was extracted from
CMV, TMV and TRSV by the following procedure, all steps

being performed at 4°. virus preparations (4.0 mg virus/ml)
in 50 mM Tris-HC1l buffer, pH 8.5, 0.5% SDS, were added to an
equal volume of B% aqueous phenol, and the mixture shaken
vigorously for 15min. After centrifugation at 5,000 g for
10 min., the agueous layer was re-extracted twice with an
equal volume of 78X% aqueous phenol. The aqueous layer, after
a total of three phenol extractions and centrifugations,

was shaken with an equal volume of ether. The vater-ether
mixture was centrifuged at 5,000 g for 10 min., the ether
layer was removed and the aqueous layer again shaken with an
equal volume of ether. Finally the aquecus layer was
adjusted to 0.05 i NaCl by the addition of concentrated naCl
solution and the XNA precipitated by the addition of two
volumes of ice-cold ethanol. The precipitate was dissolved
in 50 mM Tris-HC1, pi 8.5, and stored at -15°. The yield of

viral KNA was 45 - 50%.

8. Freparation of denatured DiA. A solution of native DNA
which had been dissolved in water (200 pg/ml, unless indicated

otherwvise) was heated in a sealed pyrex glass tube at 100°
for 15 min. then frozen in an ethanol-dry icemixture and

allowed to thaw.
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9., RNA estimations. RNA was determined spectrophotometrically
on the assumption that native RNA had an optical density at
260 mp of 24, at a concentration of 1.0 mg/ml. However,

RNA estimations were carried out on extracts of RNA polymerase
preparations (both healthy and infected plant extractions
contained material present wvhich affected RNA estimations by
optical density at 260 mp or oricinol reactions) by alkaline
hydrolysis (solution made 0.3 N KUH and left at 37° overnight)
followed by separation and estimation of the resultant 2°'(3*)-
mononucleotides by paper chromatography. The technique used
wvas similar to that described for the ‘Nearest-neighbour
analysis of the RNA polymerase product'. Thus, the overnight
digested plant material (1.0 ml of plant extract plus 0.5 ml
of 1.0 N KCH) was passed through a Zeocarb 225 (Nq;) column

(2 - 3 grams) and vashed with 6 ml of vater. The solution
was taken to dryness on a rotary evaporator, and the residue
was dissolved in 0,25 ml of 50% ethanol (v/v) - 1% ammonia
(w/v)e The sample was dried as a band 5 am long on Whatman

3 MM chramatography paper wvhich was run overnight in
isopropanol-water - 25% (w/v) ammonia (7 1 2 1 1) after

vhich the chromatogram was dried. The 2°' (3’ )-mononucleotides
were located under ultra-violet light as two faint spots
(incomplete separation of the four mononucleotides at this
step; see ‘learest-neighbour analysis of the KNA polymerase
product® for complete separation). The mononucleotides were
gut out and eluted overnight in 5.0 ml of 0.1 I HCl along
with the appropriate blanks. Estimation of the amount of

mononucleotide material was made on the assumption that



1 mg/ml of 2°'(3')-mononucleotides has an optical density

at 260 mp of 30.

10, Frotein estimations. Frotein was estimated by the
method of Lowry et al. (1951) using bovine serum albumin

as standard.

11, Scintillation fluid. This wvas a soluticn of 0.3% (w/v)
2,5, diphenyloxazole (PPU) and 0,035 (w/v) 1,4-big-2- (4-
methyl-5-phenyloxazolyl benzene) (dimethyl FUFCF) in toluene,
Both FFU and FOFUF were scintillation grade and were obtained

from Packard Instrument Co., lLaGrange, lllinois.

12, gEngyme units. A unit of RNA polymerase is defined as

32, _labelied

that amount which incorporated 1 pumole of @ -
ribonucleoside triphosphate into acid-insoluble material
per min. under the specified assay conditions. Specific
engzymatic activity is defined as units of enzyme activity

per milligram of plant protein.

In order to express total KhA polymerase activity,
the number of units per gram fresh weight of plants has been

used.



FIGURE 1. CUCUMBER MOSAIC VIKUS=INFECTION OF
CUCUMBER COTYLEDONS.

CMV infection produces a mosaic of
light green to yellowish en the primary leaves,
7 - % days after infection.

The photograph shovs a cucwaber
cotyledon (appreximately twice the actual sise)
nine days after infection.
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EXTRACTION CF A SCLUELE CUCUMBER MOSAIC VIRUS-INDUCE

aNA FCLYMERASE FROM INFECTED FPLANTS

INTRODUCT ION

Evidence presented by Gilliland and Symons (1968)
indicated that crude soluble extracts of cucumber cotyledons
infected with CMV contained a virus-induced RNA polymerase.
The work described in this chapter was primarily concerned
with improving the extraction and assay of the CMV-induced
RNA polymerase activity fram infected cucumbers. Before the
question of whether or not the CMV-induced RNA polymerase
was bound to a viral RNA template could be answered (as
propoeed by Gilliland and Symons, 1968 ), removal of
contaminating plant ribonucleases was considered necessary.
As a consequence of this work an improved extraction method
was developed which allowed the RNA polymerase to be purified
five~fold as well as being free of detectable plant ribonuclease

activity.

METHODS

1. EXTKACTICH METHCD A. LFreparation of crude engyme extracts
used by Gilliland d symons (1968)). All opaerations

were performed at 4°, Homogenates were prepared by grinding
Realthy or infected plants ( 7 - 13 days after infection) in
a mortar and pestle; for each gram fresh weight of tissue,
2.0 ml of the following extraction buffer ﬁas added before

grinding; 1.6% yeast RNA, S mM MgSCe 50 mM Tris-HCl buffer
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PH 8.5. The homogenates were strained through cheesecloth
and centrifuged at 10,000 g for 10 min.; the supernatant
was used for the RNA polymerase assay. This crude extract
containined 5.5 - 8.0 mg of protein per ml and 0.2 - 0.35 ng

of plant ribonuclease activity per ml.

2. EXTRACTION METHOD B. Freparation of modified crude
enryme extracts. The modified crude enzyme extracts

were prepared essentially as described for EXTRACTION METHOD
A except that 90 mM 2-mercaptoethanol and 100 mM KH,C1

replaced the 1.6% yeast RNA in the extraction medium.

3. EXTRACTION METHOD C. Preparation of partly purified
engyme extracts. All operations were performed at 4°,

Homogenates were prepared by grinding healthy or infected
plants (7 - 13 days after infection) in a mortar and pestle;
for each gram fresh weight of tissue, 2.0 ml of the following
extraction buffer was added before grindings; 50% saturated
(NH4)2504. 100 mM NH4C1. 90 mM 2-mercaptoethanol, 50 mM
Trig-HC1 buffer pH 8.5, The homogenate was aqueezed through
a fine nylon cloth and centrifuged at 25,000 g for 10 min.
The pellet was then resuspended in twice the original volume
of extraction buffer and centrifuged at 25,000 g for 10 min.
The pellet was then resuspended in the original volume of
extraction buffer without (NH4)2804, and the suspension wvas
centrifuged at 25,000 g for 10 min. The supernatant vas
used for assay Oof RNA polymerase activity in extracts of
jnfected cucumbers and contained 1.0 - 2.0 mg of protein per
ml and negligible plant ribonuclease activity. Both healthy

and infected plant extracts contained 50 - 80 ng of RNA
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per ml1 (100 - 160 pg RNA/gram fresh weight of plants).

4. Assay of RNA polymerase activity. As previously
described in Chapter 1, using 10.8 pmoles MgSO4/h-say
(29 mM), 1.0 or 1.6 mg of added yeast RNA (as stated) and

UTP-22F as the labelled substrate.

RESULTS

l. Effect of yeast kiNA, 2-mercaptoethanol and WH.Cl in the
extraction medium on the activity of soluble kiiA polymerase

crude ex ts of health d _jinfected plants. Gilliland
and Symons (1968) have shown that, for detection of RNA
polymerase activity in crude extracts of CMV-infected
cucumber cotyledons, it was essential to add yeast RNA
(1.6%) during the homogenisation of the tissue (see also
EXTRACTION METHCD A)3 the role of the yeast Ri\A was presumed
to counteract the effect of plant ribonucleases (see also
Cocucci and sturani, 1966)., Thus, before purification of the
virus-induced KNA polymerase was attempted, the conditions
of extraction of the KNA polymerase as described by Gilliland
and Symons (19683 see EXTRACTION METHUD A) were investigated
with the aim of increasing the activity of the enzyme in
crude extracts, and of the elimination of the requirement
for yeast RNA in the extraction medium.

The effects on XNA polymerase activity in crude
extracts of the addition of 1.6% yeast RNA, 90 mM 2-mercapto-
ethanol and 100 mM NH,Cl to a basic extraction medium of
5 mM MgsC,, 50 mM Tris-HC1l buffer pH 8.5, are shown in

Table 2. (whenever yeast KNA was not present in the
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extraction medium, it was essgential to add it to the enzyme
assay otherwise no activity was obtained under the stated
assay conditions.) The results show that mercaptoethanol
and NH,C1 increased the activity in crude extracts of
infected plants prepared in the presence of yeast RNA, and
there was little effect on the low activity found in extracts
of healthy plants. When no yeast KiA wvas added to the basic
Tris-HCl-Mg504 buffer, no virus-induced RNA polymerase
activity was found, in agreement with the previocus results
of Gilliland and Symons (1968). However, activity wvas found
wvhen either mercaptocethanol or Nu4c1 wvas added and there was
further stimulation when both were added together (Table 2).
Maximum activity was obtained in the presence of all three
compounds, i.e., yeast RNA, 2-mercaptoethanol and NH4C1.

The nature of the protective effect of yeast RKNA
on RNA polymerase activity is not known. Since mercaptoethanol
and NH,Cl could replace yeast RNA in the crude extracts (see
EXTRACTION METHOD B), and it was also found that these two
compounds had negligible effect on plant ribonuclease
activity, theprotective action of yeast RNA cannot be due to
some effect on ribonuclease activity as Gilliland and Symons

{(1968) proposed.

2, Fartial purification of soluble CMV-induced RKNA polymerase
1l of plant bonucle s. before the question of

whether or not the CMV-induced RNA polymerase was bound to
a viral RNA template (as proposed by Gilliland and Symons,

1968 ), removal of contaminating plant ribonucleases vas
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considered necessary, in addition to removal of the need

for added yeast RNA in the extraction medium. Fortunately,
cucumber ribonucleases were found to be soluble in 50%
saturated (NH4)ZSO4 (see also Reddi, 1966b) while the CMV-
induced KNA polymerase was insoluble. Eventually, the method
developed (see EXTRACTION METHOD C) was to extract the

plant tissue twvice with extraction medium made 50%

saturated with (NH,),S04 in order to remove plant ribonucleases
before the solubilisation of the KNA polymerase. This method
allowed the RNA polymerase to be purified five-fold relative
to the specific activity of a crude homogenate with a
recovery of 50% and with greater than 99% removal of plant
ribonuclease activity. Such a preparation will be referred
to throughout this thesis as the partly purified RNA
polymerase extract. The alternative approach of extraction
of the RNA polymerase into crude extracts (by EXTRACTION
METHOD B) followed by its precipitation with 50% saturated
(NH4)2804 removed only 75 - 85% of the plant ribonuclease
activity, with only a two-fold purification of the RNA
polymerase activity. ‘

However, an important feature to note was the fact
that yeast RNA (1.0 mg) must still be added to the assay
medium, in order to detect the CMV-induced RNA polymerase
activity, even though it can be amitted during the

extraction procedure.
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3. Letection of soluble CMV-induced RNA polymerase activity
in various host plants. Having developed a procedure for
the extraction of viral-induced RNA polymerase activity

free of contaminating ribonuclease activity, it was
considered important to determine whether other host planta
infected with CMV contained this activity. Table 3 shows
the RNA polymerase activity detected in partly purified
extracts of CMV-infected plants. Extracts fram CMV-infected
cucumbers or rockmelons contained the greatest amount of
detectable RNA polyrmerase activity. Cther infected plant
(all plants developed -ynpﬁon- of CMV) extracts investigated
contained legs than 10% of the CMV-induced KNA polymerase
activity found in infected cucumber extracts. The source

of viral-induced RNA polymerase for the work described in
several chapters of this thesis wvas partly purified extracts

of cucumbers infected with cucumber mosaic virus.

4, Effect of CMv-infection on the activity of soluble

RIA polymerase in partly purified extracts of cucumber
cotyledong. The results presented in Figure 2 show the

partly purified RNA polymerase activity in the same batch of
healthy and CMV-infected cucumber cotyledons as a function
of time after infection. There was a significant increase
in activity above the control level on the third day after
infection. The activity of the extracts from healthy plants
rose to a plateau level about nine days after infection,
wvhile negligible activity was obtained with the healthy
plant extracts over the same period of time. Infected

pPlants wvere harvested 7 - 13 days after CMV infection for
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all subeeqguent work.

DISCUSSION

A central feature throughout the work described
in this thesis was the problem as to whether the CMV-induced
RNA polymerase existed bound to viral RNA template (an
enzyme-viral RNA complex) or free of bound viral RNA,
Freviously the CMV-induced RNA polymerase activity was only
detectable when yeast RMA (1.6%) was included in the
extraction medium (Gilliland and Symons, 1968)s3 thus
interpretation of results as tc whether the polymerase was
indeed bound or not to an RNA template was particularly
difficult, However, the need for the presence of yeaast RNA
in the extraction medium was abolished by the addition of
2-mercaptoethancl and NH,Cl to the extraction medium,
As these two compounds had little effect on plant
ribonuclease activity it was unlikely that added yeast
RNA was protecting an enzyme-RiNA complex from plant
ribonuclease degradation, a role proposed by Gilliland
and Symons (1968). The extraction of CMV-induced RNA
polymerase was further impfovod by the addition of 50%
saturated (NH4)2504 to the extraction medium. This enabled
the CMV-induced RNA polymerase activity to be separated
from the plant ribonuclease activity. Thus a preparation
of CMV-induced RNA polymerase free of added yeast KNA and
plant ribonuclease vas developed. However, in order to
detect CMV-induced RNA polymerase activity under the
stated conditions it was necessary to include yeast RNA
in the assay medium (1.0 or 1.6 mg/assay heve both been used
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in this chapter). This phenomenon will be discussed further
in the following chapter.

Applying the new extraction method (EXTRACTION
METHOD C; see Methods) to several CMvV-infected plant tissues
it wva= found that the best source of detectable CMV-induced
KNA polymerase was extracts of infected cucumbers (day 7 -
13 after infection). However, 60% of the maximum activity
present in CMV-infected cucumber extracts was found in
extracts of infected rockmelons, a plant closely related
to cucimbers. One puzzling feature was the fact that
almost negligible levels of RNA polymerase activity were
found in CMV-infected plants other than cucumbers and
rockmelons, a feature which still remains unresolved.
CMV-infected Nicotiana tobacum and glutinosa plants have
been checked several times for CMV-induced RNA polymerase
activity over a period of twvo - three years with the same

negative result.



TABLE 21 EFFECT OF 2-MERCAFTOETHANCL AND NH,Cl THE
EXTRACTICN MEDI ON _SOLUBLE RNA PO
ACTIVITY IN CRUDE EXTRACTS OF CUCUMBERS

INFECTED WITH CUCUMBER MOSAIC VIRUS

Specific engymatic activityb

a
Extraction medium Healthy plants Infected plants

Yeast RNA 0.4 3.3
+ 2-mercaptoethanol 1.2 10.6
+ NH4C1 0.3 6.7
N ggajzicaptoethanol and 0.8 12.6
No yeast RNA 0.4 0.6
+ 2-mercaptoethanol 0.6 2,5
+ NH4CI 0.6 2.0
N g;;:Eicaptoethanol and 0.7 7.0

8The crude engyme extracts wvere prepared using an extraction
medium containing 50 miM Tris-HCl buffer pH B85, 5 mM MgSU,e
with or without the following additions: 1.6% yeast RNA,

90 mM Z2-mercaptoethanol, 100 mM Nuqcl.

Prhe extract vas assayed as described in Methods with UTP-32P

as the labelled substrate, Yeast RNA (1.6 mg) was added to
the assay medium wvhen not present in the extraction medium.

Specific engx?atic activity: up moles of labelled nucleoside
triphosphate incorporated per min. per milligram of plant
protein under the defined assay conditions.



TABLE 3: DETECTION OF SOLUBLE CUCUMBER MOSAIC VIRUS-

INDUCED RNA POLYMERASE ACTIVITY IN VARIOQUS HOST
PLANT EXTRACTS

specific enzymatic activity

Host plant Healthy plants Infected plants
CUCURBITACEAE®
Cucumber 0.8 22,0
Rockmelon 0.7 13.4
Pumpkin 1.0 2.3
Marrow 0.9 2.2
Momordica charantia 0.9 2.1
watermelon® 1.0 1.9
SOLANACEAE®
Nicotiana clevlandii 1.3 2.2
Nicotiana glutinosa 1.1 2.0
Nicotiana tabacum 0.9 1.8
batura stramoniumb 1.7 2,3
capsicum frutescensb 1.0 0.9
SCROPHULARIACEAE®
Antirrhinum ma jus 0.4 0.4

aThe Family to which the plants belong.

bExtraction method removed less than 25% of the total plant

ribonuclease activity.

Partly purified RIA polymerase extracts of all the CMV-infected
host plants indicated (harvested 7159 days afterinfection) were
prepared by EXTRACTION METHUD C and contain 0.8 - 1.5 mg of prot-
ein/ml.» and negligible plant ribonuclease activity (unless
indicated). Assays were performed as described in Methods 12
with 1,0 mg of yeast RNA added to the assay medium and UTF-""F

as the labelled substrate.



FIGURE 21 EFFECT OF CUCUMBER MOSAIC VIRUS ILinFECTIGN
Gy_THE ACTIVITY OF SOLUBLE RNA POLYMERASE
IN PARTLY PURIFIED EXTRACTS OF CUCUMBER
COTYLEDONS

Partly purified RNA polymerase extracts
were prepared by EXTRACTION ME:THCD C from CMV-
infected cucumbers. Assays were performed as
described in Methods with 1.0 mg of yeast RNA added

to the assay medium.
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CHAPTER TH:EE

PROFEKRTIES OF A SULUBLE PARTLY PURIFIED PLANT VIRUS=INDUCED

KNA FPOLYMERASE FROM CUCUMBER COTYLEDCGNS INFECTED

WIiTH CUCUMBEK MOSAIC VIKUS




oy y,@i’%:

S3.

ERGPERTIES CF A SULUBLE PARTLY PURIFIED FPLANT VIRUS=ILiUDUCED

KA PCLYMERASE FROM CUCUMBER COTYLEDGNS LNFECTED

WITH CUCUMBER MCSAIC VIRUS

INTRODUCT I Ui

The properties of the partly purified CMV-induced
RsA polymerase (prepared from infected cucumber cotyledons
by EXTRACTION METHOD C described in the previous chapter)
are presented in this chapter. The results show that the CMv=-
induced RNA polymerase copied any RiA supplied to it in the
assay medium and that it was not bound to viral kiiAe« This
enzyme system contrasted to that found in cell-free
particulate fractions isclated from Chinese cabbage leaves
infected with turnip yellow mosaic virus (TYMV)(Bové, 1967a, b;
Kkalph and wojcik, 1966a), bromegrass mosaic virus (8MV)-
infected barley leaves (Semal and Hamilton, 1968; Semal and
Kummert, 1970), tobacco mosaic virus (TMV)-infected tobacco
leaves (rRalph and wojcik, 1969), broad bean mosaic virus
(BBMV)=infected broad bean leaves (Semal, 1969%a), alfalfa
mosaic virus (AMV)-infected tobacco leaves (Semal, 1969b)
and cowpea chlorotic mottle virus (CCMV)-infected cowpeas
(semal, 1969b), where the KkiiA polymerase vwas presumably
present as a particulate, enzyme-viral RJ/A complex.

Throughout this chapter, unless otherwise stated,
CMV=-induced Ri{A polymerase activity present in the partly
purified cucumber extracte was detected by the addition of

1.0 mg of yeast RivA to the assay medium. when yeast xivA
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(vhich is shown to act as a template) vas omitted from
the defined assay medium (containing 29 mM MgSC.s see also

Chapter 8), no RNA polymerase activity was detected.

ATERIALS AND METHOL
1. Materials. General materials were previously described
in Chapter 1. Liposmide dehydrogenase, prepared from pig
heart by the method of Maasey (1960), was kindly donated
by the late Frofessor M.R. Atkinson, Flinders University,
South Australia. Rifampicin wvas obtained from Mann xessarch

Laboratories, New York.

2. Preparation of partly purified A polymerase extracts.
Extracts were preparsd from CMV-infected cucumbers 7 - 13

days after infection by EXTRACTIUN METHOL C described in

the previous chapter.

3. Aseay of RNA polymerase activity. As previcusly described
in Chapter 1, using 10.8 pmoles quo‘./anuy (29 mM), 1.0 mg
32 32,

of yeast RNA (unless stated otherwise) and UTP-""FP (or GTP=""F
wvhere stated only) as the labelled nucleoside triphosphate.
Partly purified RNA polymerase preparations usually incorporated

750 - 2,000 cpm of labelled nucleotide under the standard conditions.

4, hearest-neighbour analysis of the RU'A polymerase products
As previously described in Chapter 1.
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RE§QLTS
1. General properties of the soluble CMV-induced RNA
polymerase

(a) stability of the RNA polymerase preparation. The
partly purified CMvV-induced RNA polymerase preparation was

found to retain 80% of its activity at 4° (in ice) after
five hours but all detectable activity was loat overnight
at 4° or -15°. The stability of the enzyme was increased
by the addition of 5 - 10% sucrose to the preparation,

as 50% of the original activity was detected after storing
one week at -2°. For longer storage, however, the enzyme
wvas stored at -152 in 50x glycerol, where 60% of the
original activity was detectable after one month. In all
work described, partly purified RNA polymerase extracts

were prepared each day, and were not stored.

(b) The effect of temperature and time of incubation.

The results presented in Figure 3 show that the activity of

the KNA polymerase was optimal at 37° and that the incorporation
of labelled substrate into product was linear at this temperature
for at least 60 min. An unusual feature of these results wvas

the very low level of activity of kiA bolymeraae at 20° as

compared to that of 30°. The reason for this is not known.

(c) The effect of concentration of substrate and added

i{NA. Apparent km values of 0.041 md and 0.062 mM for UTF and
GTP as the labelled substrate, respectively, were determined
from Lineweaver-Burk plots of the results of Figure 4A,

The RhA polymerase assay medium used in all subsequent work
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described in this thesis contained 0.12 mM labelled nucleoside
triphosphate (45 mumoles/assay) and 0.64 mM unlabelled
nucleoside triphosphates (240 mumoles/assay).

RNA polymerase activity wvas also followed using
various concentrations of RNA from three sources., Figure 4B
shows that the assay system was saturated at a concentration
of 1.0 mg per assay for yeast—RNA and 0.25 mg per assay for
yeast transfer KNA and TYMV-KNA, under the stated assay
conditions. At all concentrations, yeast kikA gave the highest

activity.

(@) The effect of pH of the assay medium. The RNA

polymerase activity detected in the presence of yeast RNA
in the assay medium was optimal over a broad range of pPH
(7.5 - 8.8) but the activity greatly decreased below pH 7.0.
In all work described@ the RNA polymerase activity was

extracted and assayed at pH 8.5.

(e) The effect of various ions in the assay medium.

Detection of CMV-induced hlI\A polymerase activity was completely
dependent on magnesium ions in the assay medium, omission of
these resulted in camplete loss of RMNA polymerase activity

(see also Figure 17, Chapter 8). The magnesium ions (29 mMj;
10.8 pmoles MgSO4/asaay) could not be replaced by the other

2 2+ 2+ 2

divalent ions (Mn2+. ca‘*; 0 - 13 mM3 wni°T, U, Zn *s

0 - 2 mM) in the assay medium, as no RNA polymerase activity

could be detected. Further, the addition of Mn’*, ca?* or

Cuz+ (1 - 5mM) to an assay medium containing 29 mM MgS0,
resulted in complete loes of CMv-induced KNA polymerase

. . o+
activity. In contrast, hH, or k¥ ions over the roncentration
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range of 0 - 54 mM in the assay medium had negligible
effect on the RNA polymerase activity.

(f) The effect of rifampicin in the assay medium.

kifampicin is an antibiotic which has been found to halt
bacterial ONA-dependent KNA polymerase activity in vitro by
binding to the enzyme and wvas effective at a concentration
of 0,1 -~ 0.2 ng/ml (Hartmann et al., 1967; Bandle and
weissmann, 1970). This antibiotic had no effect on
mammalian DhA-dependent KNA polymerase and its effect on
plant DNA-dependent RNA polymerase has not been reported,
although it is believed to stop the chloroplast DNA-dopendm.zt
RNA polymerase of Chlamydomonas reinhardi (surzycki, 1969).
However, this antibiotic was found to have no effect on the
CMV=-induced KNA polymerase activity even at concentrations

as high at 20 png/mil.

(g) hucleoside triphosphate recuirements of the assay
system., The dependence of the measurement of KNA polymerase

activity on the presence of all four triphosphates using
either labelled UTF or GTF was investigated by omitting either
one or three of the unlabelled triphosphatez from the assay
medium., For assays with labelled GTF, there wvas considerable
dependence of the RNA polymerase activity on the presence

of all four triphosphates for extracts of infected plants.
For assays using UTF as the labelled substrate there wvas
less dependence on the presence of all four triphosphates
than in the case for labelled GTF assays (Table 4). This
decreased dependence vas most likely related to results
obtained for healthy plants that showed appreciable increase
in apparent RNA polymerase activity in the absence of CTP
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(either alone or with the omission of the other two

unlabelled triphosphates; see also Gilliland and Symons,
1968). This effect has not been investigated further; but
it can be explained by a terminal incorporation of UTF into
transfer RNA (see also Chapter 8) which is inhibited by CTf3
such an effect has been reported for a rat liver enzyme by

Daniel and Littauer (1963).

(h) The effect of various added DhA and RIA samples.
Since the presence of yeast RNA was required in the assay

medium (but not in the extraction medium), other polynucleotides
were tested to see if they could be substituted for yeast KNA.
when salmon DNA was added to the assay medium, the KNA
polymerase activity vas sensitive to actinomycin D (DNA~-
dependent RNA polymerase activity), but this was found to be
present in partly purified extracts of both healthy and
infected plants (Table 5). In contrast, vhen yeast RnhA was
added to the assay medium, RNA-dependent RhNA polymerase
activity was detected only in virus-infected plant extracts
and vas insengitive to actinomycin D. Plant viral RNA vas
found to give the same (TMV~RNA) or less (CMV-RNA and TYMV-RNA)
RNA-dependent RNA polymerase activity than yeast RNA vhen
added to the assay system, at the same concentration
(Table 5) and under the assay conditions defined.

Thus, the KNA-dependent RNA polymerase activity
vas present only in virus-infected plant extracts and this
activity wvas only detected wvhen KNA vas present in the assay

“dim .
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2. Evidence that the soluble RNA polymerase does not contain

yiral iNA but does require added KNA as tewplate. As the A

polymerase activity wvas only obtained when ivA wvas present in

the assay medium, it was necessary to determine whether the KNA
added vas acting as a template for the RNA polymerase Or vas
protecting an enzyme-viral RNA complex, a role originally
proposed for the added RNA by Gilliland and Symons (1968).
(a) T™he effect of synthetic polynucleotides. Iif the
added RNA wvas protecting an enzyme-viral ENA camplex, then
polyU, polyC and yeast RNA should all cause a similar
incorporation of UTP—32 P, G‘!‘P—:’ZP and A'I'P-3H into the
product of the RNA polymerase reaction. However, if the
added RNA acted as a template, then RNA polymerase would
only be detected vhen complementary base pairing between the
added RNA and the labelled substrate wvas possible. Thus,

32

GTP=-""P incorporation into acid-insoluble material would only

3

occur with polyC and yeast RnA as templates, ATP-"H with polyU

and yeast ANA and UTP-3%

P with only yeast RNA., Table 6 shows
that KNA polymerase activity was detected only when complementary
base pairing between the added RNA and the labelled substrate
vas possible (see also Chapter 8); hence the results indicate
that the added polynucleotides were acting as templates

and were not protecting an enzyme-viral RNA complex. FolyA

vas not used in this work because of its insolubility under

the stated assay conditions. 1lLow and variable specific
activities with no added RNA template to the assay were again

detected.
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(b) Nearest-neighbour analysis of the RiA polymerase

product. Two templates, yeast KNA and TYMV-iivA, which vary
markedly in their base ratios, were umed in the assay medium

32P or GTP-32P as the labelled substrate.

wvith either UTE-
Nearest-neighbour analyses (Table 7) showed that the products
vere gquite different when these templates were used., After
alkaline degradation of the products obtained using TYMV-RNA
and yeast RNA, 43% and 20%, respectively, of the total
radioactivity incorporated was found aas 2'(3°')-GMF. These
values are indicative of the added RNA template where TYMv-
RNA has a molar ratio of 38.6x CMP (Symons et al., 1963) and
Yeast RNA a molar ratio of 20% CMF (Crestfield et al., 1955).
Thus, nearest-neighbour analysis alsc indicated that the CMv-

induced KNA polymerase copied the added template.

(c) Resistance of the RIVA polymerase to preincubation with
pancreatic ribonucleage. Freincubation of the partly purified

plant extract with pancreatic ribonuclease (1 or 5 ng/ml) at 37°
for 10 minutes had no effect on subsequent RNA polymerase
activity assayed after the removal of added ribonuclease.

This experiment wvas possible because it was found that 98% of
the added ribonuclease, which interfered with the assay (see
next chapter), was soluble wvhen the RNA polymerase was
precipitated in 50« saturated (NH4)2SU4. This experiment
shoved that the enzyme was not dependent on ribonuclease-
accessible RNA in the enzyme preparation, but it does not
exclude the possibility of non-accessible or ribonuclease-

resistant RNA bound to the enzyme.
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(d) sedimentation analysis of the RNA polymerase. The
RNA polymerase wvas centrifuged through a 5§ - 20% sucrose

gradient (Figure S), using pig heart lipoamide dehydrogenase
as marker, to obtain an estimate of the molecular weight.
Using the equation of Martin and Ames (1961) and taking the
molecular weight of pig heart lipoamide dehydrogenase as
100,000 (Massey et al., 1962) the molacular weight of the KNA
polymerase was calculated toc be 123,000. From similar sucrose
gradient results using catalase (mol. wt. 250,000) and
haemoglobin (mol. wt. 68,000) as markers, the molecular weight
vas estimated to lie between 120,000 and 130,000. These
results indicated that the RKNA polymerase vas not associated
wvith a viral KNA template (mol, wt. 1 x 106) and that it was
unlikely to contain RNA of any significant size.

The molecular weight obtained for this plant virus-
induced enzyme is close to that found under similar conditions
for the RNA-free RNA replicase of Qf phage-infected . coli
(Eixhom and Spiegelman, 1967), However, the latter enzyme
(isolated by the method of Face gt al., 1968) is composed of
tvo separable subunits of molecular weights 80,000 and 130,000.
The possibility that the KNA polymerase studied here consists

of more than one subunit is considered throughout this work.
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DISCUSSIUN

The results presented above have indicated that the
soluble CMV-induced KNA polymerase activity found in partly
purified extracts of infected cucumbers, was not assoclated
with a viral RNA template. The RNA polymerase was found to
copy ssveral RNA templates by complementary base pairing.
These results were in contrast to several other cell-free
plant systemg wvhere the virus-induced RNA polymerase was
particulate and presumably present as an engyme-viral RNA
camplex (Bove, 1967a,b,c) Semal and Hamilton, 1968). The
RNA polymerase studied here had several properties similar to
the RNA polymerase found in a non-permissive strain of E. coli
infected wvith an amber mutant of the bacteriophage £2
(August et al., 1965; shapiro and August, 1965; see also the
Introduction of this thesia). The activity of the RXNA polymerade
extracted from these two sources was sensitive to pancreatic
ribonuclease, zinc or manganese ions in the assay medium but
ineenaitive to actinomycin D. Both enzymes copied a variety
of RNA templates supplied, however, synthetic polynucleotides
could only serve as a template for the CMV-induced KNA
polymerase (discussed further in Chapter 8) as they were not
copied by the f2-induced RNA polymerase.



TABLE 43

specific enzymatic activity

System Healthy plants infected plants

UTP—32P GTP-32P UTP—32P GTP—azP

Complete 0.4 0.1 15.4 19.4
~ ATP 0.0 0.0 1.8 0.4
- GTP 0.6 - 2.0 -
- CTP 6.0 1.0 12.1 0.3
- UTP - 0.0 - l.4
- ATP, - UTF, = CTP - 0.2 - 0.2
- ATP, = GTE, = CTF 5,2 - 5.5 -
32

RNA polymerase assays were carried out, with either UTP-""F
or GTP-32F as the labelled nucleoside triphosphate substrate,
as described in Materials and Methods and in the presence of
1.0 mg of added yeast RNA.
specific enzymatic activitys ppmoles of labelled nucleoside
triphosphate converted to acid-insoluble material per min. per
milligram of plant protein under the defined assay conditions.



TABLE 53

EFFECT CF VARICUS DNA AND RNA SAMFLES ON SOLUBLE

RNA POLYMERASE ACTIVITY IN PAKTLY PURIFIED

EXTRACTS OF HEALTHY AND CUCUMBER MUSAIC VIRUS

AINFECTED CUCUMBERS

LivA Or KNA added

Specific enzymatic activity

ﬁﬁ?t. (250 pg/assay) Healthy plants Infected plants

1. None 0.8 2.6
Yeast RNA 0.3 16.8
Yeast transfer RNA 0,8 6.0
Hative salmon DRNA 0.0 2.4
Native salmon DNA
(minus actinomycin L) 3.3 4.6
bDenatured salmon DNA 0.8 1.7

2. one - 1.0
Yeast RNA - 18,1
TYMV=IUA - 9.0
CMV=iUiA = 13.4
TMV=RNA - 20.0

Fartly purified enzyme extracts wvere prepared(by

EXTRACTION METHCD C) and RNA polymerase activity vas

meagsured as descrided in Materials and Methods, using UTP-

as the labelled substrate; but the 1.0 mg of yeast RNA added
as template to each assay vas replaced by various DNA and RNA

samples (250 pg/assay).



TABLE 6, EFFECT OF YEAST RNA AND SYNTHETIC FOLYNUCLECOUTIDES ON
SOLUBLE RNA POLYMEKASE ACTIVITY IN PARKTLY FURIFIED

OF CU MOSAIC VIRUS-INFECTED

Ci LR
RKA or polynucleoctide Specific enzymatic activity
250 assay) 3 32,
(250 ng/assay GTP=%p UTP-3%§ ATP=3H
None 0.3 1.7 le8
Yeast RNA 13.4 19.6 17.8
FolyU 0.0 0.1 8.0
rolycC 13.4 0.0 0.0

The KNA polymerase was assayed as described in Materials
and Methods, except that yeast RNA and polynucleotide were
present at 250 png/assay. In all cases the three unlabelled
nucleoside triphosphates were present in the assay medium
with the labelled nucleoside triphosphate.



TABLE 7. NEAREST=NEIGHBOUR ANALYSIS OF THE SOLUBLE RNA

POLYME i FRODUCT FURMED Il THE FRESENCE

OF_TWU RNA TEMPLATES

Isolated 2°*(3' )-mononucleotides

Labelled (% of total radicactivity)
‘T.mplltﬂ Substrate
AMP CMP GMP UME
Yeast RINA UTP-32p 24.3 24.9 17.8 33.0
GTP=32p 28.5  23.0 24.0 24.5
TYMV~RNA uTE=3%p 19.9  15.8 43,2 21.1

Each eatimation was carried out twice on three partly
purified enzyme preparations. The products were formed in
the assay medium described in Materials and Methods with
1.0 mgcf either yeast KNA or TYMV-RNA., Values quoted are the
mean percent of the total radiocactivity, the standard error
of the mean never being greater than ¢ 0.5,



FIGURE 3. THE EFFECT OF TEMPERATURE AND TIME CF

INCUBATION ON SOLUBLE RNA POLYMERASE
ACTIVITY IN PARTLY PURIFIED EXTRACTS OF

CUCUMBEER MOSAIC VIRUS=INFECTED

CUCUMBERS

The partly purified RNA polymerase
preparation wvas assayed as described in Materials
and Methods, using yeast RNA (1.0 mg) as the added
RNA, but the time of incubation vas varied from O -
90 min. and the temperature from 20 - 45°, using
0.15 mg of plant protein per assay.
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IGURE 5! EFFECT OF CONCENTRATION OF LABeLLel

SUBSTRATE AND CF RNA ON THE SOLUSBLE RNA
POLYMERASE ACTIVITY Iix FARTLY PURIFIED

EXT. S _OF CUCUMEER MU C VIRUS=

The RNA polymerase assays were carried
out as described in Materials and Methods, using
0.13 mg of plant protein and 240 umoles of each of
the unlabelled nucleoside triphosphates per assay
vith the modifications as shown, and with 1.0 mg of
yeast RNA as template for Fart A. Incubation at
37° for 30 min.
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FIGURE 51 SEJDIMENTATION ANALYSIS OF THE SOLUBLE
FARTLY FURIFIED RNA POLYMERASE

Fartly purified enzyme (1.0 mg of plant
protein in 0.2 ml; four-five fold more concentrated
than normally used in RNA polymerase assays) was
centrifuged through a 4.4 ml gradient of 5 - 20%
sucrose in 0.1 M KNHCl, 90 mM 2-mercaptoethanol,

5 mM MgSC,, 50 mM Tris-HC1l buffer pH 8.5, in a
Beckman SW39 rotor at 33,000 rpm for 15 hours at 3°,
Two drop fractions (0.085 ml) were collected from the
bottom of the cellulose nitrate tube and alternate
fractions assayed for RNA polymerase activity (see
Materials and Methods) or for lipoamide

dehydrogenase activity by following the oxidation

of NADH by dl=-1ipoic acid spectrophotametrically at
340 mp as described by Massey et al. (1962). Recovery
of the RiA polymerase activity (kNA polymerase assayed
in the presence of 1.0 mg of yeast RNA) was 96%.
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CHAPTER POUR

THE NATURE OF TiHe FRUDUCT OF THE SOLUBLE
PARTLY PFURIFIED CUCUMBER MUS
FOLYMERASE

LC_VIRUS=-1IWUCED RNA
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THE NATURE OF THE FRODUCT Cf THE SULUBLE

FARTLY PURIFIED CUCUMBER MOSAIC VIRUS=INDUCED

KAA PULYMERASE

L TRODUCT 10k

The characterisation of the product of th: soluble
RNA polymerase reaction comprised part of an attempt to further
understand the role of the CMV-induced RNA polymerase activity
detected in partly purified extracts of infected cucumbers,
in the replication of viral kiA in vivo. As yet only the
phage (QB=-induced RNA replicase has been found to produce a
single-stranded A species when provided with viral KiA
template and the four triphosphates (discussed in the
Introduction). Other viral polymerase systems almost invariably
produced double-stranded, pancreatic ribonuclease-resistant
products. Such ribonuclease-resistant structures were the
products of other plant viral-induced Rri-A polymerases and
had a sedimentation coefficient near 15s(Bové et al.,, 1968;
Semal and Hamilton, 1968). Thus the nature of the product of
the soluble CMV-induced &i:A polymerase, when supplied with
either yeast or CMV-Ri\A template, was investigated with respect

to size and resistance to pancreatic ribonuclease.
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MLETHODS

1, Assay of KNA polymerase activity. Assays were carried

out as described in Chapter 1 with either yeast kA (1.0 mg/
assay) or CMVeikiiA (120 pg/assay) as the added template and
UTP-32E as the labelled nucleoside triphosphate substrate.
rFartly purified soluble RNA polymerase (prepared by

EXTRACTION METHUD C) was used in all assays.

2, 1solation of the product of the soluble XA pc y/merase
reaction. This was carried out as previously described in

Chapter 1.

RESULTS

1. The effect of pancreatic ribonuclease on the formation

of the product. Total product formed declined with increase
of pancreatic ribonuclease concentration (Figure 6). This
effect was probably due to the degradation of the added
template KA (yeast i/A) since most of the product was
registant to further digestion with pancreatic ribonuclease

(Figure 6; see also below).

2. Resistance of the product to pancreatic ribonuclease.
when either viral KMA (CMV=KMNA) or yeast kiA (50 pg or more)

was uged as a template for the XA polymerase, more than 80%
of the product was found to be resistant to digestion by
pancreatic ribonuclease (5 - 100 pg/ml at 379 for 30 min.)
either before or after deproteinisation of the medium (Figure

7)s This resistance to ribonuclease jhdicated the presence of
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a double-stranded RNA structure. Similar results have
been reported for the product of the TYMV-induced KiA
polymerase reaction (Bové et al., 1968), which was resistant
(90%) to pancreatic ribonuclease both before and after

phenol extraction.

3. Thermal transition temperature (Tm) of the phenol-extracted
RNA polymerase product. Estimation of the thermal transition

temperature (Tm) of the phenol-estracted product (fonued in the
presence of yeast Ri‘A template) could be achieved only if the
product was first digested with pancreatic ribonuclease

(12 pg/ml) to give a 'ribonuclease resistant structure®

(about 80% of the original product) and this gave a Im of

92° in ssc (Figure 8). xemoval of the pancreatic ribonuclease
used in this treatment by a further deproteinisation with
phenol, failed to alter the Tm of the product. An estimation
of the Tm of the product not pretreated with ribonuclease

vas complicated by the fact that temperatures greater than
120° degraded the product; at 120° very little breakdown of
presumed double-stranded RKA to single-strands had occurred.
Hence, the treatment with pancreatic ribonuclease prior to
heat denaturation had presumably modified the product in same
manner making it more susceptible to heat denaturation or had
destroyed single-stranded yeast RNA template which was not
copied by the RKikA polymerase (only 0.0l of the added yeast
RiNA was copied, see also below), and may interfere with the
denaturation process. Fossibly the inability to denature the
product without prior pancreatic ribonuclease digestion is

due to product being in a ‘looped® form which simply flips
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back into a double-stranded form when cooled. The
pancreatic ribonuclease may preferentially attack the
loop where it is single-stranded and the product becames
denaturable,

Also the phenol extracted product formed in the
presence of added CMV-RNA template (120 ng/assay) had a Tm
of 932 in ssc. However, in contrast toc the above case,
pretreatment with pancreatic ribonuclease (12 pg/mi) was not

required for the estimation of the Tm of this product.

4. Sedimentation analysis of the phenol-extracted product.

The phenol-extracted product of the KhA polymerase was
centrifuged through a 5 - 20% sucrose gradient for 5 hours
at 33,000 rpm using E. coli RNA 235, 16S and 4S as marker.
The yeast kiiA added to the RNA polymerase assay consisted
mostly of portions of wlA ranging in sigze from 4 - 165
(Figure 9), the phenol-extracted product having a sedimentation
value of 5SS, C(MV=iivA contained two peaks of «iNA 23S and 145
(see Kaper et al., 1965) which yielded a product wi&h a
sedimentation value of about 63, However, it is difficult
to draw any significant conclusions from these results

on the size relationship between template and product since
in each assay tube the RiA made by the CMV-induced &iNA

polymerase is only 0.01% of the input template RhA.
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DISCUSSIuUN

The results presented in ‘thia chapter show that
the soluble RINA polymerase produced a pancreatic ribonuclease-
resistant and presumably double-stranded structure with
either added yeast RNA or CMV-RNA template. Of interest
was the fact that with the CMV-induced RNA polymerase
system the behaviour of the RNA product toward the action
of pancreatic ribonuclease was in agreement with the
properties of the products obtained in the other plant virus
RNA polymerase systems (Bové et al., 1968; semal, 1970),
in that the RNA product in its native state (before
deproteinisation) was almost completely resistant to
pancreatic ribonuclease digestion. This situation differed
from that described for an RiWA phage by Borst and weissmann
(1965) and by Feix et al. (1968) where the product of the
nucleotide incorporation was sensitive to pancreatic
ribonuclease in the native state, but become ribonuclease
resistant upon deproteinisation. However, in general,
camparisons between the products of plant virus RNA polymerases
and ribonuclease-free phage-induced RNA polymerases are made
difficult because of the differences between endogenous
ribonucleases (although low in partly purified CMV~-infected
cucumber extracts) and in the efficiency of nucleotide

incorporation.



FIGURE 6. EFFECT OF PANCREATIC RIBONUCLEASE ACTIVITY
IN THE ASSAY MEDIUM ON THE KNA_ FOLYMERASE
ACTIVITY IN PARTLY PURIFIED EXTRACTS OF

CUCUMBER MOSAIC VIRUS=INFECTED CUCUMBERS

Assay of partly purified RNA polymerase
(prepared by EXTRACTION METHOD C) were carried out

as described in Methods, with 1.0 mg of yeast RNA,
and 0.13 mg of plant protein per assay. However,
pancreatic ribonuclease (0 - 10 pg) was added to the
assay tubes ( # — @ ). At the end of the incubation
in a parallel experiment, an extra 5 pg of pancreatic
ribonuclease wvas added to each assay tube which was
incubated for a further 30 min. at 37° to determine
resistance of the polymerase product to ribonuclease
digestiaon before acid precipitation ( 0o — o ).
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FIGURE 7, EFFECT OF PANCREATIC RIBONUCLEASE ON
THE PHENOL EXTRACTED PRODUCT OF THE
A POL SE Al

The product of the RNA polymerase reaction,
using 1.0 mg of yeast RNA or 120 pg of CMV-RNA and
labelled UTP-”P added to the assay medium, wvas
isolated as described in Methods. The product was
dissolved in SSC andsamples (0.2 ml) were incubated
with pancreatic ribonuclease (0 -~ 100 ng/ml) at37°
for 30 min. Acid-insoluble material remaining after
this treatment vas collected as described in Chapter
b



% uTp32 INCORPD- RESISTANT TO RNase

60

40

20

i H § B

Yeast RNA

! ] i i

ST -

0

20 40 60 80
RNase CORNCN, (}Jgiml)

180




LT T s <m PR _ el 2

FIGURE 8. THERMAL DENATURATI
EXTRACTED PRODUCT OF THE RNA POLYMERASE
REACTION

The product obtained using 1.0 mg of yeast
RNA per assay (using UTP-32P as the labelled substrate
in the assay) was isolated as described in Methods,
dissolved in SSC and half the sample was incubated
vith pancreatic ribonuclease (12 pg/ml) at 37° for
30 min. Samples of the untreated and ribonuclease-
treated product were then incubated in sealed tubes
for 10 min. at the temperatures indicated. The
solutions were frozen in an ethanol-dry ice mixture,
thawved and digested with pancreatic ribonuclease \
(12 pg/m1) at 37° for 30 min. Acid-insoluble
material vas collected and counted as described in
Chapter 1,
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FIGURE 9. SEDIMENTATION ANALYSIS OF THE PHENOL-
EXTRACTED PRODUCT OF THE RNA POLYMERASE
REACTICN

Experiment A. The product was isolated as described
in Methods using 1.0 mg of yeast RNA per assay as

template and UTP-2P as the labelled substrate. The
product wvas dissolved in SSC and samples (0.2 ml)
containing added E. goli RNA (23s, 16S and 4S) as
marker centrifuged through a 4.4 ml gradient of

5 - 20% sucrose in SSC, in a Beckman SW39 rotor at
33,000 rpm for 5 hours at 3°, Two drop fractions
(0.085 ml) were collected from the bottom of the tube
and alternate fractions used for the estimation of
acid-insoluble radioactivity of the product as
described in Chapter 1 or for the determination

of optical density at 260 mp after the addition

of 2.5 ml of water; the latter results gave the
optical density profile of the marker E. coli RNA
but only the positions of 45, 16S and 23S peaks are
shown. The optical density profile of the yeast KNA
used as template was determined in a separate tube
at the same time under the same conditians.

Experiment B. As for experiment A except that

120 ng CMV-RNA per asgay was used as template
instead of yeast RNA., Likewise, the optical density
of the CMV-RNA used as template was determined in a
separate tube under the same conditionsa.
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DETECTION AND PROFERTIES OF A CUCUMBER MOSAIC VIRUS=-

INDUCED RNA POLYMERASE IN FARTICULATE FRACTIONS OF INFECTED
cu BER CUTYLEDON

INTRODUCTION

As mentioned in previous chapters, plant virus-
induced RNA polymerase activity has been reported in
particulate (chloroplast and mitochondrial) fractions of
virus-infected plant tissue (see also Introduction). Results
obtained with such particulate fractions of other infected
plants suggested that the RNA polymerase wvas present as an
enzyme-viral RNA complex (a replicating complex; Bové, 1967a,b,c}
semal and Hamilton, 1968). Thus particulate fractions of
cMV-infected cucumber cotyledons were investigated with the
aim of determining whether such a complex existed in these
fractions also.

Upon investigation of particulate fractions of
CMV-infected cucumber cotyledons, a viral-induced RNA
polymerase was found associated with these fractions. This
and the following two chapters will describe several aspects
of the RNA polymerase activity associated with particulate
fractions., Thus, in addition to the soluble RNA polymerase
described in the previous chapters, a viral-induced RNA
polymerase was present in particulate fractions of CMV-

infected cucumber cotyledons.
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METHODS

l. EE!RACTION METHOD De Pregsration of E_r_tiglgte enzyme
extracts. All preparations were performed at 4°.

Homogenates were prepared by grinding healthy or infected
plantz in a mortar and pestlej for each gram fresh weight

of tissue, 2.0 ml of the following extraction buffer was

added before grindings 0.3 M sucrose (10.2% w/vj added to
maintain integrity of plant organelles), 0.1 M KNi,Cl, 90 mM
2-mercaptoethanol, 50 mM Tris-HCl buffer pH 8.5. The
hamogenate was squeezed through a fine nylon cloth and
centrifuged at 150 g for 5 min. and the pellet discarded.

The supernatant was centrifuged at 16,000 g for 10 min. to
yield a pellet (16,000-F, the particulate fraction) and a
16,000 g supernatant (16,000-S, the soluble fraction). The
pellet wvas washed twice by suspension in and sedimentation
from twvice the original volume of extraction buffer and was
finally suspended in half the original volume of extraction
buffer without sucrose (i.e., 1.0 ml per gram fresh weight

of plants). The 16,000-FP fraction contained 3.5 - 4.0 mg of
protein per ml and the 16,000-s fraction contained 6.8 — 7.5 mg
of protein per ml. The 16,000-F fraction contained negligible
plant ribonuclease activity in contrast to the 16,000-S fraction
vhich contained detectable plant ribonuclease activity

(0.2 - 0-35 BRg per ﬂl)o
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2. Assay of RNA polymerase activity. Assays were per formed
as previously described in Chapter 1 using 10.8 jmoles
MgsO,/assay (29 mM) and GTP-32F as the labelled substrate
(unless othervise stated). Also 0.35 - 0.4 mg of 16,000-F
protein (0.1 ml. of particulate preparation) or 0.68 - 0.75 mg
of 16,000-5 protein (0.1 ml of soluble preparation) were
added vith or without 1.0 mg of yeast RNA. All assays gave
linear incorporation of the labelled nucleotide into product
for 30 min. Farticulate and soluble fractions normally

32

incorporated 2,000 - 3,000 cpm per assay of GTP-""F under the

standard assay conditions with 1.0 mg of yeast RNA present.

RESULTS

l. Distribution of CMV-induced RNA 1 rase activity in

extracts of infected cucumbers. The results presented in
Table 8 show that in the presence of added yeast RNA in the

assay medium (containing 29 gﬁ_MgSO4). 66% of the CMV-

induced KNA polymerase activity was located in the soluble
fraction (16,000-5; see Methods) of extracts of CMv-infected
cugumbers, 5% in the 150 g pellet, 13% in the 1,000 g pellet
and 16% in the 16,000 g pellet. Thus, differential centrifugation
showed that the particulate fraction contained a total of one-
third of the total RNA polymerase activity. However, when
yeast RNA wvas omitted fram the assay medium, lov but
significant RNA polymerase activity could be detected in the
goluble (16,000-5) and particulate fractions of infected
cucumber extracts (see Table 8). 70% of the total RLA

polymerase activity independent of added RNA was located in
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the particulate fraction. Thus, particulate fractions
contained two CMV-induced RiNA polymerase activities, one

dependent on and one independent of the addition of yeast

KNA. Healthy plant extracts contained neither of these
activities (see Table 8), The particulate fraction
sedimenting between 150 g and 16,000 g (16,000~ fraction)

was used in all the subsequent experiments on the particulate
RA polymerase. WwWashing of this fraction with either
extraction buffer with or without sucrose (see Methods) failed
to release any particulate RNA polymerase activity (see also
Chapter 7), indicating the absence of cytoplasmic (soluble)

RNA polymerase contamination.

2. Effect of CMv-infection on RNA polymerase activity in
particulate and soluble fractions. Figure 10 shows the

appearance of the CMv-induced RNA polymerase in the particulate

(16,000~I, assayed in the presence and absence of yeast RNA)
and soluble (16,000-3, assayed in the presence of yeast RNA)
fractions as a function of time after infection. There vas

a significant increase in activity in both fractionsg above the
negligible healthy plant level (healthy plant soluble and
particulate fractions wvere assayed in the presence and
absence of added yeast RihA) on the third day after infection.
The level of the kKNA-dependent activity in the soluble
fraction (16,000-S) reached a plateau on about day 9, whereas
the level of the particulate RNA polymerases (RNA dependent
plus RNA independent) decreased after day 10 of infection.
Flants used in all subsequent experiments involving particulate

CMV=induced RNA polymerase have been infected for 7 - 13 days.
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The soluble (16,000-5) preparation when assayed under the
stated assay conditions without yeast RNA, gave negligible

RNA polymerase activity.

3. General properties of the particulate CMV-induced
RNA polymerase activity

(a) Effect of MgSU, concentration of the assay medium.
The effect of MgsSC, concentration on the RNA polymerase

activity is shown in Figure 11. The RNA polymerase activity
dependent on added yeast RNA was found to be optimal at
20 - 29 mM MgSO, (75 - 10.8 pmoles/assay). However, the
activity independent of added RNA had a broad MgsoO, optimum
of 2.7 - 29 mM (1 - 10,8 umoles/assay).

(k) Nucleoside triph hate re ement. The dependence
of RNA polymerase activity on the presence of all four

32P as the labelled

ribonucleoside triphosphates (using GTP-
substrate) vas investigated by amitting either one or three
of the unlabelled triphosphates from the assay medium
(Table 9)., There was almost complete dependence on the
presence of all four triphosphates for both the RNA
polymerase activity dependent on, and the RNA polymerase

activity independent of, added yeast RNA.

(c) The effect of aynthetic polynucleotides. Table 10

shows the effect of the addition of yeast KNA, polyU or polyC

to assays of healthy and CMV-infected particulate extracts

using ATP-32P. GTP-32P, UTP—32P, or CTP-32P as the labelled

substrate. The 16,000~} fraction from healthy plants

3

incorporated UTE-3%p and especially CTF-32P into acid
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insoluble material in the presence of the other three
unlabelled ribonucleoside triphosphates, both in the
presance and absence of yeast RNA. This activity over and

32, and GTP-32p as labelled

above that found with ATP-
substrate was also shown by the 16,000-F fraction from
infected plants and can be explained by the terminal
incorporation of UTF and CTP into transfer RKNA present in
Ithe 16,000-F fraction (see Daniel and Littauer, 1963;
Gilliland and Symons, 19683 see also Chapters 3 and 8).
32

because of this effect GTP~" P was always used for the routine

assay of the RNA polymerase in all subsequent work. Results
using GTP—32P and ATF-32P as the labelled substrate indicated
that maximum KNA polymerase activity was detected when
camplenentary base pairing between the added RINA or

synthetic polynucleotide was possible.

The detection of some activity that was independent
of added RNA and of base pairing between labelled substrate
and added template suggested that RNA (host and/or viral)
present in infected plant extracts was alsoc being copied.

The total RNA content of the 16,000-F fraction was found to
e 100 - 120 pg/ml (100-120 pg/gram fresh weight of plants;
pee Chapter 1 for method), This means that 10 - 12 ng of
RNA was added with the 16,000-F fraction during each enzyme
assay. This RNA has been isolated (plant particulate RNA,
see following chapter) and examined by polyacrylamide gel
electrophoresis (methodof Loening, 1967). However, the RNA
consisted of two major species of 1.1 x 10° {23s) and 0.56 x

10° (16s) molecular weight., However, no apparent viral-
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induced RNA species were detected vhen this KNA was compared
with KNA extracted from particulate preparations (16,000-F)

of healthy plants (see also Vedel and D'aoust, 1970).

(d) The effect of pancreatic ribonuclease. In the presence

of 15 png/ml (5 pg/assay) of pancreatic ribonuclease in the assay
medium, neither the added RNA dependent nor the added KknA

independent RNA polymerase were detected.

(e) The effect of added DhA. The addition to the as-iy

medium of 250 ug of native or heat-denatured salmon DNA
(replacing yeast xvA), both in the presence and absence of
actinamycin D (2.5 pg), had no effect on the CMV-induced RiNA
polymerase activity. Hence, no detectable DhA-dependent RNA

polymerase activity was present in the 16,000-F fraction.

D1SCUSSION

The results presented above have shown the
presence of a virus-induced RNA polymerase in both soluble
(16,000-5) and particulate fractions (16,000-F) of cucumbers
infected with CMV. In the particulate fractions, two virus-
induced KRNA polymerase activities were found, one requiring
the addition of KNA and one not requiring the addition of
RNA to the assay medium. This latter activity was not found
in either crude (16,000-S), or partly purified (see Chapter 2,
EXTRACTICN METHOD C), extracts of soluble KNA polymerage under

the defined assay conditions (but see Chapter 8).
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The amount of labelled nucleoside triphosphate
incorporated into acid insocluble product (2.5 - 3.5 pumoles/
min/mg of protein) by the particulate CMV-induced KNA
polymerage independent of added RNA was similar to that
reported by Bové (1967a,b,c) for the TYMV-induced RNA
polymerase and appreciably greater than that reported for
other virus-infected plant systems (see the Introduction of
Chapter 3). If the basic assumption of the work described
is that the virus-induced RNA polymerase under investigation
is responsible for the in vivo replication of viral kNA, then
the particulate fraction described here may contain the
CMV RNA=-KNA polymerase complex, which was detected by the
RNA polymerase activity independent of yeast RNA. Thus the
RNA polymerasge activity which incorporated labelled
nucleoside triphosphates into an RNA product (see also
following chapter) in the absence of added RNA template was
similar to the activities described in other plant virus-
infected particulate systems. 1t was hoped that an investigation
into the nature of the product of the particulate CMV-induced
KNA polymerase independent of added RNA would confirm the

prediction of an enzyme-viral RNA complex.



TABLE 8. DISTRIBUTION OF CUCUMBER MOSAIC VIRUS-INDUCED

RANA FPOLYMERASE IN CRUDE EXTRACTS Of INFECTED
CUCUMBERS
Total units of enzyme activity/gram
fresh weight
Fraction
Plus yeast RNA Minus yeast RIA
Healthy Infected Healthy Infected
Fellet, 150 q 0.0 13.7 0.0 1.0
Pellet. 1,000 [* 0.0 37.4 0.0 3.4
Pellet, 16’000 g 1.0 45,0 0.0 5.0
Cytoplasmic
(soluble) extract 0.0 190 0.0 4.0
(16,000-5)

The enzyme was prepared as described in Methods
(SXTRACTION METHOD D) with the modification that the hamogenate
was squeezed through a double layer of very fine nylon cloth,
and centrifuged at 150 g for 5 min., the supernatant collected
and centrifuged at 1,000 g for 10 min. and finally at 16,000 g
for 10 min. The pellets and the final supernatant (16,000-S,
cytoplasmic extract) were collected. Assays were performed
with and without added yeast RNA uging GTF-32F as the
lakelled substrate. Results are expressed as total enzyme
units per gram fresh weight of leaves. Flants were harvested
10 days after infection.

A unit of RKNA 1 ra is defined as that amount which
incorporated 1 pumcle of labelled nucleoside triphosphate
into acid-insoluble material per min. under the specified
assay conditions.



TABLE 9. NUCLECSIDE TRIPHOSPHATE REQUIREMENTS OF THE
ASSAY SYSTEM USED FOR MEASUREMENT CF
PARTICULATE RNA POLYMERASE

Specific enzymatic activity

Reaction mixture Flus yeast KNA Minus yeast KNA

Healthy Infected Healthy Infected

Complete 0.1 14.3 0.0 3.5
-ATP 0.2 0.4 0.0 0.1
-CTF 0.0 0.2 0.0 0.0
-UTpP 0.0 0.4 0.0 0.0
-ATP, =CTVP, =-UTP 0.0 0.1 0.0 0.4

The particulate fraction (16,000-F) was prepared as
described in Methods {(EXTRACTION METHOD D). RNA polymerase
activity vas assayed as described in Methods using GTp-32p
as the labelled substrate, with or vithout added yeast A,
Unlabelled nucleoside triphosphates were amitted as indicated.

Specific enzymatic activitys pmmoles of labelled nucleoside
trfphosphate incorporated fnto acid-insoluble material per
min. per milligram of protein.
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EFFECT OF POLYRIBONUCLECTIDES ON PARTICULATE RNA FULYMERASE

Specific activity with labelled substrate indicated

RNA added Healthy plants Infected plants

1290 pasassay) GTP-32P ATP-32F UTP-32> CTP—3zP GTP-32P ATP-32P UTP-32P CTP-32P
None 0.0 0.3 5.0 49,.8 2.1 2.7 9.4 60.0
Yeast 0.0 1.4 5.5 54.6 13,8 15.3 18.0 76.9
polyu 0.0 0.4 4.9 46,1 4.5 19.8 8.2 59.4
polycC 0.0 0.2 5.5 50.1 21.7 4.3 8.4 60.5

The RNA polymerase in the 16,000-F fraction was assayed
as described in Methods except that yeast RKNA and polynualeotides

were present at 250 pg/assay and with a~32

P-ribonucleoside

triphosphates as indicated in the presence of the other three
unlabelled triphosphates.



FIGURE 10. EFFECT OF CUMBER MOSAIC VIRUS
INFECTION ON THE ACTIVITY OF RNA IN
TICULATE LU 10NS OF

INFECTE BER

Total enzyme units per gram fresh
weight of plants is plotted as a function of days
after infection for infected and healthy plants.
Soluble (16,000-5) and particulate (16,000-F)
fractions were prepared and assayed as described
in Methods using 10.8 pmoles MgSO, per assay (29 mM)

32

and GTE-""F as labelled substrate (plus or minus

1.0 mg of yeast RNA).
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FIGURE 11l. THE EFFECI OF I“igSOq CONCENTRATION ON

PARTICULATE KiA FOLYMERASE ACTIVITY

The RNA polymerase in the particalate
fraction (16,000-P) vas assayed as descrided in
the Metheds at varying MgSO, concentrations
(0 - 80 g3 O ~ 30 ymoles/assay), hoth in the
pressnce and absence of 1.0 mg of yeast RNA.
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CHAPTER S1X

THE NATURE OF THE PRODUCT OF THE CUCUMEBER MOSAIC

VIRUS=-INDUCED PFARTICULATE KNA FOLYMERASE
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THE NATURE OF THE PRODUCT OF THE CUCUMBER MOSAIC

VIRUS=INDUCED PARTICULATE RNA POLYMERASE

INTRODUCTION

It was hoped that an investigation into the
nature of the product of the particulate CMV-induced RNA
polymerase reaction would confirm the presence of an enzyme-
viral KNA complex. The template present in such camplexes
is usually the camplementary minus strand of viral RNA and
thus such complexes produce viral-like plus strands
(Bove, 1967a,b; Astier-Manifacier and Cornuet, 1965)
weissnann, 1965) whether found in animal, bacterial or
plant virus-infected systems (see algo Introduction). we
have thus investigated the nature of the product of the
particulate RNA polymerase reaction with respect to size
and resistance to pancreatic ribonuclease. Hybridisation
experiments were also attempted to determine if viral KNA

wvas produced.

METHODS

1. Assay of particulate RNA polymerase activity. Assays

vere performed as described in Chapter 1 using GTP-32P as

the labelled substrate, with or without added yeast RNA

(1.0 mg) and in the presence of 29 mM KgS0, (10.8 pmoles/assay).
Particulate KMA polymerase (16,000-F) were prepared by

EXTRACTION METHCOD D (see Chapter 5).
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2. Isolation and nearest neighbour-analysis of the product
of the particulate RNA polymerase reaction. These were

carried out as previously described in Chapter 1 except that

the phenol extraction wvas performed at 60°.

3. Hybridisation studies with the labelled RNA product. After
phenol extraction of the product, the RNA vas dissolved in 0.3 M

NaCl, 0.03 M sodium citrate, pH 7.0 (2 x SsC). For each
treatment, 10 pg of the labelled RNA in 0.15 ml was mixed
with 50 - 200 pug of the stated RNA in 0:15 ml in a Pyrex

tube which was sealed. The samples were heated at 120°

for 10 min. in a glycerol bath, then at 85° for 2 hours, and
finally at 65° for 1 hour. After cooling to room temperature,
the samples were incubated with 30 ug/ml of pancreatic
ribonuclease for 30 min. at 37°. Acid-insoluble radioactivity

wag collected and counted ag described in Chapter 1.

4., Isolation of RNA from particulate plant extracts
(16,000~P). The 16,000-F fraction preparec fram infected

cucumbers (EXTRACTION METHOD D, Chapter 5) was shaken
vigorously with an equal volume of 78% aqueous phenol at 4°
for 10 min. and sDS (final concentration 1.0%). After
centrifugation at 5,000 g for 10 min., the aqueous layer
wvas re-extracted twice with an equal volume of 78% aqueous
phenol; The agueous layer, after a total of three phenol
extractions and centrifugations, was shaken with an equal
volume of ether. The ether-water mixture was centrifuged
at 5,000 g for 10 min., the ether layer was removed, and

the RNA was precipitated by the addition of two volumes of
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ethanol. The yield of RNA was 100 pg/gram fresh weight

of plants.

KESULTS

1. The nature of the product of particulate RNA polymerase
dependent on added RNA. The product of this enzyme was not

associated with fractions which sedimented at 16,000 g
after the assay (most probably because this RNA polymerase
vas solubilised during the assay; see next chapter). The
phenol-extracted product (formed in the presence of added
yeast RNA or CMV-RAhA template) of this enzyme showed the
same resistance to digestion (80%) by pancreatic ribonuclease
as the product of the soluble RiA polymerase previously
described (see Chapter 4). In addition similar melting
properties were obtained; for example, it was necessary

to predigest the product (formed in the presence of added
yeast RNA template) with pancreatic ribonuclease before

a melting profile could be obtained and this gave a Tm of
90° in SsC. Because all these results were essentially the
same as those already presented in Chapter 4, they are not

reproduced again.

2. The nature of the product of the particulate RNA
polymerase independent of added RNA

(a) Phenol extraction of the product. More than 80%
of the product of this enzyme was associated with the fraction

that sedimented at 16,000 g after the assay. Hot phenol
extraction (60°) of the assay medium which contained no

added RNA recovered 60% of the labelled product wvhile
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extraction at 4° yielded only 10 - 20% of the product.

(b) Resistance to digestion by pancreatic ribonuclease.

More than 80% of the product was resistant to pancreatic
ribonuclease (5 - 100 pg/ml at 37° for 30 min) either before
or after hot phenol deproteinisation of the assay medium.
This indicates that most of the product was in_a double-

stranded form.

(c) Thermal transition temperature (Tm). The melting

curve in SSC of the hot phenol-extracted product showed that
the Tm was 93° (Figure 12)., No predigestion with pancreatic
ribonuclease was needed to achieve a melting profile as wae
found for the product of the partly purified soluble CMV-
induced RNA polymerase (see Chapter 4) and of the particulate

enzyme described here wvhich was dependent on added LkivA.

(d) sSedimentation analysis. The hot phenol-extracted
product was centrifuged through a 5 - 20% sucrose gradient
for 5 hours at 33,000 rpm using E. coli KkA (235, 16S and 4S)
as marker (Figure 13). The product had a sedimentation peak
of 8S with a pronounced shoulder at 14S. Digestion of the
product with 50 pg/ml of pancreatic ribonuclease at 37° for
30 minutes in SSC (80% still acid-precipitable) did not alter
the sedimentation profile of the remaining material. If this
product was intact double-stranded CMV-RNA (moles wte 2.0 X 1063
Kaper et al., 1965) then it would sediment at approximately
14s (S value calculated from the formula of Studier, 1965,
for native double-stranded DhNA)., However, after heat

o
denaturation (120° for 10 min, in SSC or 100 for 10 min.
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in 0.1 x S5C) and rapid cooling, the labelled product,

90% of which wvas now susceptible to digestion by pancreatic
ribonuclease, had a sedimentation value of 5S (see Figure
13) which corresponds to a molecular weight of approximately
40,000,

These results therefore indicated that the labelled
product made under the assay conditions described, wvas mostly
part of a low molecular weight fragment associated non-
covalently and in a ribonuclease resistant form wvith a larger
double-stranded structure (as indicated diagramatically in
Figure 14), with a peak (8S) molecular weight of about
0.5 x 10%. Also the size of the labelled product made was
independent of the time of incubation of the RNA polymerase

assay.

(e) hearest-neighbour analysis. The nearest-neighbour
analyses of the product formed by the 16,000-F fraction in
the presence and absence of four RNA samples and using
either GTP-32P or aTE-32p as the lakelled substrate are shown
in Table 11, CMV-RNA and RNA isolated from the particulate
(16,000-F) fraction of infected cucumbers wvas supplied to
the RNA polymerase dependent on added RNA for comparison
with the product of the RNA polymerase independent of added
RNA, The aim here was to determine vhether or not this
latter RNA polymerase was using either of these RNA
molecules or the minus strand of CMV-RNA as template in
particulate preparations. Unfortunately, no definite
conclusions can be made although the results obtained

(Table 11) in the absence of added RNA indicate that the



81.

RivA polymerase was more likely to have copied plus than
minus strands if these were present in the particulate
extract.,

The results obtained using TYMV-RiiA (38.6% CMF)
and yeast RNA as the added RNA (Table 11) with the particulate
RKA polymerase were similar to those already given in Chapter

3 for the partly purified soluble RNA polymerase.

(f) Hybridisation studies. The product of the CMV-
induced RNA polymerase reaction independent of added RNA
was heat denatured (120° for 10 min. in SsSC) in the presence
and absence of ikiA, and then reannealed as described in
Methods. In the absence of added RNA, reannealing to produce
a ribonuclease-resistant structure was low and variable
(13 - 40x). Further, the addition of 50 - 200 ug of A
(CMV, TYMV, yeast and plant particulate RiA) had no effect
on the extent of reannealing. The failure of the CMV or
plant particulate RNA to increase or decrease the amount of
product reannealed and the low and variable reannealing
observed therefore provided little information on the nature
of the presumed RiA template associated with the particulate
RMA polymerase. It appears that further hybridisation
studies will depend on the further purification of the

particulate enzyme.
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DISCUSSIGN

The investigation into the nature of the product
of the particulate RNA polymerase activity independent
of added RNA yielded results vhich have not indicated whether
the RNA polymerase was copying minus strands of CMV-RNA
(similar to the TYMV-induced RNA polymerase; Bové, 1967a,b),
plus strands of CMV-RNA (similar to the Newcastle disease
virus-induced KNA polymerase; Scholtissek and Rkott, 1969b),
or perhaps some non-viral RNA template. Thus it cannot be
conclusively proven whetier or not particulate fractions
contain an enzyme-viral RNA camplex. In all the other
particulate plant virus-infected systems studied, only Bove
(1969a,b) has conclusively shown that the virus-induced RNA

polymerase synthesised viral-specific RNA (plus-strands).



TABLE 11, NEAREST=-NSIGHBOUR ANALYSIS OF THE PRODUCT FURMED IN THE FRESENCE OF

VARIOUS RINA TEMFLATES BY THE PARTICULATE RNA POLYMERASE

Isolated 2'(3')-mononucleotides (% of total radioactivity)

RNA added 32 32

(1.0 mg/assay) ATP-""F as labelled substrate GTP=""F as labelled substrate
AMEP CMP GMF UMP AMP CMF GMP UMF

None 27.0 26.5 24.7 22.0 25.7 21.1 23.6 24,7

CMV=RNA 27.7 283 24.6 19.1 29.2 21.7 26.7 22.3

Yeast RNA 27.1 23,5 24.3 25.1

Each estimation was carried cut twice on each of three separate particulate
preparations (16,000-F)., Values quoted are the mean percent of the total
radioactivity, the standard error of the mean never being greater than + 0.5.
The particulate plant RNA was isolated from the 16,000-i fraction of infected
cucumbers as described in Methods. The® -32f-nucleoside triphosphates used in
the assay medium are indicated.



FIGURE 12, THERMAL DENATURATION CURVE OF Tii

PHENOL~-EXTRACTED PRODU HE
PARTICULATE RNA POL \ IVITY
DEPENDENT OF R1y

The product vas isolated as described
in Methods from an assay scaled up 15 times and
dissolved in SsC. Samples (equivalent to one
normal assay) vere incubated in sealed tubes for
10 min. at the temperatures indicated. The
solutions were then frogzen in an ethanol-dry ice
mixture, thawed and digested with pancreatic
ribonuclease (18 ng/mi) at 37° for 30 min. Acid-
insoluble material vas collected and counted as

described in Chapter 1l.
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FIGURE 13, SEDIMENTATION PROFILE IN A SUCROSE
GRADIENT OF THE PHENOL-EXTRACTED
PRODUCT OF THE PARTICULATE RNA

FOLYMERA ACTIVITY INDEPENDENT
OF ADDED RNA

The product was isolated as described
in Methods, dissolved in SSC, and half of the
sample heated at 120° for 10 min. then frogzen in
an ethanol-dry ice mixture and thawed. Samples
(0.2 ml; equivalent of three normal assays) of the
product before and after heat denaturation and
marker E. coli RNA (23S, 16S and 4S) were each
layered onto a separate 4.4 ml gradient of
8 - 20% sucrose in \Ssc. The samples were centrifuged
in a Beckman SwW39 rotor at 33,000 rpm for 5 hours at
39, Four drop (0.2n)) fractions were collected fram
the bottom of the tube and used for the estimation
of acid-insoluble radioactivity., The optical
density profile at 260 mp of the marker E. coli
RNA was determined but only the positions of the
235, 165 and 4S peaks are given.



RADIOACTIVITY (cpm x 10~2)

ACID — INSOLUBLE

| i i T

u 23S 16S 4S ~

v \/ '
" Heat denatured product —>

e ot
Product —> |

.-W N S T = - -
! 1 H i

¢ 5 10 15 20 25

FRACTION NUMBER
Bottom Top



FIGURE 14. DIAGRAMATIC REFRESENTATION OF THE
STRUCTURE OF THE FHENQL~EXTRACTED
PRODUCT OF THE PARTICULATE RNA
POLYMEKASE ACTIVITY INDEPENDENT OF
ADDED RKA BEFCKE AND AFTIER HEAT
DENATURATLON

A diagramatic representation of the
structure of the rhenol-extracted product of the
particulate RNA polymerase activity independent of
added RNA is presented. This is based solely on
sedimentation data and resistance of the product
to pancreatic ribonuclease digestion. Thus, the
labelled product made is a low molecular weight
fragment (5s) which is associated non-covalently
in a pancreatic ribonuclease resistant form
(in sSSC) with template RNA present in the particulate
fractions of CMV-infected cucumbers. However, once
this double-standard structure (pancreatic ribonuclease
resistant in SSC) was disrupted by heating (10 min.
at 120° in ssC) the low molecular weight product was
released (553 still acid-insoluble) and became
eensitive to pancreatic ribonuclease digestion.
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CHAPTER SEVEN

SOLUBILISATION OF THE CUCUMBER MOSAIC VIRUS=INDUCED PARTICULATE
RNA PCLYMERASE ACTIVITY AND ITS REILATIONSHIF TC THE RNA PCLYMEKASE

FOUND IN THE SOLUBLE PHASE
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SOLUBILISATION CF THE CUCUMBER MOUSAIC VIRUS=-INDUCED FARTICULATE

RNA POLYMERASE ACTIVITY AND ITS RELATIONSHIP TO THE RINNA PULYMERASE

FOUND IN THE SOLUBLE FHASE

INTRODUCTION

The results presented in the preceding two chapters have
indicated that particulate fractions contain an «NA polymerase
activity that can be detected either in the presa2nce or absence
of added yeast RNA template. The results presented indicated
that the ﬁroperties of the RNA polymerase activity dependent
of added yeast KNA and of its product were similar, if not
identical, to those found for the soluble partly purified KA
polymerase described in Chapters 3 and 4. In addition, in the
previous chapter it was mentioned that the product of the
particulate RiNA polymerase activity dependent on added yeast
RNA was not associated with fractions which sedimented at
16,000 g after the assay, suggesting that this particulate
RNA polymerase activity was solubilised during the assay.

This chapter describes the solubilisation of the particulate

RNA polymerase.,

MATERIALS AND METHODS

l. Materials. General materials were previously described in
Chapter 1. Crystalline yeast cytochrome b, (EC 1.1.2.3),
prepared from baker's yeast by the method of Symons and
Burgoyne (1966), was kindly donated by Dr. K.H. Symons,

University of Adelaide, South Australia.
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2. Freparation of partly purified soluble RNA polymerase.
Prepared by EXTRACTIGN METHCD C (See Chapter 2).

3. Freparation of particulate RIA 1 rase (16,000-=P).

Frepared by EXTRACTIOGN METHCD D (Chapter S).

4. EXTRACTION MSTHOD E = MgSO, solubilisation of the particulate

enzyme. Particulate RiA polymerase extracts (16,000-F) were

prepared as described above and made 70 mM with respect to

MgSO, and incubated at 37° for 15 minutes (30 min. if volume

was more than 2,0 ml), cooled in ice and centrifuged at 25,000 g
for 10 min. The supernatant was collected and used as the

*MgSU, solubilised Ri:A polymerase’.

5., LEXTRACTIGW METHUD F - Solubilisation of the particulate

enzyme by freezing and thawing. Farticulate KhNA polymerase
extracts (16,000-F), prepared as described above, were twice

frogen in an ethanol-dry ice mixture followed by thawing in a
wvater bath at 37° (1iquid temperature did not rise above 4°).
The preparation was centrifuged at 25,000 g for 10 min. and

used as the °'frorzen and thawed solubilised RNA polymerase’.

6. Assay of RiA polymerase activity. Assays were carried out

as described in Chapter 1 in the presence of 29 mM MgSU,

32? as

(10.6 pmoles/assay; unless stated otherwise), with GTP-
the labelled substrate. Various «liA polymerase preparations
(as described above) were used in the assay medium (the
preparation used is stated in the text), with or without added

y‘a‘t RiVA (1.0 mg).
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RESULTS

1. Solubilisation of the particulate RNA polymerase activity

dependent on added ki.A. The aim here was to find procedures

for the solubilisation of the particulate KiWA polymerase
dependent on added Ri+A s0 that its properties could be
compared with the enzyme normally found in the soluble phase
of extracts of infected plants.

Treatment of the particulate fraction (16,000-F)
with (hﬁ4)zsc4 (preparation made 50 - 70% saturated) or
twice freezing the preparation in an ethanol=dry ice mixture
followed by thawing (see EXTRACTIUN METHOD F above), released
approximately 50% of the particulate RNA polymerase dependent
of added :liA into the soluble phase (not sedimented at 16,000 g
for 10 min.). Sonication at 0° (Dawe Type 1130A Soniprobe at
full power, cumulative time 25 seconds) gave variable release
(10 - 50%). Triton X-100 (5% final concentration) solubilised
all chloroplast material (Francki et al., 1965) in the 16,000-F
fraction but failed to solubilise any RVA polymerase activity
dependent on added RNA. Likewise, three washings of the particulate
fraction by suspension in and sedimentation (16,000 g for 10 min.)
from extraction buffer minus sucrose (see EXTRACTION METHOD D,
Chapter 5) failed to release any RiJA polymerase activity
dependent on added RiNA (see also Chapter 5). The total
recovery of RNA polymerase activity dependent on added RnA
after all these treatments ranged from 85 - 100%. However,
if MgSCU, was added to a final concentration of 70 mM to the
particulate (16,000-F) fraction and the mixture incubated at 37°

for 15 minutes (see EXTRACTION METHCD E in Methods), 90% of
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the <A polymerase activity dependent on added RnNA was
solubilised (see Figure 163 there is a 1.5 fold activation
of total KNA polymerase activity dependent on addac‘i RNA by
this method). Under the same conditions, but in the absence
of MgSU,, about 75% of the total activity was lost and there
vas negligible solubilisation of the enzyme.

It vas found that 80% release of kNA polymerase
activity dependent on added RNA also occurred during the usual
enzyme assay (particulate fractions, 16,000-F were the source
of RNA polymerase) which contained only 29 mM MgsC, and only
20% of the enzyme could be sedimented (16,000 g for 10 min.)
at the end of the incubation. As the product of this enzyme
vas also not sedimented (see previous chapter), it is quite
poesible that enzyme release occurred prior to the synthesis
of any product. This would explain why the properties of the
enzyme ware similar to the enzyme normally isolated from the
soluble phase of plant extracts (see Chapters 3 and 4). The
other campanents of the assay medium (K%, NH,*, PEF, BSA etc.),
fajiled to release the KiA polymerase activity dependent on
added RiA into a soluble phase as found with MgSU,.. Other
- divalent ions (an’. an’. Caz*. 70 mM) did not solubilise
the RNA polymerase activity dependent on added KihA.

4. en on lysis of the solu d _KNA polymer
activity dependent on added kiA. The KKA polymerase dependent
on added kihkA and released from the 16,000-F fractian by
incubation in the presence of 70 mM MgSO, (EXTRACTION METHOD E)
was centrifuged through a 5 - 20% sucrose gradient with
hasmoglobin (mol. wt. 68,000) as marker. Soluble &ivA
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polymerase {(prepared by EXTKACTION METHOD C, Chapter 2)
vas centrifuged at the same time under the same conditions.

since similar RMNA polymerase activity profiles were obtained,
it appeared as though the KNA polywmerase normally found in the
soluble phase of infected cucumber extracts could have been
the same as that released from the particulate fraction by the
incubation with MgSU4. This conclusion is consistent with all
the results presented in the two previous chapters on the
properties of the particulate RNA polymerase activity
dependent on added kNhNA,

By contrast, the sedimentation analysis of the
RNA polymerase dependent on added RNA and solubilised from
the particulate fraction (16,000-F) by freezing and thawing
(Pigure 15) showed that this enzyme had a molecular weight of
150,000, or about 30,000 higher than that of the soluble kNA
polymerase (mol. wt. 123,000, see Chapter 3). (The molecular
vt. value of the soluble RNA polymerase did not alter upon
freezing and thawing of the partly purified soluble enzyme
preparation.) The same result was obtained in five separate
experiments, in some of which crystalline jeast cytochrome b,
(mol. wt. 170,000; Appleby and Morton, 1959; Symons and
Burgoyne, 1968) together with haemoglobin were used as
markers. Further investigation of the properties of the
enzyme solubilised by freezing and thawing failed to show any
differences from the ensyme normally found in the soluble
phase. The possible significance of these results is

considered in the Discussion.
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3. Solubilisation of the RNA polymerase not dependent on
added RiWA for activity. Figure 16 shows that by incubating

particulate fractions (16,000-F) with 70 mM MgSU, for

various times, an KNA polymerase activity independent of

added KNA vas released into the soluble phase (activity
increased 5 - 8 fold above the activity foundin the particulate
fraction). This solubilised activity vas very dependent on the
MgS5U, concentration of the assay medium (optimal activity

%5 - 13 mM; see also following chapter) in contrast to the
corresponding activity in the starting material (see Figure
11, Chapter 5)., Figure 16 also shovs that, after treatment
with 70 mM MgSC, at 37° for 15 min., the particulate fraction
(pellet obtained after 16,000 g centrifugation of the treated
fraction) contained RNA polymerase activity independsnt

of added ENA at about the same activity to that found prior

to MgsSO, treatment, indicating that all the activity was not
released by the MgsSu,. (ne possible explanation of these
results is that in addition to the solubilisation of the
123,000 molecular weight RNA polymerase which is free of

bound KiiA, the Mgso4 treatment released some 16,000-FP RNA

(50 - 70 pg/ml of 16,000-F preparation; released approximately
half the RNA present in the 16,000-F preparation, see alsc
Chapter 5) which acts as template in the absence of added
yeast XNA (see also following chapter). However, the RNA
polymerase activity independent of added xkNA not released

from the particulate fraction by the MgSU, treatment could

be the intact KiiA polymerase-viral xKNA complex.
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Also of interest was the fact that the MgSO,
solubilised RiNA polymerase activity independent of added
KNA vas not released by 29 mM MgSO, at 37°, nor did
concentrations greater than 70 mM MgB0, release any more

2+ 2+

activity. Cther divalent ions (an*. ¥n®", Ca” ", 70 mM) or

monovalent ions (70 mM K*, i, %, at 377 for 15 min.) failea
to release the RiNA polymerase activity independent of added
kNA, why indeed only quu4 released such activities at 37°
is not understood.

Freezing and thawving of particulate fraction
(see EXTRACTION METHOD F in Materials and Methods) was the
only other method of those listed before (see 'Solubilisation
of the particulate RNA polymerase activity dependent on
added RiNA') which was found to release the RNA polymerase
activity independent of added Ri\A from particulate fractions
(50% of the activity obtained by release with MgsC, at 37°

vhen assayed in the presence of 5 - 13 mM MgSlg)e

DISCUSSION

The basic assumption of the work described is that
the CMV-induced RINA polymerase system under investigation is
responsible for the in vivo replication of viral kNA. If
this is so then the particulate fraction (16,000-F) referred
to in the last three chapters, may contain the CMV--RNAS:iNA
polymerase complex vhich wvas detected by RNA polymerase
activity that was independent of added RNA, and pfenuacd to

be present in particulate fractions of other plant virua-infected
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systems., Incubation of the particulate fraction with MgsU,
at 37° released RnA polymerase activity into a soluble form

and all evidence indicated that the <NA polymerase dependent

on added XNA solubilised in this way was very similar to the

KNA polymerase activity dependent on added RiA and normally

found in the solutle phase of infected plant extracts (see
Chapters3 and 4). Whether this solubilised enzyme wvas
originally assoclated with a viral RNA template or was bound

in some other way to the particulate fraction is not known.

An interesting development has been the reproducible
obaervation that the RNA polymerase solubilised by freezing
and thawing and dependent on added RNA had a molecular weight
of 150,000 which is about 30,000 higher than the enzyme
solubiligsed by incubation with MgSO, and the enzyme normally
isolated in the soluble phase. This indicates that we have
retained, during solubilisation by freeszing and thawing, an
extra component(s) which was lacking from the other soluble
forms of the enzyme. 1t is conaidered possible, therefore,
that we may have a multicomponent RiNA polymerase system similar
to that described for the @ -kiNA volymerase (Eikhom et al.,
1968; Franze de Fernandegz et al., 1968) and that the non-specific
RiA=dependent RNA polymerase found in soluble extracts of
infected plants is the basic virus coded polymerase which, in

associatdon with CMV-iliA and one or more host proteins, forms

a particulate complex that replicates CMV-KNA.
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A further interesting development in the study of

the CMV=induced RiA polymerase was the release of an KivA
polymerase activity independent of added iil.A from particulate
fractions, the specific activity of which was similar to the
RiA polymerase activity measured in the presence of added
yeast RilA. However, evidence presented in the following
chapter indicates that this activity is probably due to the
solubilised VA polymerase activity copying Ri:A released from
the 16,000-F fraction, and not due to the presence of an KA
polymerase-viral RNA complex. KA polymerase activity
independent of added RNA was still found associated with
particulate fractions at about the same activity either before
or after solubilisation techniques were employed. Also it is
known that the product of this reaction remains in the 16,000 g
pellet after the enzyme assay (see Chapter 6). Thus, the RNA
polymerase-viral RNA complex may not be solubilised by the
techniques described. Further investigations into the
particulate RNA polymerase activity independent of added RNA
will be carried out on more extensively purified particulate

preparations.
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FIGURE 15. SEDIMENTATION. PROFILE OF THE RNA POLYMERASE
DEFENDENT ON _ADDED RNA AND RELEASED FROM
THE PARTICULATE FRACTION (16,000-F) BY
FREEZING AND THAWING
The enzyme released by freezing and thawing
(0.9 mg of protein in 0.6 ml) and hasmoglobin marker
(2.0 mg) were centrifuged through a 10 ml gradient of
$ - 20% sucrose in 0.1 M NH4C1l, 90 mM 2-mercaptoethancl,
S mM MgSO,, 50 mM Tris-HCl buffer pH 8.5, in a Beckman
swW4l rotor at 35,000 for 16 hours at 3°. Pour drop
(0.19 ml1) fractions were collected from the bottom of
the tube and alternate fractions were assayed for RMNA
polymerase activity (see Materials and Methods with
1.0 mg of added yeast RNA per assay) or optical density
at 413 mp. PFartly purified soluble RNA polymerase
(1.2 mg of protein; see EXTKACTION METHOD C, CHAPTER 2)
pPlus haemoglobin (2 mg) were centrifuged together at
the same time under the same conditions in a separate
tube. Feak molecular weights were calculated as
described in Chapter 3. Recovery of RNA polymerase

activity wvas 95% for both peaks.
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FIGURE 16, SCLUBILISATICN WITH MQSGq OF THE PARTICULATE

RNA POLYME ACTIVIT DEPENDENT ANLD
INDEPENDENT OF ADDED RNA FROM PAKTICULATE
FRACTIONS

The particulate fraction (2.0 ml; 16,000-F)
vas incubated in the presence of 70 mM MgSC, for the
times indicated (0 - 30 min.). The preparation vas
then centrifuged at 25,000 g for 10 min. and the pellet
and supernatant were collected. The pellet vas
resuspended in 2,0 ml of 50 mM Tris-HC1l buffer pH 8,5,
0.1 M NH4C1 and 50 pM 2-mercaptoethanol (extraction
buffer minus sucrose, see EXTRACTION METHOD D, Chapter
5}« The supernatant (0.1 ml) was assayed for 30 min.

as described in Materials and Methods with G’I‘1='-32

P as
the labelled substrate, and 7.0 pmoles MgSU,/assay
(that present in 0.1 ml of supernatant), both in the
presence and absence of 1.0 mg of yeast RKNA.

The resuspended pellet (0.1 ml) was assayed
in a similar manner (7.0 pmoles MgS0, being present in

the assay medium).
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SPECIFICITY OF THE SOLUBLE CUCUMBER MOSAIC VIRUS-
INDUCED RNA POLYMERASE FOR RNA AND SYNTHETIC

POLYNUCLECTIDE TEMFPLATES

INTRODUCTI UN

An important property of the RNA polymerase induced

in E. goli after infection with the RNA bacteriophage Q8 is

itas template specificity. The purified enzyme replicated
QPf=RiNA (Haruna and Spiegelman, 1965), its complementary minus
strand (Baner jee et al., 19693), RNA molecules described as
‘variants® of QF-RNA (Mills et al., 1967), and the unusual
6S-RNA species induced in E, coli by QR phage (Baner jee et al.,
1969b)., In addition to these RNA species, synthetic
polynucleotides acted as templates for the KNA polymerase
provided they contain cytidylate, with the synthesis of a
gtrand complementary to the template polymers (Hori et al.,
1967) Eikhom and Splegelman, 19673 Eikhamet al., 1968).

This chapter is primarily concerned with the
specificity of the soluble CMV-induced RNA polymerase for
both synthetic pqunucleotidou and KNA templates. In previous
chapters we have ghown that the soluble CMV-induced RNA
polymerase vas mostly dependent on, but not specific for, a
variety of RNA templates which it copied by complementary

base pairinge.
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Also of importance is the fact that soluble
CMv=induced &kiA polymerase activity (mol. wt. 123,000) can
be prepared free of detectable plant ribonucleases from
either a 'soluble’® cytoplasmic fraction (see EXTRACTIGHN METHUD
C - partly purified enzyme extracts, Chapter 2) or a °'particulate’
fraction (16,000-F; EXTrRACTIUN METHUDS E AND F, Chapter 7) of
disrupted CMv=infected cucumber cotyledons. Because of the
ease Of preparation, partly purified soluble extracts of
CMve=induced xNA polymerase from the °*soluble® fraction
(EXTRACTION METHUD C, Chapter 2) have been used throughout
this chapter. hHowever, soluble engzyme preparations from
these two fractions gave similar results when comparisong

were made during the present work.

METHCLS

1, Ireparation of partly purified soluble RNA polymerase. As

prepared by EXTRACTION METHCD C, described previously in
Chapter 2. both healthy and infected plant extracts contained

50 - 80 pg of VA per ml.

2., Assay of the soluble A polymerase activity. Carried out

as described in Chapter 1 with GTP—BZP as the labelled substrats
A or polynucleotide templates were added as stated. Unless
Btated otherwvise all assays were performed in the presence of
13 mb MgSC, (5 Pmoles Mgso4/assay). Linear incorporation of
labelled nucleoside triphosphate was obtained for 60 min., with
both the presence or absence of added RNA or polynucleotide

templates in the assay medium.
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3. Iisolation and nearest-neighbour analysis of the product
of the KNA polymerase reaction. These were carried out as

previously described in Chapter 1.

4, Extraction of plant KNA. The source of plant RihA used

in this chapter wvas the partly purified enzyme extract
prepared as described above fraom both healthy and infected
plants. Extracts were phenol-SDS extracted essentially as
described in Chapter 1 for viral RNA but the addition of NacCl
to the agqueous layer vas omitted, The yield of RNA was

60 - 85% of the total RNA present as estimated by alkaline

digestion of the enzyme extracts (described in Chapter 1).

KESULTS

1. The effect of magnesium concentration on the activity of
the partly purified soluble CMV-induced KiiA polymerase. As

previocusly stated, soluble RNA polymerase preparations
originating from °‘soluble’ or °‘particulate’ fractions of
CMvV-infected cucumbers gave similar results wvhenever comparisons
vere made during the present work. Only the results obtained
with partly purified soluble RNA polymerase extracts
(prepared as described in Methods) are given here.

In previous investigations of the soluble CMV-induced
RNA polymerase, an assay medium which contained 29 mM MgSO,
(10.8 pmoles/assay) was used and the results showed that the
RNA polymerase activity vas dependent on the presence of added
RNA in the assay medium (Chapters 2 and 3). However, it has

since been found that, by lowering the magnesium ion
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concentration of the assay medium to 5 = 13 mM (2 - 5 umoles/

assay), added iiiA was no longer required for soluble KivA

polymerase activity and the utilisation of polyC as a
template was increased five-~fold (Figure 17). On the

other hand, there was little effect on the KNA polymerase
activity measured in the presence of yeast rRikA when the

MgSU, concentration was varied fram 5 - 30 mM. At a MgS0,
concentration of 13 mM, the variation in concentration of K*
or NH4* from 0 = 54 mM or of pH fram 8.0 - 8.8 had negligible
effect on the soluble KkKA polymerase in the presence or
absence of added Ri\A. Replacement of Mg'' in the assay

medium with either Caz*

or an+ (0 - 13 mM) gave negligible
RYA polymerase activity dependent on added RNA or polynucleotide.
Dialysis of the partly purified RNA polymerase preparation (see
Methods) against 50 m}M Tris-HCl buffer pH 8.5, 90 mM
2-mercaptoethanol, 100 mM KiH,Cl, for Z hours at 4° (5 ml of
enzyme preparation/litre of dialysis medium) did not alter
the magnesium optimum profile of the soluble RNA polymerase
in the presence of polyC or yeast kNA., However, 50% of the
activity independent of added kA was lost when assayed
in the presence of 5 mM MgSC, but the activity at the other
magnesium concentrations was unaffected.

However, although polyC was utilised as a template
by the soluble RNA polymerase to a greater extent at 5 - 13 mM
MgSi,s there was little effect on the utilisation of polyU
and polyG (250 pg/assay) templates by the RNA polymerase
(Figure 18). FolyA was not used here due to its insolubility

in the assay medium which contained greater than 5 gy MgSO4
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(see below also). Similar resulte to those shown in Figure
13 were obtained whether the assays were performed in the
presence or absence of the three unlabelled triphosphates
(see also below). Further information regarding the template
activities of synthetic polynucleotides is presented in the
following section.

CMV=-rRNA (25 - 125 pg/assay) vas also utilised as
a template by the soluble RNA polymerase to a greater (twvo-fold)
extent vhen the MgSC, concentration of the assay medium vas
lowered from 29 mM (see Table 5, Chapter 3) to 13 mM

(see al=o Figure 19),

2., Characterisation of the template activity of RNA and of
gynthetic polynucleotides. It was previously shown that the

soluble CMV-induced KNA polymerase copied polyC, polyl,

TYMV and yeast RiA by complementary base pairing (Chapter 3).
Thus no specificity was demonstrated for any of these xNA

or polynucleotide species by the kiiA polymerase at the
magnesium concentration of 29 mM MgSC4. used in these assays.
The utilisatior of several RihA and polynucleotide species by
the soluble iuiA polymerase in the presence of 5 - 13 mM
MgSO4. under vhich conditions other activities associated

with the enzyme were apparent, has nov been investigated.

(a) The template activity of s thetic lynucleotides.

Table 12 shows the effect of four synthetic polynucleotides
(polyA, polyC, polyG and polyl) and yeast RiVA on the soluble
KA polymerase activity independent of added RNA or

polynucleotides, using four labelled nucleoside triphosphates
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as substrates. Assays were performed both in the presence
and absence of the other three unlabelled triphosphates and
in the presence of 5 mM quo4, since polyA was insoluble at
higher concentrations of MgSU, (see also above),

Assays performed in the presence of all four
nucleoside triphosphates showed that the addition of
polynucleotides (250 ng/assay) suppressed in all but two
cases, the goluble xiiA polymerase activity measured in the
absence of RNA or polynucleotides (Table 12). Addition of
polyC gave a ten-fold increase in GTP-32P incorporation into
product, while suppressing (greater than 90x) the incorporation
of the other labelled nucleotides tested. Further, there was
increased incorporation (two-fold) of GT£—32r an the addition
of polyG but this activity was also found in healthy plant
extracts and in the absence of the three unlabelled triphosplhates
(fable 12)., The role of such an enzyme, present in soluble
extracts of both healthy and infected plants, which presumably
added GMF from GTY onto the terminal 3*'-hydroxyl of polyG, is
not_known. Excluding this activity, healthy plant extracts
were devoid of any detectable soluble riviA polymerase activity,
dependent or independent of added iwiiA as measured by the

incorporation of GTE—Bz

¥ (lable 12).

Table 12 also shows that the amission of unlabelled
nucleoside triphosphates from the assay medium reduced by more
than 85% the soluble KNA polymerase activity in the absence of
added iiA or polynucleotides. However, such amission in the
presence of added polynucleotides had a variable effect as there

were both increases and decreases in the soluble KNA polymerase
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activity. These variable results are probably related to
the observation that the omission of unlabelled triphosphates

32P incorporation

in the presence of yeast A halted GTr-
wvhile the other three labelled triphosphates were still
incorporated at a reduced rate (Table 12). The appearance

of increased polymerase activity in both healthy anc infected plant
extracts on thne anission of one or more triphosphates from the
assay medium has previously been reported (Gilliland and Symons,
1968; see also Table 4, Chapter 3) and is probably due to
incorporation of nucleotides into transfer RNA (see Daniel

and Littauver, 1963; see alsc Chapters 3 and 5). The results

32P as

obtained here further emphasise the need to use GTF-
the labelled nucleoside triphosphate in general RiA polymerase
assays (see also Chapter 5). Also of worthy mention was the
fact that soluble RNA polymerase preparaiions did not

32P into acid insoluble

incorporate high levels of CTF-
material (see Table 12) as previously found with particulate
extracts of .uiA polymerase (see Table 10,Chapter 5). Such
CTP-32P incorporation was found only in particulate
(16,000-F) extracts of both healthy and infected cucumbers
and was not affected by a range of 5 - 29 mM MgSU, in the
assay medium.

As will be congidered below, all evidence
indicates that, in the absence of added ki:A or polynucleotide,
the soluble virus-induced RiA polymerase was copying RNA
present in the partly purified plant extracts. The results
of 1lable 12 show that the additicn of polyA suppressed by at

least 75» and of polyC, polyG and polyl by at least 98%
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the copying of this xNA since its maximum template activity
in the presence of any one polynucleotide must be given by
the lowest specific enzymatic activity obtained with any of
the labelled triphosphates in the presence of the other

three unlabelled triphosphates. The mcst obvious explanation
is that the added polynucleotide successfuly competed with the
natural rNA for the active site of the polymerase, iHowever,
only in the case of polyC was there any clear evidence that
the added polynucleotide was actually being copied by
complementary base pairing. The variable activities obtained
vith added polyA, polyG and polylU may have been due to some
unusual enzyme activities present in our partly purified
plant extracts (see above) or to incomplete suppression by
polyA of the kKA polymerase activity independent of added
K~NA or polynucleotide., However, the very marked preference
of the soluble KA polymerase for polyC as template is
further emphasised from the data of Table 12 which show that,
even if polyA, polyG and polyl were copied, their maximum

template activity was no more than 2 - 3% of that of polyC.

(b) The template activity of various RiA samples. Various
KnNA specieg, polyU and polyC were added in amounts from 0 -

125 pg to the assay medium (13 mM Mgs5U,) and their effect on
the soluble RiA polymerase activity independent of added RNA
and with GTPEBP ags the labelled substrate is shown in Figure
19, An increase in A polymerase activity was found with
polyC (see also above), CMV=RNA, Thve-rivA, TRSV=RNA, E. coli
RiJA and infected plant KNA but there was no specificity by

the enzyme for CMV-RNA alone. (n the other hand, the addition
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of healthy plant RNA, yeast transfer RNA, TYMV-RNA and
especially polyU lowered the RiA polymerase activity. Of
prime importance was the observation that RhMA extracted from
CMv=-infected plant extracts increased the RNA polymerase
activity while RNA from healthy plants tended to lower the

activity.

(c) nearest-neighbour analysis of the products formed

both in the presence and absence of added polyC, yeast RNA

and TYMV-iRNA. To ascertain whether or not added wlNA species

were copied by the soluble CMV-induced xitA polymerase,
nearest-neighbour analyses were performed on the products
formed both in the presence and absence of varying amounts of yeast
RNA, TYMV~-RNA and of polyC in the assay medium with GTP-32P as
the labelled substrate (Table 13).

After alkaline hydrolysis of the products found
in the presence and absence of TYMV-xihA (75 - 1000 ng),
36.5 - 41.0% and 26.9%, respectively, of the total radioactivity
incorporated was found in 2°'(3*)~-GMi. Thus, the values
obtained in the presence of TYMV-kiNA were indicative of the
added RNA which has a molar composition of 38.64 CMi (Symons
et al., 1963). A marked change was also found in the amount
of radioactivity in 2°'G3')-CMF, The results obtained in the
presence and absence of yeast nnA (75 - 1000 pg) showed that
27.1 - 28.5% and 23.9%, respectively, of the total radioactivity
was found in 2°'(3')-AMF., The values reported here for yeast
RNA were very similar to thoge previously presented (Chapter 3)

for the product of the soluble CMV-induced RKNA polymerase
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primed by yeast nnA but at the higher MgSu, concentration N3

4
of 29 m¥M. Hence, the addition of 75 pg or more of TYMV or

yeast kiiA to the assay medium resulted in a change in the
nature of the product. Thus, the original soluble KA
polymeraee activity measured in the absence of added =<\A or
polynucleotide was suppressed by the addition of xiA gpecies
which were then copied by the xiiA polymerase. Likewise, the
addition of polyC suppressed the soluble xixA polymerase
activity independent of added «xi\A or polynucleotide (see also
above) and it was copied by complementary base pairing

(Table 13).

3. Characterisation of the soluble CMv-induced XiA polymerase

activity measured in the absence of added A or polynucleotides.

A CMv-induced WA polymerase activity independent of added ri.A

32P into a double-stranded xHA

and which incorporated GTE-
product (8 - 145) was previously described for particulate
fraction? of CMV-infected cucumbers (see Chapter 6) and it was
considered that this particulate fraction may contain an =xiiA
polymerase-viral kivA complex (Chapters 5 and 7). The ma jor
aim of the following experiments was to investigate the nature
of the soluble rivA polymerase activity independent of
added xilA.

(a) General properties. As considered above and in rable
12, 85% of the soluble kiiA polymerase activity independent of

added iiJA was lost if three of the nucleoside triphosphates

were omitted from the assay medium. Similar results were
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obtained when only one nucleoside triphosphate was omitted,
which indicates that the soluble RNA polymerase activity
independent of added KNA was not due to random polymerisation
of nucleotides, This is consistent with the nearest-neighbour
analyses of the product of the reaction (Table 13).

The results presented in Table 14 provide further
information on the nature of this soluble Ri{A polymerase
activity in partly purified extracts. The lack of effect
of inorganic phosphate added at seven times the concentration of
nucleoside triphosphates indicated the absence of polynucleotide
phosphorylase activity while the inhibitory effect of
inorganic pyrophosphate was consistent with the utilisation
of nucleoside triphosphates with the release of pyrophosphate.
The reaction was sensitive to pancreatic ribonuclease
(1 pg/assay) although once completed, the reaction product
wvas 93% resistant to pancreatic ribonuclease digestion
(10 pg/assay). Consistent with this result was the finding
of low levels (20% of those deacribed here) of soluble =RNA
of infected cucumbers assayed in the presence of 5 - 13 mM
MgSU,. These crude soluble extracts contained ribonuclease
activity (see EXTRACTION METHCDS A, C and D (16,00US) ) in
contrast to the ribonuclease-free, partly purified extracts
used in the present work.

The 20% decrease in soluble RNA polymerase activity
independent of added RNA by the addition of deoxyribonuclease

(25 ng) to the assay medium and the negligible effect of the
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omission of actinomycin D, provide evidence against significant
host plant DhA-dependent RiWA polymerase, a conclusion supported
by the observation that native DiiA did not significantly prime
healthy plant extracts to incorporate labelled GTF. However,
although the addition of native DA (200 pg) to the assay
medium reduced the soluble kilA polymerase activity by only

10%, denatured DNA (200 pg) reduced the activity by 80x.

These results indicated that single-stranded, but not double-
stranded, DNA could suppress the nivA polymerase activity
independent of added xiiA.

(b) The product of the reaction. As described above,

the product of the soluble RiA polymerase reaction independent
of added rNA or polynucleotides was 93% resistant to digestion
by pancreatic ribonuclease. This result was confirmed and
extended by using a phenol-extracted product (see Methods)
vhich was more than 90% resistant to pancreatic ribonuclease
digestion (5 - 100 pg/ml) for 30 min. at 37° in SSC; the
product gave a thermal transition temperature (Tm) of 97o

in ssC and a sedimentation coefficient of 6 - 8S in sucrose

density gradients.

(c) sedimentation profile of soluble RNA polymerase

activity. Figure 20 shows the sedimentation profile of the
soluble CMV-induced KNA polymerase activity, assayed in the
absence of added RNA and in the presence of polyC or yeast

RivA, after centrifugation through a 5 - 20% sucrose density
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gradient for S5 or 17 hours at 36,000 rpm. Ko separation of
polyC or yeast RNA template copying activity (recovery 100 -
1105 in six experiments; 5 - 653 mol. wt. 123,0003; see
Chapter 3) was found under the conditions described.

However, the soluble kA polymerase activity independent of
added ‘A was detected after 5 hours centrifugation (40 - 45%
recovery relative to loaded activity), but the activity was
congiderably lower after 17 hours centrifugation (4 - 20%
recovery, 5 experiments). By contrast, this same activity was
completely recovered when the enzyme preparation was stored
in 5 - 10% sucrose at 4° for 17 hours. Thus, decay of this
activity occurred during the centrifugation and one possible
explanation could be the removal of a template which
sedimented at a faster or slower rate than the RJA polymerase

activity (5 - 65S).

DISCUSSION

The results presented above have indicated that, in the
presence of 5 - 13 mM Mg SO, in the assay medium, the soluble
CMV-induced KA polymerase (prepared from either ‘'soluble’ or
'particulate®' extracts; see Introduction) bound polyC and
several RiA species which it then copied by complementary
base pairing. However, in the caee of polyA, polyG and polyU
the situation was not so clear. DBecause these polynucleotides
effectively suppressed the template activity of the kitA present

in the partly purified enzyme preparation, it seems likely that

they were bound to the enzyme but there is no definite evidence
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that they also acted as templates. Even if they did, the
data of Table 12 showe that their maximum template activity
was no more than 2 - 3% of that of polyC. This very marked
preference by the soluble RiA polymerase for polyC over polyu
was a function of the Mg++ concentratior since the template
activity of polyC was markedly reduced at high Mgso,
concentrations (40 mM) and approached that of polyU (Figure
18). However, polyG failed to act as a template for the
soluble RNA polymerase activity at any concentration of
MgSU, tested (0 - 40 mM), using CTP-32P as the labelled
nucleoside triphosphate (Figure 18). (f considerable interest,
however, is the marked preference shown for polyC and for
' heteropolynucleotides containing cytidylate by the purified

phage Q3-RNA polymerase (Hori et al., 1967; Eikhamand
Spiegelman, 1967).

whether soluble RNA polymerase activity measured in the
absence of added RNA or polynu¢leotide was due to the presence
of an enzyme-viral KNA complex in the partly purified soluble
extracts of cucumbers or to an RiWA polymerase activity which
utilised free, deoxyribonuclease-insensitive template present
in the extracts is not entirely clear although all the
evidence would favour the latter hypothesis. The dependence
of this activity on the presence of all four nucleoside
triphosphates in the assay medium and the subsequent double-
stranded nature of the proauct indicate a reaction primed

by part at least of the .NA present in our extracts (50 - 80 pg/ml).

The decay of this activity during sucrose density gradient
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centrifugation may be interpreted as the removal of a template

species of higher or lower sedimentation value than the RNA

polymerase activity (5 - 6S), implying only a weak association

between the enzyme and RiA template. Thus the question arise
ag to whether the template present in our extracts is host
RNA, a viral Ri<A species involved in the replication process
or an ‘unusual’' viral KiJA species analogous to the 6S-kiA
found in o phage-infected E. coli (Banerjee et al., 1969b) o
perhaps a mixture of two or more species. The precise nature
of this template RvA has not been determined although the
results of Figure 19 indicate that part at least is a virus-
induced wiiA species.

The lack of specificity of the partly purified soluble
CMV-induced RiKA polymerase for CMV-iliA could be due to theo
presence of enzyme activities or other components inhibitory
to the replication process in vitro or to the lack of the
appropriate factors which govern the specificity of the RNA
polymerase for the viral RNA in vivo (Eikhom and Spiegleman,
19673 Stavis and August, 1970). Support for the latter
hypothesis was provided by the utilisation of several RNA
templates by the CMV-induced RNA polymerase while the size of
the XA polymerase extracted from the particulate fractions

can vary (see previous chapter), suggesting a multi-componen

r

t

enzyme system. However, of considerable importance is the fact

that the Q7 phage-induced kiNA replicase lacked dependence

on added Qf-ikvA when only partly purified (see Face et al.,
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1968; EBaner jee et al., 1969b) and showed specificity for its
viral RNA template only after considerable purification.
Thus, further investigationg into the specificity and nature
of the CMV-induced RNA polymerase require the use of more

highly purified RiNA polymerase preparations.



TABLE 12, EFFECT OF YEAST RNA AND POLYRIBONUCLECTIDES ON SOLUBLE RNA POLYMERASH

ACTIVITY Ii PAKTLY PURIFIED EXTRACTS OF CUCUMBER MOSAILC VIKUS=INFECTED

CUCUMBEK CUTYLEDUNS

Specific enzymatic activity

RNA or
polynucleotide Infected plants Healthy plants
?gg::g/asny) aTp-3%p crp-32p urp-3%p cTp-32p GTP-2p

(a) (b) (a) (b) (a) (b) (a) (b) (a) (b)
None 9.6 0.1 12.4 1.1 12.2 1.5 12.1 0.0 0.1 0.0
Yeast RNA 9.0 4.1 8.3 4.2 9.6 5.3 9.1 0.1 0.0 0.1
PolyA 3.2 4.1 3.2 3.4 8.1 4.4 3.1 0.9 0.0 0.0
PolyU 9.3 3.4 1.0 0.4 0.2 O.1 l.4 0.1 0.0 0.0
POlyG 1,2 0.0 C.2 0.0 0.1 3.1 25.5 32.3 26.2 29.3
PolyC 0.4 0.3 1.3 0.5 0.2 1.0 124.5 145.1 0.0 0.0




Table 12 (Cont'd.)

(a) Assays were carried out as described in Methods using the labelled
substrate as indicated and in the presence of the other three
unlabelled nucleoside triphosphates but the MgSOq concentration
wvas modified to 5 mM (2.0 pmoles MgSO4/assay) to avoid precipitation
of polyA in the assay medium.

(b) As for (a) but the unlabelled nuclecside triphosphates were amitted.

spfcific enzx%atic activitf. pumoles of labelled nucleoside
triphosphate incorporated into acid-insoluble material per min. per
milligram of plant protein.



TABLE 13. NEAREST-NEIGHBOUR ANALYSIS OF THE PRODUCTS

FORMED BUTH IN THE PRESENCE OR ABSENCE GF

ADDED FOLYC, YEAST RiNA UR_TYMV-RNA

lsolated 2°'(3°')-mononucleotides
(% of total radioactivity)

(VA or polynucleotide

added (pg/assay) AMF CMP GMP UMF
Yeast wivA 75 pg 2741 26,6 24.5 21.8
250 pg 28,5 24.4 23.2 23.9
250 pg 20.8 16.4 39.7 23.1
1000 pg 20.8 17.5 41.0 20.7
250 ng 3.0 2.3 92.3 2.4

rroducts were formed in the assay medium described in
Methods using GTP-32F as the labelled substrate in the
presence of the three unlabelled triphosphates. &<NA or
polynucleotides were added to this medium as indicated.
Each estimation was carried out twice on each of two partly
purified soluble RNA polymerase preparations (see also
Methods). Values quoted are the mean percent of the total
radioactivity, the standard error of the mean never being
greater than # 0.8.
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TABLE 14, PROPERTIES OF THE ASSAY SYSTEM USED FOR THE

MEASUREMENT GF SOLUEBLE RNA POLYMERASE ACTIVITY

INDEFENDENT OF ADDED RNA

specific enzymatic activity

system®
Healthy plants Infected plants
Complete _ 0.1 15.4
+ yeast RNA (250 pg) 0.2 14.4
+ polyC (250 ng) , 0.0 140.2
+ Rrase (1 ng) during assay 0.0 0.0
+ krnase (10 pg) after assayb 0.1 14.3
+ Fi (5 umoles) 0.0 13.3
+ FEFy (5 umoles) 0.0 0.0
- actinomycin D 0.2 15.3
+ Dihase (25 ng) 0.2 12.5
+ native salmon DNA (200 pg)c 0.6 13,7
+ denatured salmon DiAC 0.2 3.1

32

eAssays were carried out as described in Methods, with GTF=""F

as the lalbelled substrate and with the alterations listed.
b

~=After the reaction was caompleted, pancreatic ribonuclease
(10 pg) and 1.0 mg of unlabelled GTP were agded and the
assay incubated for a further 30 min. at 37,

Ecomparable activities were obtained when actinamycin D
(2.5 pg) was omitted from these assays.



FIGURE 17, THE EFFECT OF MgSO4 CONCENTRATION ON SOLUEBLE

CUCUMBER MUSAIC VIRUS-INDUCED RIWNA FOLYMERASE

ACTIVITY

The partly purified soluble RNA polymerase
preparation was prepared and assayed as described in
Methods at varying concentrations of MgSU4 (0O - 54 mM
MgS0,s 0 = 20 pmoles/assay) and in the absence of added
RNA, in the presence of 250 ng/assay of yeast RNA and

in the presence of 250 pg/assay of polyCe.
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FIGURE 18. THE EFFECT OF MQSO, CCNCENTRATION O
UTILISATION OF POLY-C, POLY-U AND POLY=G
TEMFLATES BY THE SOLUBLE CUCUMBER MOSAIC

¥IKUS-INDUCED RNA POLYMERASE

The partly purified soluble RNA polymerase
wvas assayed as described in Methods at varying
concentrations of Mgs0O, (0 - 40 mM MgSOg3 O - 15 jmoles/
assay), in the presence of 250 pg of polyC, polyG or
polyU and all four nucleoside triphosphates. The
labelled nucleoside triphosphate used in each assay
is indicated. (Specific activity of the rNA
polymerase activity measured in the presence of
1.0 mg of yeast RNA wvas 19.1, 21.0 and 22.1 for

32 32 32

GTP-"“F, ATP="“F and CTP-"“P substrates respectively,

at 5 - 20 mM MgSO,).
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FIGURE 19. SULUBLE CUCUMBER MOSAIC VIRUS=INDUCED

RiA FULYMERASE ACTIVITY IN THE PRESENCE

OF VARIUUS KNA AND POLYNUCLEUTIDE

SAMPLES

The soluble partly purified RNA
polymerase vas assayed as described in Methods in
the pressnce of varying amounts of different RNA

and polynucleotide species as indicated.
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FIGURE 20, SEDIMENTATION ANALYSIS OF THE SOLUBLE

CUCUMBER MUSAIC VIRUS-INDUCED RNA

FOLYMERASE

Fartly purified soluble enzyme (3.0 mg of
protein and 0.15 mg of RNA in 0.6 mlj; see Methods) was
centrifuged through a 11.6 ml gradient of 5 - 20%
sucrose in 0.1 M NH,Cl, 90 mM 2-mercaptoethanol, 5 mM
MgSU,, 50 mM Tris-HCl buffer pH 8.5, in a Beckman SW4l
rotor at 36,000 rpm for 5 hours (Expefiment A) or
17 hours (Experiment B). Three drop fractions (0.13 ml)
were collected fram the bottom of each tube and every
third fraction assayed for RNA polymerase activity
(see Methods) in the absence of added kNA, in the
presence of 1.0 mg of yeast KNA and in the presence of
100 ug of polyC. Results for the RNA polymerase activity
in the presence of polyC are expressed as one-tenth of
their actual value (i.e. cpm x 10-1). Recovery of RiA
polymerase activity using yeast KNA or polyC as template
was 110% after both 5 and 17 hours centrifugation.
Recovery of the RNA polymerase activity assayed in the
absence of added RiA or polynucleotide was 45% after
5 hours centrifugation and 4% after 17 hours. During
experiment A, marker E. coli RNA (235, 165 and 4Ss

5 mg in 0.6 ml) was centrifuged at the same time through
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FIGURE 20 (Cont'd.)

an identical gradient to that described above.
Fractions were collected and the optical density
profile at 260 mp of the KNA was determined but only
the positions of the 23S, 16S and 45 peaks are

shown.






108,

GENERAL DISCUSSI1IUGN

The results presented in this thesis have allowed a
partial characterisation of the virus-induced KnNA polymerase
found both in soluble and particulate extracts (see Figure
21 for summary of extracts used) of cucumber cotyledons
infected with cucumber mosaic virus. The basic assumption
of the work described is that the CMv-induced RNA
polymerase under investigation is responsible for the
in vivo replication of CMV-RiA, but no evidence presented
here directly confirms this assumption. Also no evidence
has been found which indicatesthat the enzyme studied is

viral-coded and is not an induced host plant enzyme.

1. Soluble :NA polymerase. The results presented have
indicated that the soluble virus-induced RiNA polymerase
(mol, wt. 123,000) found in partly purified extracts
infected with CMV was not associated with viral-RiA
template. The RiA polymerase was found to copy several
natural RiiA templates and polyC by camplementary base
pairing and to produce a pancreatic ribonuclease-resistant
and presumably double-gtranded RNA with yeast RiA and
CMv=-iiNA, A marked preference by the soluble RNA polymerase
for polyC over polyA, polyU and polyG, is of considerable

interest as the purified Q8 phage-induced ENA polymerase also
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shows this marked preference for polyC and heteropolynucleo-
tides containing cytidylate (Hori et al., 19673 Eikhom and
Spiegleman, 1967). Indeed two puzgzling features of the
CMV-induced RNA polymerase are its lack of specificity for
CMV=-RNA template and the observation that negligible enzyme
activity is detected in extracts of CMV-infected plants
other than cucumbers or rockmelons, The lack of specificity
of the partly purified CMV-induced kMNA polymerase for
CMV=RNA could be due to the presence of enzyme activities

or other components inhibitory to the replication process
in vitro or to the lack of the appropriate factors which
govern the specificity of the xiKA polymerase for the viral
RNA template in vivo (Eikhom and Spiegleman, 1967; Stavis
and August, 1970). Support for this latter hypothesis was
provided by the utilisation of several RiiA species by the
CMV~induced RNA polymerase while the size of the KNA
polymerase from particulate extracts can vary (see below,
Chapter 7) suggesting a multicomponent enzyme system.
However, of considerable importance is the fact that Qp phage-
induced RNA replicase lacked dependence on (g -RNA when only
partly purified (see Face et al., 1968; Baner jee et al.,
1969b) and showed specificity for viral RNWA template only
after considerable purification. Thus further investigation
into the specificity and nature of soluble CMV-induced RNA
polymerase needs to be carried out using more highly

purified RNA polymerase preparations.
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2. Particulate RNA polymerase. Several plant virus-infectad
particulate plant extracts (see Introduction and Chapter 5)
contain a presumed enzyme-viral RNA camplex which is probably
involved in the in vivo replication process of the RhNA
viruses. It vas postulated from the work described in this
thesis, that particulate fractions isolated from CMV-infected
cucumbers also contain such a complex, although no conclusive
proof that these fractions produce viral RNA in vitro has
been demonstrated., An interesting development has been the
solubilisation of an RNA polymerase activity from particulate
fractions of CMv-infected cucumbers by incubation with MgS0,
at 37° or by freezing and thawing. The general properties

of these solubilised enzymes are similar if not identical

to the RNA polymerase normally found in the soluble phase, except
for the reproducible obgervation that the enzyme released by
freezing and thaving had a molecular weight of 150,000

(about 30,000 higher than the other soluble RNA polymerase(s)h
This indicates that we have retained, during solubilisation
by freezing and thawing, an extra Mpmént(a) wvhich vas
lacking from the other soluble forms of the enzyme. It is
considered possibly, therefore, that the various types of

RNA polymerase found in soluble and particulate fractions of
infected cucumbers,infected with CMV, represent various
incomplete forms of the presumed KiA polymerase responsible
for replication of the plant viral RNA in vivo. Thus,
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although the actual cellular location of the complete,
pre'sumed multicamponent CMV-induced RNA polymerase cannot
be defined as yet, it is most likely (from the results
presented) present in the particulate fraction. Further
investigation of this fraction is being carried out to
isolate the camplete CMV-induced RihA polymerase.,

The long term goals of this work were to achieve both
viral RNA synthesise in vitro and a detailed understanding

of the enzymology of plant viral RNA replication.



FIGURE 21. SUMMARY OF RNA FOLYMERASE ACTIVITIES

DETECTED IN SOLUBLE AND FARTICULATE
EXTRACTS OF CUCUMBER MOSAIC VIRUS-INFECTED

CUCUMBER COTYLEDONS

BThis step usually involved the use of 50% saturated
(NH4)2504 to remove plant ribonucleases (see
EXTRACTION METHOD C, Chapter 2).

Bactivities expressed in the presence of 5 - 13 mM

MgsSO, in the assay medium (see Chapter 8).

EThe properties mentioned are found with the RNA
polymerase normally found in the soluble phase and
are similar if not identical to the RNA polymerase
solubilised from particulate fractions by 70 mM

Mgso, at 37°,
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