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ABSTRACT

Studies on the double~stranded RNA extracted from viruses of

Penicillium chrysocenum (PcV-ds-RNA) have shown that the nucleic acid

molecules are complete double helices, composed of two unnicked chains of
approximately equal length. Polynucleotide kinase labelling and subsequent
hydrolysis has revealed the presence of pyrimidine nucleotides at the
5'-termini of the ds-RNA molecules, instead of the purine nucleotides
usually found as 5'~termini of intact natural RNAs.

' Digestion of PcV-ds-RNA with Riase III, a nuclease specific for
ds-RNA, revealed that some sites on the molecule are more sensitive to
~ digestion than others, leading to the production, on limited digestion,
of specific ds-RNA fragmenés. Determination of the 5'-ends of specific
fragments show that Wase IIT is base-specific in its initial action on
ds-RNA. ‘

Pancreatic RNase cleavage of ds-RNA has been found th oécur_largely,
but not completely, by the simultaneous shissipn of both strands of the
ds-RNA, whilst ultrasonic irradiation cleaves ds-RNA in a way very
‘51milar to its mode of action on DNA
' The interferon-inducing CapaClty, antiviral activity and toxicity
of fragmented PcV-ds-RNA in mice were investigated. Although no ‘significant
changes in the antiviral.acfivity and toxicity were found on fragmentation
when strain CD 1 mice were used, a parallel decrease of interferon-inducing
capacity and molecular weight was established using mice of strain BSVS. —
The decrease in inducing ;apécity did not apparently depend on the method
of fragmentation. Fragments of PcV-ds-RNA were found to be more .toxic
than the intact material for BSVS mice, but this toxicity was not

rently related to the extent of the fall in interferon—induCing
capacity. Co ‘ ,
Thus, it seems unlikely that fragnentation will improve the prospects

"for the use of douole ~stranded RNA 1n antiViral therapy.
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INTRODUCTION

- The induction of the antiviral prdtein Interferon (IF) is of

importance, both from a fundamental biological standpoint, and also with
a view to the possible use of IF-inducers or IF itself in the treatment
of virus infection or neoplastic disease.

A great number of substances have been shéwn’to induce IF; but
interest has centred mainly around the double-stranded RNAs (ds-RNAs)
and synthetic double-stranded polyribonucleotideé as these are readily
“available, very efficient inducers, and 6f relatively low toxicity (at
least compared to other IF inducers) and low antigenicity. Most work
has concenﬁrated on the use of the synthétic ds-polyribonucleotide
complex, polyinosinic:polycytidylic acid‘[}oly(I).poly(Cﬂ as the inducer,
and relatively little work has been done on IF-induction by a natural ’
ds-RNA, which perhaps resembles more closely the inducer active during a
virus infection. Although many experiments have been performed, our
knowledge of' the structural requirements for IF-inducing activity and
toxicity is very limited; one of the ways in which these requirements
might be investigated is by'modification of the inducing ds-RNA. One .
" possible molecular alteration is the fragmentation of the inducer, which
allows a,stuﬂy of the effects of inducer size on its biological activities.
Little is known about the fragmentation of natural ds-RNA, therefore some
work on the effects of various methods of cleavage has been undertaken.
Such studies on the mode of cieavage-by differenﬁ agencies, and the
characterisation of the products of such fragments have not previously

been attempted, and throw some light on the fine structure of a natural

ds-RNA,



8.

" 1. ds-RNA and ds-RNA Viruses
a) The in vitro production of ds-polyribonucleotides.

Warner (1956,1957) reported that mixing equimolar amounts of the
syncheticbpolyriboﬁucleotides polyadenylic acid [poly(A)] and polyuridylic
acid [poly(U)], resulted in an immediate fall in the absorbance at the
wavelength of maximum absorption (termed a hypochromic shift) of about
30 7, as compared to the sum of the absorbances of the individual homo-
| polymers. The hypochromic shift was associated with increases in the
viscosity and sedimentation'coéfficient of the molecules. These effects
~ were explained by postulating an aggregation of the two polynucleotides,

caused by hydrogen bonding between the purine and pyrimidine residues.
‘X-Rfy diffraction analysis (Rich & Davies, 1956) of dried fibres of the
1+1' complex of poly(A) and poly(U) [poly(A).poly(U)] revealed a regular
pattern very similar in many fespects to that obtained in the examinaﬁion
of similarly prepared DNA fibres, This similarity was interpreted as
showing that the complex poly(A).poly(U) had a &ouble-helical structure,
the two chaina‘being held together by hydrogen bonds between the adenine

“and uracil baseé, analogues to the adenine-thymidine base pairing found

. in DNA, This poly(A).poly(U) was the first example of a polyribonucleotide

complex with a configuration resembling the double-stranded structure of
DNA, itself first demonsﬁtated by Watsdn and Crick (1953,a,b). ’

Since these studies on poly(A);poly(U), many other synthetic ds-
polyribonucleotides have been prepared, both by compiexing of two
complementary chains, and also by the self-complexing of various hetero-
polymers e.g. poly(A-U) (Chamberlin, Baldwin & Berg, 1963), poly(I).poly(C)
(Davies & Rich, 1958), poly(I-C) (Krgkow & Karstadt, 1967) and
poly(G).poly(C) (Chamberlin, 1965), |

The first RNA complex sequence shown to possess a ﬁighly ordered
~ secondary atructure,.i.e. to be double-stranded, was the complementary RNA
" (C-RNA) studied by Geiduschek, Moohr and Weisé (1962). This C-RNA was
prepared by polymerisation of ribonucleic triphosphatég on a T2 bacterio-
phage DNA template, using RNA polymerase purified from Micrococcus

lysodeikticus to catalysg;the‘reaction{\Studies on the properties of ‘C-RNA

- showed that it was not digested by pancreatic RNase (panc.RNase) at high
concentrations if the salt concentration was high, but digestion proceeded
fairly rapidly in solutions of lower ionic strength. Single-stranded RNA,

~and C-RNA following dénaturatioh, were both rapidly digested in both high
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and low salt concentration solutions. On slow heating of C-RNA solutions
there was a sudden sharp increase in absorbance (hyperchromic effect),
very similar to that observed for DNA under similar conditions (Thomas,
1954),

b) Naturally occurring ds-RNA.

This was first extracted and purified by Gomatos and Tamm (1963a)
~ from the virions of Reqvirus, an animal virus infecting many mammalian
species. On the basis of the resistance of this RNA to digestion with

panc.RNase in high salt media; coﬁpled with its sensitivity to digestion
in more dilute salt solutioﬁs, and the possession of a sharp thermal
transition as measured by absorbance, the authors decided that Reovirus
had ds-RNA as its genome. The.same conclusion was also reached for the’
genome of the unrelated plant virus Wound. Tumor virus (Gomatos & Tamm,
1963a,b). | |
ds-RNA has since been described as the genome of several viruses
infecting the following groups of organisms :
(i) warm blooded animals e.g. Blue Tongue virus (Verwoerd, Louw &
QOellerman, 1970), Colorado Tick Fever virus (Greeme, 1970).
- (ii) insects e.g. Silkworm Cytoplasmic Polyhedr0818 virus (Hayash1 &
Kawase, 1964)
~(iii) green plants e.g. Rice Dwarf virus (Miura, Kimura & Suzuki, 1966;
'-Sato, Kyogoku, Higuchi, Mitsui, I1taka Tsub01 & Miura, 1966)
(iv) fungl, for examples see Section lc.
(v) bacteria (sole example bacteriophage P6, Semancik, Vidaver & Van
‘ Etten (1973), from a Pseudomonad)'
The subJect of ds—-RNA-containing viruses has recently been reviewved by
Wood (1973). »

. ds-RNA is also found in cells infected with DNA or RNA viruses. In
the latter case, when the genome of the infécting virus is in the form of
‘ single-sﬁranded (ss)_RNA,'thgn the ds-RNA that is found has been considered
to have a role in the replication of thé virus, and is termed Replicative
_form RNA (RF-RNA) (Franklin, 1966). Such RF-RNA can be isolated from many

= types of virus-infected cells, e.g. from animal cells infected with

Poliovirus (Baltimore, Becker & Darnell, 1964; Bishop, Summers & Levintow,
1965), from plants with Tobacco Necrosis virus infection (Klein & Reichmann,
1970), and in cells of E.coli infected with R 17 phage (Fenwick, Erikson

& Franklin, 1964).: The infecting virus is not restricted to one with an

RNA genome, Vaccinia-infected cells, which contain the Vaccinia DNA genome,
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have been shown to contain ds-RNA in their cytoplasm (Coiby & Duesberg,

+ 1969) . Duesberg and Colby (1969) showed conclusively that the ds-nucleic

acid was ds-RNA, and not a DNA-RNA hybrid. They also showed that the ds-RNA

after denaturation hybridised with denatured Vaccinia virus DNK, and did

not hybridise with the DNA of the host cells. Robertson and Zinder (1968)

and Robgrtson (1971) have shoﬁn that during the transcription of DNA by

" E.coli RNA polymerase, three different types of nucleic acid were produced,

i.e. s8-RNA, RNA-DNA ds-hybrids, and ds-RNA. This mechanism was shown to be

similar to that of ds-RNA production in Vaccinia virus infected cells (Colby,

‘Jurale & Kates, 1971). Similarly it has been shown that ds-RNA is produced

in E.coli cells infected with the DNA phage T4'(Jura1e, Kates & Colby, 1970).
The fact that uninfected cells may contain ds~RNA was first shown

by Montagnier (1968) who found such ds-RNA in cells of rat liver. This

ds-RNA was shown to hybridise to a hiéh degree with rat liver cell DNA |

(Harel & Montagnier, 1971), implying that it did not result from some

latent or low-level vifal_infection. Kroneberg and Humphrey (1972) found

a small quantity of fapidly~turningfover ds-RNA in the nuclei of Sea-urchin

embryos, and suggested that its degradation was coupled with the processing

and transport into the cytoplasm of messenger RNA. Small quantities of

ds~RNA have also been found in cultured uninfected mouse spleen cells

(Kisseljov, Semjenova, Irline & Shatalova, 1972),
¢) ds-RNA viruses in'fungi.

ds-RNA was first purified from a fungal virus by Banks, Buck,
Chain, Himmelweit, Markes, Tyler, Hollings; Last and Stone (1968), but
- prior to this it had been postulated that fungi might contain viral N

partlcles (Lampson, Tytell, Field, Nemes & Hilleman, 1967) to explain their

finding that Helenine, an extract of P.funiculosum with antiviral properties,

contained ds-RNA. A similar fungal extract Statolon, from P.stoloniferum,

was examined under the electron microscope, and found to contain hexagonal
virus-like particles (VLPs) about 30 mm in diameter (Ellis & Kleinschmidt,
1967;'K1einschmidt & Ellis, 1967). The existence of these virus-like

’1*‘partic1es‘was confirmed by Banks et al. (1968), and these authors were

~also able to detect similar particles in a strain of P.funiculosum, the

‘organlsm from which Helenxne was produced VLPs have also been found in

pen1c1111n-produc1ng stralns of P. chrysogenum, and in P.cyaneo—-fulvum
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' (Banks, Buck, Chain, Darbyshire & Himmelweit, 1969a,b) . Other mycélial
fungi in which viral or virus-like particles have been demonstrated are :

Aspergillus foetidus and A.niger (Bamks, Buck, Chain, Darbyshire,

Himmelweit, Ratti, Sharpe & Planterose, 1970), Stemphylium sp. (Planterose,
Birch, Pilch & Sharpe, 1970), P.brevi-compactum (closely related to

P.chrysogenum) (Wood, Bozarth & Mislivec, 1971), P.citrum and P.variabile

~ (Borxé, Morgantini, Ortali & Tonolo, 1971), Cephalosporium acremonium

(Day & Ellis, 1971), P.claviforme (Metitiri & Zachariah, 1972),
Thraustochytrium sp. (Kazama & Schornstein, 1972) and Neurospora crassa

'(Tuveson & Peterson, 1972} Kuntzel, Barath, Ali, Kind & Althaus, 1973).

An extract of the non-filamentous Japanese edible mushroom, Cormellis |

1

shiitake, was found to be an active IF inducer on injection into mice,

and this was ascribed to infection with a ds-RNA virus (Tsunoda & Ishida,

1970). In all cases examined, except Thraustochytrium and Neurospora, it
has been shown that the genome of these viruses is ds-RNA. The estuarine

~ fungus Thraustochytrium, is thought to be infected with a DNA-containing

Herpes-like virus particle (Kazama & Schormstein, 1972), whilst the VLPs

of Neurospora crassa contain ss—RNA (Kuntzel EE.El;' 1973).,

ds-RNA-containing VLPs were initially found difficult to infect
into uninfected strains of fungi, but this has since been achieved using
the techniques of hyphal anastomosis (Lhoas, 1970,1971a) and the preparation
of protoplasts (Lhoas, 1971b,1972; Border, 1972) of certain Penicillium
and Aspergillus species. It is therefore correct to refer to the particles

found in these species as viruses.

"~ d) Multicomponent ds-RNA genomes. '

Whenever the genmome of a ds-RNA virus has been examined it has

» been found to consist of several pieces (Kalmakoff, Lewandowski & Black,
1969; Fujii-Kawate, Miura & Fuke, 1970; Border, Buck, Chain, Kempson-Jones,
Lhoas & Ratti, 1972); This segmentation of the genome has also been found
in several plant and animal virusés,carfying their genetic material as
55-RNA, The multiple ss-RNA pieces are either all packaged together in one
virionrparticle, as in e.g.'Influenza virus (Duesberg, 1968; Poms & Hirst,
1968; Blair & Duesberg, {970) (other examples are given in a recent review
by Simom, 1972), or each segment is packaged into a separate particle, e.g.
Alfalfa Mosaic virus (Bancroft & .Kaesberg, 1960; Gillaspie & Bancroft,
1965; van Vloten-Doting, Dingjan-Versteegh & Jaspars, 1970) and Cowpea

Mosaic-virus (Bruening & Agrawal, 1967; van Kammen, 1968). Both of the
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abéve_types of packaging are shown by the ds-RNA virusés. The non-fungal
viruses so far examined (Reovirus, Wound Tumour virus, Rice Dwarf virus,
Sikworm Polyhedrosis virus), have been found to contain in each particle
one of each of the ds-RNA pieces that can be purifiéd from these virus
prepafations (Fujii-Kawate et al., 1970). In the case of Reovirus, the
molecular weight (MW.) distribution of the fragments has been found to
be véry different from that expected to result from cleavage of one large
ds-RNA mélecule, either by shear degradation or random nuclease action
(Bellamy, Shapiro, August & Joklik, 1967; Shatkin, Sipe & Loh, 1968).
The different classes of ségmentsidid not éross-hybridise, i.e. the
classes are without long sequences in common (Bellamy & Joklik, 1967;
Watanabe & Graham, 1967). (This does not preclude séquence homology
within the classes). |

| For a time it was considered a possibility that the segments resulted
from cleavage at specific weak points along the genome, However, it has
since been demonstrated that intact Reovirus particles contained as much
. RNA chains, asﬂshown by the number of free 3'-termini, as did the isolated
 ds-RNA (Millward & Graham, 1970). This indicates that the segments isolated
from the virus all existed within the virus particle. This is probably
also the case for Silkworm Cytoplasmic Polyhedrosis virus, Rice Dwarf
virus, and Wound Tumour virus (Fujii-Kawafe et al., 1970).

The situation in the ds-RNA fungal viruses so far examined is some-
what dlfferent. It seems that in these v1ruses, each 1nd1v1dual ds-RNA
molecule is separately packaged, i.e. each virus partlcle contains one,

. or a very few, of the‘toﬁal number of RNA segments that are released on
“rupture of the particles. In this case, fhe viruses themselves are often

separable into several classes as well, This was first demonstrated with

‘the partlcles isolated from P,stoloniferum, ‘where two classes of small

{“‘ (25-30 nm diameter) particles were revealed by serological tests,

| together with small amounts of a third, serologically distinct, larger

(40-45 nﬁ) particle (Buck'& Kempson-Jones, 1970). These size groups of
Qiths are resolvable on gel electrophorésis, into fast (PsV-F) and slow
.. (PsV-8) .particles. Each of these virus grdups release multiple ds-RNAs,

- PsV-§ containing 2 (MW. 1.0l and 0.94 :;106 daltons), whilst PsV-F was

shownvto contain 3 components (MW. 0.99, 0.89 and 0.23 x 106 daltons)
(Bozarth, Wood & Mandelbrot,‘197ﬁ). Similar results for the MWs. of the
| different ds-RNA species were.obtained'bj Border et al., 1972,

4
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When the viruses isolated from A,foetidus weré examined, two
electrophoretically distinct classes of particle could again be isolated,
named as before AfV-S and ALV-F (Ratti & Buck, 1972) . Each class of
particle released, on extraction,‘several sizes of ds-RNA moleculeé. Both
AfV-S and AfV-F could Be resolved into a number of coméonents by buoyant
density gradlent centrifugation in potassium tartrate, and examination of
the ds-RNA 1solated from each component showed that each type of virus
v‘partlcle contalned only one class of ds-RNA molecule. A very similar

‘situation is seen in the packaging of the ds-RNA genome in P. chrysogenum

virus. This virus releases 3 spegles of ds-RNA on extraction; all of
'very similar size (Buck, Chain & Himmelweit, 1971). The MW. of the
individual species were determined by gel electrophoresis, as 2.17, 2.00
;'and 1.87 x 106 daltons (Border et al., 1972). Very similar results were
obtained by Wood and Bozarth (1972), who were also able to show, by
' computation of the average particle weight of the virus, and measurement
of the nucleic acid:protein ratio, coupled with a knowledge of the MW. of
the ds-RNA, that each particle could contain only I ds~RNA molecule.
Buoyant density species were not observéd, and it has been shown that the .-
virus as extracted from the mould is serologically homogenous (Wood et
‘al., 1971). It is not known whether all the ds-RNA species of a fungal
virus are necessary for infection.

Throughout this thesis it is assumed that P.chrysogenum is infected

- with only one virus type, which has a multi-component. genome.

2. The Physico-Chemical ?roperties of ds-RNA

In this section, some of the properties of ds-RNAs in general are -

first considered, and then the ds-RNA from P.chrysogenum virus is more

specifically dealt with.
a) X-ray crystallography.

Some X-ray diffracfion wéfk has been performed on ds-RNA, mainly
on the nucleic acids isolated from Reovirus and Wound Tumour virus
“(Langridge & Gomatos, 1963§ Tomita & Righ, 1964; Langridge, Billeter,
Borst, Burdon & Weissmann, 1964; A:nott,<Hutchinson, Spencer, Wilkins,

' Fuller & Langridge, 1966; Fuller, Hutchinson, Spencer & Wilkins, 1967;
Arnott, Wilkins, Fuller & Lahgr{dge, 1967a,b; Arnott, Wilkins, Fuller,
Venable & Langridge, 1967) and the whole field was dealt with in a general
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review of thé X~-ray crystallography of nucleic acids (Arnott, i970). The
present view is that as a dried fibre, ét low salt concentrations, ds-RNA
most closely resembles the A-form of DNA, having 1l base-pairs per helix
turn, with the plane of the base-pairs forming an angle of approximately
70° with the helix axis. This is referred to as A-RNA. If the salt
concentration of the fibre is increased, then the A{-form appears, which
- still resembles A-DNA in its major aspects, but has 12 base-pairs per
helix turn. Other minor forms also exist under various conditions; but
they are étill basically of the A-conformation.

However, in nature ds-RNA is not encountered as a dried fibre, and
its configuration in solution is of more interest to this present work.
‘To study this, Bram (1971) has used low-angle X-ray scattering, working
on the synthetic double-stranded polyribonucleotide complex poly(I).poly(C).
This was shown to adopt the A'-conformation in solution, and Bram concluded
that natural ds-RNAs would also exist in a.12-fold helix under such
: ﬁonditions. This is in donfrast to solutions of DNA, which is thought to
adopt the B-configuratioﬁ, i.e. a 10-fold helix having the base-pairs
vroughly perpendicular to the helix axis (Luzzati, Nicolaieff & Massonm,

1961; Luzzati, Luzzati & Masson, 1962; Luzzati, 1963).
b) Hydrodynamic properties.

Not much research has bégn done on'thgse properties, most authors,

'é.g. Shatkin et al. (1968), Hamilton (1971) being content to assume that
ds-RNA behaves exactly like DNA. This assumption has been questioned by
Franklin (1967), who considered that ds-RNA was more flexible than DNA,

and that therefore the use of equations relating MW. and sedimentation
coefficient (S) or intrimsic viscosity-(i] ), originally derived from work -
on DNA would give somewhat inaccurate results if applied to ds-RNA.
Franklin developed an equétion relating sedimentation coefficient to the
MW. for ds-RNA, based both on his measuieménts and those of Gomatos and
Stoeckenius (1964), but this equation wés not used in the work described
in this thesis, for in the author's opinion it is erromeous. The
calculation is partly based on the calculations of the distance between
|nuc1eotidé pairs published by Langridge and Gomatos (1963) and Tomita and
Rich (1964). These authors concluded that ds-RNA was probably a 10-fold
- helix, and based their calculationms of'internucleotide distance on this.
It is now considered as mentioned above that an 11-fold helix model fits

the X-ray crystallography data better (Arnott, 1970) whilst in solution
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" a 12-fold helix seems prébable (Bram, 1971), and it is therefore probable

that earlier calculations of internucleotide distance are incorrect.
¢) Ribonuclease resistance. -

~ One of the major criteria used to distinguish ss and ds-RNA

without complicated analytical techniques is the determination of the
differential sensitivity te ribonuclease digestion, most commonly done
using panc,RNase. This distinction between ss— and ds-RNA was first utilised
by Geiduschek et al. (1962), who found that ds-RNA was not detectably
digested by panc.RNase at an enzyme : suﬁstrate ratio of 0.05 pg
panc.RNase : 1.8 ug ds-RNA, in a medium containing magnesium ions (0.003M
'Mgclé. 0.05M Tris-HC1l, pH 7.8) at 37°C. Heat-denatured C-RNA was rapidly
digested under these conditions.
A This resistance (under certain conditions) to digestion by panc.RNase
- has been used for the identification or characterisation of ds-RNA 5& a
: éreat number of authors, including Gomatos and Tamm (1963a,b), Montagnier
and Sanders (1963), Weissmann and Borst (1963), Bishop et al. (1965),
‘Shatkin (1965), Billeter, Weissmann and'Warner (1966), Bellamy et al.
(1967), Banks gt al. (1969b), Lemke and Ness (1970), Wood and Bozarth
(1972). , |

This resistance, however, has been shown to be far from absolute, and
'its appearance depends onvthe ‘assay system dsed. Most of the above groups
‘of workers used either the hyperchrom1c effect that occurs on fragmentation,
or the productlon of acxd-soluble oligonucleotides, to assess the extent
of panc.RNase digestion, Both of these techniques only give a result when
degradation is already quite extensive. These ihsensitive'assays show that
apparently, in solutions'of high salt concentration or containing magnesiuﬁ
ions, panc.RNase has no effect on ds-RNA. If, however, more sensitive assay
techniques are used, e.g. the sedimentation velocity of the éﬁbstrate is
détermined, or the infectivity of an infectious ds-RNA (Shapiro, Bellamy,
- August & Joklik, 1966; Bishop, Koch & Levintow, 1967) it becomes clear
that the inactivify is merély appérent and that more sensitive assay
technlques reveal a slow degradation of ds—RNA by panc.RNase. Such digestion
"is much slower than the panc.RNase dlgestlon of ss-RNA. The mode of d1gest1on

of ds-RNA by pancreatic RNase has been investigated.
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d) P.chrysogenum virus ds-RNA.

Virus particles were found in the mycelium of P.chrysogenum by

Banks et al. (196%9a) as mentioned above, using strain ATCC no. 9480.
These viruses werg‘found, like all other fungal viruses so far described

(except those of Thraustochytrium and Neurospora crassa) to contain ds-RNA

(Buck et al., 1971) as their genome (abbreviated here as PcV-ds—-RNA).

A very similar ds-RNA was isolated directly from the mycelium of
P.chryéogenum ATCC no. 9480 (Lemke & Ness, 1970) and from the derived
strain ATCC no. 10002 (Cox, kanagalingam & Sutherland, 1970). Both these

groups of authors have done some studies on this ds-RNA, and work has
also been reported by Buck et al. (1971), and by Border et al. (1972).

. The viruses of P.chrysogenum have been the subject of a detailed study

by Wood and Bozarth (1972), and a short review of all these authors'
conclusions is given bélow.

That the RNA was in fact double-stranded was established on the basis
of its apparent resistance to panc.RNase in high salt concentration media,
its high Tm with a sharp transition, resistance to reaction with formal-
dehyde, spectrophotometric pr0perties; and chemical compbsition (Lemke &
Ness, 1970; Cox, 1970; Cox et al., 1970; Cox, Kanagalingam & Sutherland,
1971; Buck et al., 1971; Wood & Bozarth, 1972). The ds-RNA was shown to
._vConéist of 3 components of very similar MW. (Cox et al., 1970,1971;>Buck
et al., 1971), and the Mﬁs. of these three species have been measured using
‘the techﬁique of gel electrophoresis. Border et al. (1972) obtained results |
of 2.17, 2.00, and 1,87 x 10° daltons, whilst Wood and Bozarth (1972)
found closely similar results (2.18, 1.99 and 1.89 x 106 daitons). Cox et
al, (1970,1971) found, in addition to the high MW. ds-RNA another species,-
still of ds~-RNA, but of much 1ower size (around 0.14 x 106 daltons) and
guanosine and cytosine content (38 % GC, as against 51 7 for the ﬁigher
MW. ds-RNA). This low MW. ds=RNA species_has not been described by other
groups'of workers, nor has it been encountered in this present study, so
it will not be considered further. As mentioned above, the base composition
'of PcV-ds-RNA has been determined, showing that the proportions of A = U,
ahd G = C. The mole 7 GC content was estimated as just over 50 7 (56 7%

GC, Lemke & Ness, 1970; 51 % 6C, Cox et al., 1970; 51 7 GC, Buck et al.,
1oy, s -
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- Finally, the Tm of PcV-ds-RNA has been determined in various solvents,
but in the standard solvent SSC (0.15M sodium chloride, 0.015M tri-sodium
citrate, pH 7.2) has been vaiiously found to be in excess of 100°C (Lemke
& Ness, 1970), approximately 100°C (Cox et al., 1970) and 103°C (Buck et
al., 1971). In 0.1 x SSC values of 92°C, and 88°C have been quotéd, by
Lemke and Ness (1970) and by Buck et al. (1971) respectively.

Taken as a ﬁhole then, these physicochemical studies on PcV-ds-RNA
have shown that it is double-stranded overall, and have determined its
" size and chemical composition. Nothing has been revealed about its fine
structure, e.g. the possibilities of ss-tails, or of loops or nicks in the
individual strands have not been examined. For a clear view of the biologi-
cal activities of the molecule, and also to understand certain features of
the mode of operation of various nucleases in acting on the ds-RNA, it was

important that these possibilities were investigated.

. 3. Biological Properties of ds—-RNA

'ds~RNA has been found to have a great number of biological effects,
- sometimes inhiBitory, sometimes stimulatory, depending oh the sysfem
studied. Some of the effects are'non-specific, in that similar results can
be obtained with other polyanions, especially bacterial endotoxins (De
Clercq & Merigan, 1970a). Most work on the biological effects of ds-RNA
and ds-polyribonucleotides has been done using the synthetic polyribonu-

cleotide complex poly(I).poly(C).
"a) 'Arming' and other effects on macrophages.

It has been reported that, when mice are immunised against a .
strain of cells, and the macrophages are then isolated from the.immunised
mice, these macrophages are cytotoxic for the cell type against which
immunity has been raised (Evans & Alexander, 1970). There is no killing
‘effect if a different cell type is used to test the macrophages, or if
the macrophages are taken from a non-immunised animal, If macrophages from
a non-immunised animal are treated with ds-RNA, and then placed in comntact
with some other'cell type, cy;otoxicity\%s again exhibited, and no immqne
specificity is involved. Endotoxin has a similar effect, and the process

is referred to as the 'arming' of the macrophages (Alexander & Evans, 1971).
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ds-RNA is also known to have other effects on macrophages, stimulating
the synthesis of RNA and protein (Morrell; 1970,1971). This stimulation
is especially interesting in the light of the essential role these cells
play in host defence mechanisms, including the production of IF (Smith

& Wagner, 1967; Finkelstein, Bausek & Merigan, 1968).
b) Immune enhancement by ds~RNA,

Thié is possibly related to the results described in the previous
section., By immune enhancement is meant the stimulation of the antibody
respohse'to an antigen, and.this is of considerable interest, the potential
" of ds-RNA as an immunological adjuvant has recently been assessed (Hilleman,
Lampson, Field, Tytell, Nemes, Krakoff & Young, 1971). Braun and Nakano
(1967) reported that poly(A).poly(U), (and also a complex of poly(C) and
methylated bovine serum albumin) enhanced the early rate of increase of
the numbers of antibody forming cells in the spleens of mice injected with
éheep red blood corpuécles. They appeared to éct by stimulating the
nucleotide kinase activity of such antibody forming cells. '

The ds-polyribonucleotide poly(G) .poly(C) was also éhown to be active
(Braun, Nakano, Jaraskova, Yajima & Jimenez, 1968) and it was shown that
such ds—complexes were also active in stimulating phagocytosis in macro-

' phages. Similar effects, although of much lesser degree, had also been
found earlier by Cokn and Parks (1967), using DNA and yeast RNA, and by
Freedman and Braun (1965), studying énzyme digests of DNA., Johnson,
 Schmidtke, Merrit and Han (1968) showed that for adjuvant activity of
poly(4).poly(U), it waé essential that the molecule was in the double-
helical form, as the ss-polymers alonme had no adjuvant activity. The ‘
suggestion was made by Johnson et al. (1968) that poly(A).poly(U) complexes
acted by increasing the division rate'of potential antibody-forming cells.
That the terminal number of such cells was not increased, merely their
rate of appearance, was shown by Braun, Ishizuka, Yajima, Webb and
Winchurch (1971). The target for the action of ds-polyribonucleotides was
shown to be the thymic—derived lymphocytes by Johnson.and his co—workers
(Johnson, Cone, Friedman;.Han, Johnson, Schmidtke & Stout, 1971; Johnson

& Johnson, 1971; Cone & Joﬁnson, 1971). ‘This stimulatory effect extends not
| only to the humoral antibody response, but also increases cellular immune
respénses (Turner, Chan.& Chirigbs, 1970), e.g. poly(I).poly(C) ‘injections

reduce the survival time of isografts in mice. -
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It seems probable that these immune-stimulating activities play a

role in the in vivo antiviral and antitumour actions of ds-RNA.
¢) Effect of ds-RNA on cell-free protein synthesis.

‘Ehrenfeld and Hunt (1971) and Hunt and Ehrenfeld (1971) have shown
that ds-RNA from a variety of éources (Poliovirus RF ds-RNA, f2 coliphage
RF ds-RNA, Reovirus genome ds-RNA) and also the polynucleotides poly(A-U)
and:poly(I).poly(C) inhibited the synthesis of haemoglobin by rabbit
reticuloéyte lysates. The inhibition was not immediate upon the addition
of ds—RNA; and even at maximal inhibition levels polypeptide chain synthesis

 continued for a period at the uninhibited rate before the abrupt cessation

- of amino acid incorporation. The authors suggested that a factor required

for initiation ofkpolypeptide synthesis, which is slowly depleted under
| normal conditions,‘is either no longer fegenerated, or not synthesiéed,
in the presence of ds-RNA. Confirmatory evidence has been thainedlrecently
by Kaempfer and Kaufman (1973), who studied the inhibition of polypeptide'
synthesis in rabbit reticulocyte lysatés by added PcV-ds-RNA, They wefe
" able to show that an inactive complex was formed between the ds-RNA and
" an initiation factor (IF-3) necessary for riboéome recycling and m—RNA _
binding. Addition of exogenous IF-3 overcame the inhibition by PcV-~ds—-RNA.
‘ "A similar inhibition of protein synthesis in an E.coli-f2 phage
'RNA system by poly(I).poly(C) was demonstrated by Chao, Chao and Speyer
(1971). | | '

d) onicity of ds-RNA for cultured cells.

During the infection of cells with Bovine Enterovirus (BEV) large
quantities of ds-RNA accumulate in the CnyplaSm just before cell death., .
The relationship between the ds-RNA and the cytotoxic effect was investi-
gated by Cordell-Stewart and Taylor (1971), who found that the rate of

‘cell killing in a non-infected culture was directly proportional to the
"amount of ds-RNA added. BEV-RF deRNA was more effective thaﬁ‘nqn-infectious
_ds-RNAs such as poly(I).poly(C) and poly(A-U), which killed only 30 %
of the total treated cells when an equal welght dose of BEV-RF ds-RNA
" killed 100 Z. _ " '

The BEV-ds-RNA appears to inhibit cell-dlrected polypeptlde synthesis,
‘probably at the stage of translatlon (Cordell~Stewart & Taylor, 1973),
which is similar to the effect described in section 3 c)»above. The toxic

effect of BEV-ds-RNA is specific for cell-directed polypeptide synthesis,
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- because incorporation of amino acids into BEV or Mengo virus-specific
- protein in infected cells was not affected by the addition of ds-RNA.

Data on the cellular toxicity of ds-polyribonucleotides, generally
poly(i).poly(C), are few and often scanty. Kawade and Ujihara (1969) found
'that a concentration of 0.1-1.0 pg/ml poly(I);poly(C) was sufficient to
have lethal effects in.Chick Embryo cells, whilst Margolis and Levy (1969)
found that treatment of mouse L-cells with between 10 and 50 pg/ml did not
result in any toxic manifestations. A careful study of Flikke, Kjeldsberg
and Lahelle (1970), using the Detroit (human) cell line, showed that
25 pg/ml poly(I).poly(C) was toxic for cultured cells. It seems probable,
as suggested by Levy, Law and Rabson (1969), that the degree of toxicity
varies with the cell type or with the extent of cellular differentiation.

_ Cytotoxicity has been reported on repeated exposure of cells to
‘poly(I) poly(C) (Billiau, Van den Berghe & De Somer, 1972b), when each
‘individual dose alome was insufficient to cause toxic effects. This
increased toxicity was considered ‘to be due to the priming effect of the
" IF induced by the first dose of poly(I).poly(C), vhich makes a Cellihyper-
reactiye with regard to a later dose of poly(I).poly(C), both in producing
more IF (Rosztoczy & Mecs, 1970; Billiau, 1970; Stewart, Gosser & Lockait,
1971; Tovell & Cantell, 1971; Billiau, Joniau & De Somer, 1972a; Billiau
et al., 19?2b) and in increasing the toxicity of the inducer (Stewart,

De Clercq, Billiau, Desmyter & De Somer, 1972).
e) Animal toxicity of ds-RNA.

Poly(I).poly(C) has been found to be lethal for mice at relatively
low doses (no LD50 was established but 20 mg/kg killed 5/10 mice in ome
experiment) and to provoke a local Shwartzman reaction (Absher & Stinebring,
1969). The toxic effects resembled in some ways those observed with endo- -
'toxin, and 1éad acetate injéction (which enhance the toxicity of endotoxin)
also enhanced the toxicity of pdly(I);pély(C). Similar results were noted
- in mice treated with actinomycin D (Pieroni, Bundeally & Levine, 1971) and
' in adrenalectomised rats (Zedeck, Marquardt; Sternberg, Fleischer' &
Hamilton, 1970). Both of these treatments increased the sensitivity of
.tﬁe test animal to the toxic effects of both endotoxin and poly(I).poly(C).

The lethal effects of poly(I). poly(C) are only noted with doses much
greater than those necessary to protect m1ce against V1rus infection. This
protectlve dose varies with the assay system for measurlng the degree of

protection, but generally doses of | mg/kg or less are effectlve. (See e.g.
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Nemes, Tytell, Lampson, Field & Hilleman, 19693; Richmond & Hamilton,
1969; Lindh, Lindsay, Mayberry & Forbes, 1969; Postic & Sather, 1970;

Finter, pers. commun., 1970). The LD.. of poly(I).poly(C) in mice after

intravenous injection was about 16.552g/kg (Hilleman, 1970).

_ Poly(I).poly(C) was shown to be highly pyrogenic (Lindsay, Trown,
Brandt & Forbes, 1969), and embryotoxic (Adamson & Fabro, 1969) in rabbit.
Lindh et al. (1969) noted that the pathological-symptomé on administration
of a lethal dose of poly(I).poly(C) resembled those produced by endotoxin,
whilst Braun (1969) found that poly(I).poly(C), like endotoxin appeared to
damage cell membranes, specifically those of macrophages. This would be
expected to cause the release of a number of endogerous substances, notably
IF, pyrogens and lymphocyte stimulators. Leonard, Eccleston & Jones (1969)

4 found that poly(I).poly(C) caused a runt-like disease in mice and rabbits,
and an acceleration in the onset of thé auto-immune disease in New Zealand.
mice has algo been described (Steinberg, Baron & Talal, 1969). Like the
tbxicity to the haemopoietic stem cells in mice (Julien & De Maeyer-Guignard,
1971), these effects indicate that poly(I).poly(C) has considerablé
activity on the reticulo-endothelial system. This is interesting'in view
of the stimulatory effects on this system of lower doses of polyribonucleo-

tides (section 3 1b)).

! Ocular treatment with poly(I).poly(C) in rabbits was reported to
cause.eye damage, including opaqueness of the lens and hyperaemia of the
iris (Ostler, Oh, Dawson & Burt, 1970), and cerebellar toxicity has been

_reported in chickens (Young, Taylor, Yu & fyerman, 1970) . In this case,
oedema, haemorrhage and‘ataxia were found, apd were considered due to
the destructionAof‘the endothelial cells in the walls of the small blood .
vessels, leading to their rupture. In addition poly(I).poly(C) has been
reported to inhibit DNA synthesis and mitosis in epithelial cells of the
mouse salivary gland, after stimulation with isoproteremol (Serota &
Baserga, 1970) and in the regeneratihg liver of partially hepatectomised
mice (Jahiel, Taylor, Raiﬁford, Hirschberg & Kroman, 1971). |

The toxicity of poly(I).poly(C) in mice, rats, dogs and other

‘animals has been reviewed by Stinebring and Absher (1971), and by Philips,
Fleischer, Hamilton, Schwarz and Sternberg (1971). Data on the toxicity of
poly(I).poly(C) in man has beentobtained in some clinical trials, although
of course in such trials the dose administered must be severely limited.
Field, Young, Kfakoff, Tytell, Lampson,‘Nemeg and Hilleman (1971)~we;e

able to give doses of up to 400 pg/kg intravenously into some patients,
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and observed only some slight febrile reéponse. Regretably, even with

these dosages only very limited amounts of interferon were observed.
f) Antiviral activity and the induction of interferon.

The antiviral protein Interferon, its structure and mechanism of
action, are dealt with in Section 4).
Various fungal extracts and products have been found to have antiviral

activity, most notably Helenine, from P.funiculosum (Shope, 1953a,b) and

' Statolon, an extract of P.stoloniferum (Probst & Kleinschmidt, 1961;

Kleinschmidt & Probst, 1962). An antiviral ‘antibiotic, M-8450, had been

found in extracts of P.stoloniferum several years before (?owell, Culbertson,

McGuire, Hoehn & Baker, 1952; Hull & Lavelle, 1953) ‘and M-8450 was shown to
resemble Heleniﬁe in its mode of action (Cochran & Francis, l956). Even
prior to this, antiviral activity had been found in an impure Penicillin
preparation by Groupé and Rake (1947),

The antiviral activity of Statolon was shown to be due to the
induction of IF (K1einschmidt, Cline & Murphy; 1964) but there was for some
time controversy about the chemical nature of the inducer. The generélly
accepted theory was that, és the major component of Statolon was complex
anionic polysaccharide, this was the inducer (Probst & Kleinschmidt, 1961;
Cooke & Stevenson, 1965a,b), but one group of workers were able to igolate
~an active substance with the chemical and spectral properties of a ribo-
nucleoprotein (Lewis, Rickes, McClelland & Brink, 1959).

In 1967, in a c1a351c serles of papers, Hilleman and his coworkers
showed that ds-RNA was a most eff1c1ent IF 1nducer whereas ss—-RNA and DNA
.had no detectable activity (Field, Tytell, Lampson & Hilleman, 1967a,
Tytell, Lampson, Field & Hillemaﬁ, 1967; Field, Lampson, Tytell, Nemes &
Hilléman, 1967b). They found that the active component of an IF-inducing

:vextract from P.funiculosum was ds-RNA (Lampson EE.EL‘; 1967) . Since then,

as mentioned in section 1 ¢); ds-RNA has been found in antiviral extracts
" of many fungal species, and has generally been shown to be the result of

viral infection of the fungus.

g) Requirements for a polynucleotide to have interferon-inducing
activity. - T

There have been numerous studies on the structural requirements

- for .IF-inducing activity in polynucleotides, often yielding conflicting

results.
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For reasons of commercial availability, and apparent chemical

simplicity, almost éll work on the structural requirements for activity
has been done on synthetic polynucleotides. One of the more important
requirements is that a polynucleotide must have a stable double-stranded
structure, formed by hydrogen—bonding‘between complementary bases. The
stability referred to is ggnerally‘considered as the thermal stability
(the temperature range over which the helical structure of the double
helical complex is disrupted, resulting in the production of two random
coil single-strénded polynucleptides. ‘'The mid-point of the thermal | ,
transition is called the melting temperature or Tm)., The Tm and antiviral
activity (the relationship between the antiviral activity and IF induction
is considered in the discussion) §f a number of polyribonucleotide
complexes, both homopolymer pairs and alternating copolymers, were
determined by De Clercq and Merigan (1969a) and by Colby and Chamberlin
(1969) . The general conclu;ion was that the antiviral activity depended to
some extent on the Tm, in that : .

(1) complexes with a Tm below 50°C are inactive,

(2) complexes melting between 50°C and 60°C are moderately active, and

(3) .complexes with Tm above. 60°C are highly active, but’the extent of
antiviral activity is not related to Tfn. |
‘ Since Doty, Boedtker, Fresco, Haselkorn and Litt (1959) have shown
vthat Tm is a valuable measurement of the overall stability of a ds-poly-
nucleotide, it is reasonmable to conslder that the polyribonucleotides with
Tm values higher than 60°C may also be most stable at 37°C. It seems as
. though both strands of the complex must stay together in a highly ordered
secondary structure in order to stimulate-IFlproductionvand antiviral
" activity. Sequential administration of first one ss—polyribonucleotide, and
then the complementary strand, also results in good IF yield, in fact
.perhaps better than administration of an equivalent amount of the ds-
polyribonucleotide complex (De Clercq & De Somer, 1971,1972). It is
probable that the complementary strands meet up and complex either in the
" circulation or on the cell surface.
Slngle-stranded RNA has generally been shown to be inactive at
. inducing IF and antiviral activity (Lampson et al., 1967; Field et al.,
1967a,b; Colby & Chamberlin, 1969) although some workers have found low
levels of activity in various preparations of poly(I), poly(X), poly(C)
and'poly(G) (De Clercq & Merigan, 1969a; Baron, Bogomolova, Billiau, Levy,
Buckler, Stern & Naylor, 1969). In this latter case, the activity found
v:varied from batch zo batch of synthetic polyribonucleotide. Both groups

showad that the activity stemmed from the ss—polyribonucleotides themselves,
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and not from some smalllcontamination with ds-RNA, by digesting the
polypyrimidine—nucleoﬁide samples with panc.RNase under éoﬁditions when
ds-RNA is much more resistant than ss—RNA. (This proof is not absolute,
however, for ds-RNA is not completely resistant to panc.RNase.) Such
_digéstion deétroyed completely the antiviral activity. The batches with |
.higher activity were found to have higher RNase-resistance (Baron et al.,
'1969) and Baron's group considered that the active ss—polyribonucleotides
~ were somehow in a semi-ordered configuration -intermediate between a random
coil and double~helix. De Clercq and Merigan (1969a) showed that active
ss—polyribonucleotides, e.g. poly(G), poly(I) and poiy(x), showed a greater
hyperchromic effect on alkaline hydrolysis than the homopolymers poly(A),
poly(U) and poly(C) which they found inactive. This suggested that the
former grbup of polymers had a more stable secondary structure than the
latter, inactive ones. As pointed out bvae Clercq, (1971) immunological
studies have shown that under the conditions used by De Clercq and Merigan
(1969a), poly(Il), poly(X) and poly(G) might all be expected to occur in
highly ordered three- or four-stranded structures (Panijel, Souleil &
Cayeux,‘1966; Souleil & Panijel, 1968). Such multi-stranded complexes were
shown to have very low activities as inducers of IF (Colby & Chamberlin,
i969; De Clercq & Merigan,;l969a; De Clercq, Eckstein & Merigan, 1970c).
Somevauthors haVe‘reportéd that Newcastle Disease virus {(NDV) and Semliki
Forest virus (SFV) virionms, containing ss-RNA as their genome, were able
‘ to induce IF under conditions when no RNA synthesis could Qccﬁf (Gandhi &
Burke, 1970; Goorhé & Gifford, 1970; Dianéaﬁi, Gagnoni, Buckler & Baronm,
1970); this has been taken as evidencg for the activity of some factor
.other than ds-RNA acting as IF inducer. All these authors utilised
‘concentrated unpurified virus prepérations. Recently the existence of
significént quantities of ds-RNA (up to 2 7 of total nucleic acid) has been
reported in the nucleic acid extracts of such highly concentrated, crude,
virus preparations, using NDV, Sindbis virus and SFV, ds-RNA being detected
by complement fixation with an antiserum specific for ds-RNA (Field, Lampson,
Tytell & Hilleman, 1972).
If double-strandedness were the sole criterion for polynucleotldes

to have IF-inducing activity, then DNA would be expected to have high
~ act1v1ty. This is not so, DNA and polydeoxyrlbonucluotldg complexes have.
generallylbeeﬁ shown to have little or mno IF-inducing activity (Lampson

et al., 1967 Field et al., 1967a; Colby & Chamberlin, 1969; De Clercq et
ral., 1970c). DNA differs phy51co~chem1ca11y from ds-RNA in three major ways,

L

at least one of which may be responsible for the inactivity of the deoxy-
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‘A.polymers._The substitution of uridine for thymidine is not likely to be
of any importance, for although the activity of different synthetic
polyribonucleotides variés, and their variation may be the result of,
' amongst other things, the base composition, the synthetic polydeoxyribo-
nucleotide poly(dI).poly(dC) is inactive, whilst poly(I).poly(C) is one of
the most active inducers (Vilcek, Ng, Friedman-Kien & Krawciw, 1968; Colby
& Chamberlin, 1969; De Clercq et al., 1970c). |

The second major difference is in the structure of the double-helices,
as reviewed in section 2 a) above. As stated before, ds-RNA in solution is
ﬂ_considered to be in the form of a 12-fold helix, with the bases tilted at
'70°-80° to the helix axis, whilst DNA probably adopts the B-conformation,
a 10~-fold helix with the plane of the base~-pairs perpendicular to the helix
‘axis. Work on DNA-RNA hybrids'shows; however, that this difference in
conformation i1s not the cause of the inactivity of DNA. These hybrids adopt
the A-cdnformation in solution, resembling ds—-RNA (Milman, Langridge &
Chamberlin, 1967; O'Brien & McEwan, 1970; Bram, 1971). DNA-RNA hybrids,
however, do not induce IF (Vilcek et al., 1968; Colby & Chamberlin, 1969;
Colby, Stollar & Simom, 1971). The finding of low activity in a DNA-RNA
hybrid preparation (Nemes, Tytell, Lampson, Field & Hilleman, 1969b), can
be explained by inadequate purification of the product, for as mentioned
before, the use of RNA polymerase to make such hybrids has been shown to
’,fesult also in the produc?ion of small amoﬁnts of ds-RNA (Robertson &
Zinder, 1968; Robertson, 1971). '
| ’ Therefore it would seem that the hydroxyl group on the é—carbon
. of the ribose moiety (2'-OH) is neéessary in both strands for the presence
of IF-inducing activity. This is borne out by work involving the chemical
rééction of the 2'-0H groups (De Clercq, Zmudzka & Shugar, 1972; Black, .
Eckstein, Hobbs, Sternbach & Merigan, 1972) which shows that such ghemical
- substitutions of this group as methylation or chlorination greatly reduce
the activity of the ds-polyribonucleotide complexes as IF-inducers.

However, in one case, DNA has been found to be an active IF-inducer.
Kleinschmidt, Douthart & Murphy (1970) reported that although thé DNA

éx;récted from T, coliphage particles did not induce IF, (and neither did

the protein coat4ghosts), the intact phage was an efficient IF-inducer in
- rabbits. It was considered extremely unlikely that TQ phage would.rep}icéte
‘in'mammalian cells, which might have given rise to the production of some
‘ds~RNA. The authors ascribéd the activity of the intact T4 virions to the
protection against nuclease digestion afforded to the DNA by the protein

ecoot, and that rapid digestion by cellular and eirculatory nuclesses wos (he
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cause of the inactivity of DNA as an inducer. As an alternative hypothesis,
Kleinschmidt and his coworke:s-suggested that the DNA inside the phage
particles might adopt somé special conformation, resulting in activity as
‘_ an IF-inducer. (See also Kleinschmidt, 1972). That in fact the DNA inside
phage particles possessés a different conformation from its state in
solution was shown by the Ob;ical Rotary Dispersion work of Maestre and |
Tinoco (1967). "

Perhaps more imﬁo;tant for activity than the physical stability of a
polynucleotide complex is the resistance to digestion by various nucleases.
However, the published data is compiicated and sometimes contradictory,
cand it is difficult to get a clear plcture of the absolute importance of
nuclease re31stance.

Immediately an inducer molecule is put onto a tissue culture or
injected into an animal, nuclease digestion will commence, and it is of
obvious importance that the inducer should withstand this long enough to
trigger the IF-induction process. As described in section 2 ¢), it is known
that panc.RNase (under certain conditionsj will digest ss-RNA fapidly to
' 6lig0f and mono-nucleotides, whilst having very little effect on ds—RNA.

This has been considered to be the reason for the inactiﬁity of ss-RNA as

an induéer'(Baron et al., 1969), and if this is the case, then a direct
.relationship between RNase-stability-and‘IF-inducing capacity might be
expected., Most work on the RNase-resistance of IF-inducing ds-polynucleotides
has been done using panc.RNasé to test the resistance to ‘nuclease digestion,
. although théfe.is no reason to believe that this nuclease is solely, or
. éven at all, responsible for the breakdown of ds-polyribonucleotide IF-

- inducers in vivo. Indeed a'ndclease specific for ds~RNA has been described
'ln the sera of numerous anxmals, 1nc1ud1ng rats, rabbits and man (Stern, )
1970a ,b). '
" It'has been shown that polyribonucleotide complexes coﬁtaining I-C
and G-C base paifs are more active as inducers of antiviral activity and
IF than aie complexes containing A-U base pairs [}'e. poly(A) .poly(U) and
'.poly(A—Uﬂ and that the former are more resistant to digestion with panc.
RNase (Field et al., 1967a; Colby & Chamberlln, 1969; De Clercq et al.,

- 1970c). That the difference in IF-inducing activity is probably not an
uptaké phenomenon was shown by Colby and Chamberlin (1969), who found that
poly(I) poly(C) and poly(A-U) are taken up into chick embryo cells at very

31m11ar rates.
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The importancé of nuclease resistance is further supported by work
on polyribénuéleotide analogues. Polyhucleotides'containing thiophosphate
groups‘instead.of phosphate are readily prepared, and the Tm éf such
.suﬁsti;uted polynucleotides does not differ significantlj from that of the
unsubstituted compound (Eckstein & Gindl, 1970). However, such substitution,
either in half (poly(AgU) and poly(gI-C) or all the residues (poly(gAgU)
and poly(gIgC) resulted in increased antiviral activity (De Clercq, Eckstein
& Merigan, 1969; De Clercq, Eckstein, Stermbach & Merigan, 1970d,e). As
- the thiophosphate bond is resistant to cleévage by mahy nucleases, including

' ‘panc.RNase, RNase T,, and. the RNase activity of serum (De Clércq, 1971),

then it was‘not uneipected that poly(;A;U), poly(gIgC) and poly(gI—C) were |
markedly more resistant to digestion by panc.RNase than the parent compounds
" poly(A-U) and poly(I-C). The partially substituted derivative poly(A;U) did
not differ in sensitivity to panc.RNase from the unsubstituted poly(A-U)
(Matzura & Eﬁkstein, 1968). This is, of course, because panc.RNase usually
cleaves after pyrimidine residues (Markham & Smith, 1952) and in poly(AgU)
the thiophosphate groups only occur after the purine residues. Poly(gI;C)
and poly(;I-C) are equally resistant to digestion with panc.RNase, whilst
if digested with RNase T1 instead, the partially substituted polynucleotide
vpoly(gI-C) was found to be as sensitive as its parent compound (poly(I-C),
whilst poly(gIgC) was very much more resistant (De Clercq et al., 1970c;
Eckstein & Gindl, 1970). This again is to be expected, in view of the known
specificity of RNase T’, which cleaves only after guanosine and guanosine-
derivative nu;leosides, e.g. inosine (Sato & Egami, 1957; Sato-Asano, 1959).
'All.these substituted compounds have increased efficiency in the induction
of antiviral resistance (De Clercq et al., 1970d). This suggests the
_ importance of nuclease resistance for IF-inducing activity. Other evidence -
for the importance of nuclease resistance stems from the high activity of
vinyl-substituted polyribonucleotide.  complexes, poly(I).poly(vC), which also
have very high resistance to digestion with panc.RNase (Pitha & Pitha, 1971).
Finally, numerous groups of\workers have.found>that complexing
poly(I).poly(C) with the polycation diethylaminoethyl-dextrén'(DEAE—dx)
great1y~increases the antiviral activity in vitro of the polynucléotide
(Dianzani, Cantagalli, Gagnoni & Rita, 1968; Vilcek gg.élf, 1968; Colby
& Chamberlin, 1969; Billiau, Bucklef, Dianzani, Uhlendorf & Barom, 1970b).
The pblycation could exert its stimulatory effect in either (or Both) of
two ways : by protecting the inducing polyribonucleotide from nuclease
digestion, or by facilitating its ﬁptake to some cellular‘sitg. Billiau and

his coworkex 1970b) were unable to decide between these two wmechanisms,
his coy axrs
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but éXperimeﬁts Ey Dianzani, Gagnoni &.Canﬁagalli (1970) led them to the
_ conclusion that the activity of DEAE-dx in mouse L-929 cell cultures is
exerted largely by increasing the cell perméability to the inducer rather
than Ey protecting against nuclease digestion. Similar conclusions were
‘reached by Colby and Chamberlin (1969).

~ The above work on the’aCtioﬁ'of DEAE~-dx éhows that nuclease resistance
is perhaps not so all-important. Colby and Chamberlin (1969) studied the
resisténce_to panc.RNase of several IF-inducing poljribonucleotides, and
could find no clear correlation between antiviral activity and nuclease
resistance. For example, poly(G).poly(C)'and poly(I).poly(C) are almost
equaliy active as IF-inducers, yet the former ds-polyribonucleotide is very
much more resistant to RNase digestion. Similarly, of the two ‘adenine-
uridine polymers, poly(A-U) is the more efficient IF-inducer, whilst
poly(A).poly(U) is much more resistant to digestion with pancre#tic RNase.

These differences between poly(A-U) and poly(A).poly(U) may be

explained, however, in a different way. Under nofmal physiological
_conditions, poly(A).poly(U) tends to reorganise into a three-stranded
form : 2poly (A).poly (U) . poly(A) .2poly(U) + poly(A)
(Xamilton, 1971). Triple- and multi-gtfanded nucleic acids have been shown

to be ineffective as IF inducers (De Clercq & Merigan, 1969a; Colby &
Chamberlin, 1969; De Clercq et al,, 1970c).

So, the situation with regard to the importance of nuclease resistance
is'unclear, possibly because of the reliance on panc.RNase in assessing
nuclease resistance. Perhaps the use of other nucleases would clarify
results.

Perhaps the most important 'other nuclease' is the activity against
~ds~RNA'found in serum, and in mammalian cells (Stern, 1§70a,b; Stern &
Wilczek, pers. commun., 1972). It is not known if the serum and cellulat
activities are due to separate enzymes. The existence of seruﬁ RNases
having high activity against ds~RNA was suspected earlier, when it was found
that sera of several animal spécies (e.g. chickené, foetal calf, and man)
were active in abolishing the pyrogenic activity of poly(I).poly(C)
(Nordlund, Wolff & Levy, 1970). The pyrogenicityAand IF-inducing capacity
of ds=RNA are considered to be closely linked (Lindsay et al., 1969), and
it has been found that injections of heterologous serum suppressed the
- IF-response to poly(I).poly(C) in mice, and the degree of suppféssion
corréléted well with the serum RNase activity against.ds-RNA (Friedman,
Barth & Stern, 1971). Thus, it seems possible that the differing activities

of different polyribonucleotide IF-inducers might reflect their resistance



29.

to digestion by serum RNases. This.activity may also be respomsible for

the finite half-life of ds-RNA in the circulation, and for the short
duration of IF production.

' " When this work was started in 1969, nothing was known about the
effect of inducer MW. on the induction of IF, and related phenomena.

Since then, several groups of authors have published results on the,effeﬁts
of altering the size of the ds-polyribonucleotide inducer molecule. The
‘results obtained by différeﬁt groups are not always consistent, and are
sometimes contradictory. - o

Two distinct approaches to the problem of producing ds-RNA molecules
' of various sizes have been used. The first technique is to produce ss-
polyribonucleotide molecules of various sizes, and then to complex the
fragments to produce ds-polyribonucleotide mplecule§ of the desired size.
This technique has been used by Niblack and‘Walsh,'pers. commun. (1970),
Jameson and Grossberg (1970), Tytell, Lampson, Field, Nemes and Hilleman
(1970), Niblack and McCreary (1971), Hamilton (1971), Morahan, Munson,
Regelson, Commerford and - Hamilton (1972), and by De Clercq and Merigan,
unpublished results, quoted by De Clercq (1971). This appfoach has two
related disadvantages. Firstly, as in all work so far published the
ss~polyribonucleotide preparations have been of a wide MW. distribution,
so that when complexes ére prepared there is no way to prevent allong
ss-chain hybridising with one, or more, shorter chains. This means that the
supposedly ds-molecules may in fact have ss~tails or internal ss-regions
of quite considerable length. The second disadvantage‘is'that, even if
preparations of ss—polyribonucleotides were obtained of a monodisperse MW.,
it is still impossible to make the ‘two complementary chains anneal with
their ends together, and unless this occurs, it is quite possible for a
third chain to complex with the ss-tail, and further chains with ends of
this. Thus, very long molecules, with single- and double-stranded branches
could be produced. Thus, the ds-polynucleotide products of such complexing
can be heterogenous, both with regard to structure and size, and the range
of sizes can readily be greater than ihe MW. distribution of either of the
-component ss~polynucleotides. »

A better method of preparing ds-RNA\molecules of various sizes is to
fragment the ds-RNA molecule itself; which is the technique used by the
zuthor of this thesis. This approach has also Been used by other groups of
workérs (Field, Tytell, Lampson, Nemes & Hilleman, 1970; Lampson, Field,
Yyteil, Nemes & Hilleman, 1970; Levy, Asofsky, Riley, Garapin, Cantor &

Adamson, 1970; Shiokawa & Yaoi, 1972). These groups have all used shec:
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forces to cleave the ds=RNA molecules (poly(I).poly(C) and Poly(I,G).
pdly(C)), either by ultrasonic irradiation or homogenisation in a Ribi
Cell Fractionator apparatus. Fragmentafion of a ds-polyribonucleotide has’
the advantage -of yielding a product of less broad MW. distribution than
that produced on complexiﬁg ss—polynucleoti&e molecules and of complete

- base-paired ds-structure (in so far as the parent molecule had such a
structure)., In fact, if the MW. distribution of the original ds-RNA was
very Wide, then ultrasonication would actually narrow this distribution by
-f;agmentlng more efficiently the lonoer molecules, whilst lowering the
average MW. (SHlokawa & Yaoi, 1972).

' Both techniques of producing ds-RNA molecules of different sizes have
yielded essentially similar results, however, in biological assays, whicha
indicates either a low sensitivity of the induction process to the factors
of structure and MW. distribution described above, or (more likély) the
low sensitivity of the assay techniques themselves. _

Most authors found that lower MW. ds-RNA molecules were less efficient
25 inducers of IF and/or antiviral prétection (Niblack & Walsh, pers.
commun,, 1970; Jameson & Grossberg; 1970; Field et al., 1970;.Lampson et
al., 1970; Tyteil EE.EL'; 1970; Niblack & McCreary, 1971; Hamilton, 1971;
De Clercq, 1971; Morahan et al., 1972), although opinions varied as to
" whether the protective effect fell in ?aralle} with the MW., and whether
the IF-inducing activity and antiviral'adtivity fell together. In two cases,
howevef, apparently no élteration in IF-inducing activity was found on
fragmentation (Levy et al., 1970; Shiokawa & Yaoi, 1972). Some workers
(Field et al., 1970; Leampson et al., 1970; De'01ercq, f971) found an
cpparent threshold for activity : samples with MW. between approximately

8 x 206 and 105 daltons had very similar activities, but below 105 daltons,

reduction in MW. resulted in a marked decline in the capacity to protect
cell cultures against viral infection. This effect will also be comsiderad

in the Discussion Section.

The importance of the chain length of the individual strands in a
vds-polyribonucleotide for IF-inducing activity is a matter of dispute.
.Entérpretation and comparison of such work is very difficult in the absence
of déta on. the fiﬁe structure of.the complekes produced by the annealing
~of polymers of different sizes. Tytell et al. (1970) found that high in
vitro activity was more dependent on the molecular weight of poly(I) than
poly(C) in the ds-inducer. Activity was markedly diminished when the MW,

wi e a complex fell below 190,000 daltons (c. 550 residues),
whilel the yoly(c) could be of as few as 70 re51dues (MW. 23,000 daltons)

V



before activity fell to any great extent. However, this result was
considered incorrect (due to the use of inappropriate MW.-S value
relationships) by Niblack and McCreary (1971). They found that the MW.

of the strands were equally important. In this they supported the results
of Wacker, Singh, Svec and Lodemann (1969), who complexed poly(I) with
oligo(C), and vice versa. They found that the IF titre induced by such
complexes depended on the chain length of the oligomer, but the effects
were similar with both.oligo(I).poly(C) and poly(I).oligo(C).

All groupé who measured the effect of MW. on the toxicity of ds;RNA
found that lower MW. samples'had lower toxicity in vivo (Niblack & Walsh,
pers. commun., 1970; Levy et al., 1970; Niblack & McCreary, 1971; Hamilton,
1971; Hilleman et al., 1971 (discﬁssing the samples prepared by Field et al.,
1970; and Lampson et al., 1970;) and Shiokawa & Yaoi, 1972).

" Whether or notvfragmgntation improves the toxicity/activity ratio
(as was found by Levy et al., 1970; Hilleman et al., 1971 and Shiokawa &
Yaoi, 1972) is of considerable importance, both from a préCtical viewpoint
of the development of IF-inducers as a clinically useful broad-spectqum
antiviral agency, and from the more purely scientific angle of obtaining
an understanding of aspecté of the IF-induction mechanism. There have been
reports that IF-inducingAcapaci;y and toxicity are inseparable, Being
.manifestations of the same phenomenon (De Clerecq, Stewart & De Somer,‘1972;
ﬁlack, Eckstein, De Clercq & Merigan, 1973). Fragmentation of a ds-RNA
IF-inducer is one way in which this close association of toxicity, antiviral
activity and IF-inducing activity can be examined. This is one of the aims
1‘of the work described in this thesis. It was also very.interesting to
determine whether fragmentation of a natural ds-RNA gave similar results
' to work on synthetic polyribonucleotides. Before going on to describe this -
work, however, the induction,‘action and nature of Interféron will be

briefly described.

4. Interferon, its Induction, Action and Nature

a) Early results.,

The interference of an existing virus infection with the
establishment of a.second~in£ection was described many years ago (Hoskins,
1935), and by the use of serologically.unrelated viruses was shown‘to be
independent of the antibody resp;nse (Findlay & MacCallum, 1937). Althougﬁ
othier examﬁles of viral interference were noted, no light was shed on the

process uatil 20 ycors iater, when in a classic paper, Isaacs and Lindenmann
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(1957) described what they called the Interferomn. This paper described the
existence of an antiviral protein, the Interferon, which was present in
the medium after treatment of portions of chick chorio-allantoic membrane
with heat-inactivated Influenza virus. IF did not directly inactivate
intact virus, but if added to the medium containing uninfected membrane
fragments, it prevented their infection with live Influenza virus. IF was
shown tu be nmon-dialysable, scemsitive to digestion with trypsin (aud
therefore probably a protein), but surprisingly stable in both alkaline
(pH 10) and acid (pH 2) conditions, and not antigenically related to the
Influenza virus used to induce its formation (Isaacs & Lindenmann, 1957;
Lindenmann, Burke & Isaacs, 1957). Since then, the field of Interferon has
'béen the subject of many reviews, some of the more recent of which are
Wolstenholme and O'Connor, 1967; Rita, 1968; Vilcek, 1969; De Clercq and
Merigan, 1970z,b; Colby; 1971; Colby and Morgan, 1971; Kleinschmidt, 1972;
Grossberg, 1972; Ng and Vilecek, 1972; and Finter, 1973..

b) Interferon inducers.

For some time after the discovery of Interferom, viruses were
thought to be the only sﬁbstances capable of stimulating IF production
'(Isaacs, 1963). It was considered that the nucleic acid of the virus particle
 was responsible, and it was suggested that any 'foreign' nucleic acid would
act as an inducer (Rotem, Cox & Isaacs, 1963; Isaacs, Cox & Rotem, 1963).
This theory was later retracted (Isaacs, 1965), but had attempted to explain
the varying ectivity of different nucleic_acid preparations. Bacteria and
bacterial endotoxins were described as IF-inducers in 1964 (Youngﬁer &
Stinebring, 1964; Stinebring & Youngner, 1964; Ho, 1964)‘and since then
the list of active IF-inducers has grown rapidly. Table I is a list of the~~f
main types of inducers, with some specific examples of each. A study of the
activity column shows that nearly all of the inducers fall into two groups,
zither active in vivo only, or active both in vivo and in vitro. The latter
group includes all the IF-inducing viruses, synthetic ds-poliyribonucleotides,
ds-RNA and ds-RNA-containing extracts. Almost all other IF-icducers, both .
ﬂéyntheti; and natural, are only active in vivo, or in leukocyte cultures.

The titres obtained with the second class of inducers are gemerally lower
than those produced by viruses or ds-RNAs. |
The polyanions arve the most commonly studied group of I?—inducers,

cnd ‘hore certain features can be recognised as requirements for IF-induciag

o)
ISR
)

ility (De Clevceq et al., 1970c; De Clercq, 1971). These authors concluded

L)

¢ grabilizy, high MW. and high negative charge censity were all essentinl



TABLE 1.

A4 TRIVIEZW OF THE CLASSES OF '~ INTERFERON-INDUCING AGENTS
‘ (modified after De Clercq, 1971)

1
rt

Inducer _ : Activ

v Reference

in vivo in vitro

1) Hicro-organisms

a) Viruses.

i)} Of mammals.
DNA viruses of the papova—, herpes-—, + + 1,2
adeno- and pox-virus groups

o
RNA viruses containing ss—-RNA of . + S ]
picorna-, myxo— and arbovirus
5ToUDS
-RNA viruses conteining ds—-RNA + + 3
e.g. Reovirus
1i) Non-mammalian ,
Mycophages, e.g. from P.stoloniferum + + 4
(active agent ds-RNVA) :
Bacteriophage 'I‘4 + 5
b) Chlamydia
" Trachoma , * + 6,7
¢) Rickettsiae
e.g. Rickettsia tsutsugamushi _ o 8
‘d) Bacteria
e.g. Brucella abortus , . + - 9,10
Bordetella pertussis + - 11
e) Protozoa
e.g. Plasmodium berghei + - 12
2) Microbial and Cell Extracts
2) Viral Extracts. :
«.=RNA extracted from :
i) Hammalian viruses, e.g. Reovirus - + 13
ii) Insect viruses
e.g. Cytoplasmic Polyhedrosis s - 14
iii) PiLant Viruses :
e.g. Rice Dwari virus + + 14
Ty W P S s
iv) Tungal viruses N
of e.g. P.funiculosum + + 15
v) Zocteriophages
c.g.Cells infected with MS2 and + + 16,14
~0% coliiphages



d) Bacterial Extracts
e.g. E.coli endotoxin

Diphteria and tetanus toxoids
c) Fungal Extracts . :
e.g. Statolen (P.stoloniferum)

{active agent ds-RUA)

4

Haelenine (P.funiculosum)
{active agent ds-RNA)

Cycloheximide (Streptomyces
criseus)

d) Plant Extracts
Phy¢olheemagglutinin

¢; Mammalian Cell Extracts
ds-RNA from rabbit liver

ds~RNA from rat liver

3) Synthetic Compounds

a) Gf high MW. (polyanions)

i) Polycarboxylates
e.g. pyran copolymer (maleic
anhydride/divinyl ether)

polyacrylic zcid
1) &é—?olynucleotidcs
"b) Of low MW.

Tilorone hydrochloride

4y Immune Recognition Mechanisms

‘&) Immune lymphocytes om exposure
to the specific antigen

b) Antilymphocyte serum

¢) Sportaneous IF production

¥

+

34.

10
17,18

19

26,27

28
29

30,21

32

33,34
35,36,37

% Active in leukocyte cultures.
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prercquisites for activit y, but that these factors alone were insufficient
for IF-induction; as some polyanions which scemingly possess all the above
dharacters, e.g. DNA-RNA hybrids, polygalacturonic, polyaspartic and
polyg 1utam1c acids, are elther inactive or of very low activity.

4s the ds-polyribonucleotides are by far the best known interferon
1nduccrs, énd are probably those with the highest activity, the major

interest will be concentrated on them in the following descriptioms.
¢) The induction of interferon.

In this section, present ideas about the production of IF are
discussed. Again, the bulk of the work has been performed u51ng viruses
or cynthetic ds-poly:xbonucleotldes (usually poly(I).poly(C)) as the

vlndace:s.

Colby and Cnanberlln (1969) postulated that the spec1f1cxty of
IF~induction i.e., the relatively restricted range of substances that will
induce IF, was due to the interaction between a specific intracellular

- receptor, probably a protein, and the inducer molecule. The degree of
ipduction is proportional tb the amount of inducer-receptor complex formed.
This hypothesis has been extended in a review by Colby andeorgan (1971,
but there is no direct evidence for the existence of a receptor site
protein, nor is there any information on how the proposed complex induces
the synthesis of IF.

EZvidence that IF synthesis was under direct genetic control was
obtained by De Maeyer and De Maeyer-Guignard (1970) and De Maeyer, '
De‘Maeyer—Guignard and Bailey (pers. commun., 1971), who found that
diffcrent strains of mice responded to a different extent to identical
cdoses of the same inducers (poly(I).poly(C), Newcastle Disease virus,
Eriend eukaemia virus and Sindbis virus). By back-crossing experiments
they could show that hiﬁh,an low interferon responses were alleles of
the same single genctic locus. _1

”he genetic sites governing the production of IF and of the incivizal
"Prote : (AVP) (see section 4 d), the Action of Interferon) have been located,
using monkey/mouse hybrid cell lines (Cassingena, Chany, Vignal, Estrade
& Sauvrez, 1970; Cassingena, Chany, Vignal, Saurez, Estrade.& Lazar, 1571).
Tiaey found that the cistrons governing the produciicn of IF and AVP were

at d;::erent sites, pOSSlDly even, on different chromosomes, in' these hybri

qells.
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A model for the genetic regulation of IF synthesis and action hes

been proposed by Kleinschmidt (1972), and is shown schematically'in

Kleinschmidt's model proposes that nmormally, the i gene of the IF
c1sk*on, and the i gene of the AVP cistron, operate to produce repressor
proteins, which keep the production of IF and AVP, switched off. The
synthesis of these repressor proteins is probably relatively siow. An
IF-inducer derepresses the IF gene by combining directly or indirectly

ith IF repressor protein, which is bound to the operator locus of the
IF operon. When the repressor protein is removed in this way, the IF gene
can be transcribed to produce an m-RNA, which in turn is translated into
a protein, IF. The AVP cistron is activated by the combination of IF
with the AVP repressor protein, essentlally as described above for the
derepression of the IF ooe*on. C

In the model IF also serves énother role, as well as producing
antiviral resistance in the cell by inducing synthesis of AVP. The IF
molecules are postulated to aggregate into oligomers (IF)x, and these .
aggregates are themselves capable of combining with the IF repressor
protein., Instead of de-repression, however, this results in the repressor
being made more efficient, and is termed a super-repressor. This model
of IF induction fits many of the data obtzined using metabolic inhibitors
at various stages in the induction process. Basically similar models have

have been put forward by Grossberg (1972) and Ng and Vilcek (1972).
d) The action of interferon.

The work described here is, like that in the above section on 17—
induction, fragmentory, and there is very little direct evidence for much
of the postulated mechanism. Much of the evidence that exists is contra-
dictory. i

As IF action requires both RNA and'protein.syntheéis (Wagner, 1961;

er, 1963; Taylor, 1964; Lockart, 1964; Friedman & Somncbend, 1964), it
has been postulated that IF exerts its effect through an Antiviral Protein

Y. There is no direct evidence for>the existence of the AVP, althoug!
Cassingena et 2l. (1970, 1972) have shown the existence of a genetic locus
mediating the antiviral state in monkey/mouse hybrid cells. Mouse/human
somatic cell hybrids have beén used by Tan, Tischfield and Ruddle (1973)
to iocate the genes for human IF-induced AVP on chromosome G-21. AVP is
 thought Eo be synthesised in response to IF which has been produced either

debe W eieme

‘n Cho sams coil, o n ounhar cells, and it is AVP that prevents the
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renlication of infecting virus IF itself has no antiviral activity,
elther directly against viruses (Ho & Enders, 1959; Grossberg & Holland,
:909), or in IF-treated cells (Stewart & Lockart, 1970). The antiviral
action occurs -subsequent to the penetration and uncoating of the infecting
virus, since IF treatment will protect cells against infectious viral

RNA (Grossberg & Holland, 1962; De Somer, Prinzie, Denys & Schonne,

1962), and it is now tnouggt that the synthesis of viral proteins is

)

somehow blocked, Eerly evidence seemed to show that the translation of
viral m-RNA into vprotein was blocked, possxbly by some IF-mcdiated
nmodification of the ribosomes (Marcus & Salb, 1966,1968; Joklik & Merigan,
1866; Carter & Levy, 1967,1968).

Xerr, Sonngbend and Martia (1970) could, however, find‘no evidence
that the riboscmes were modified in celi- free protein synthesxslnv extracts
‘of IF-:reated chick cells. Extracts from both treated and untreated cells
were equally effic'eﬂt in binding viral m-RNAs, and in incorporating amino
acidés in response to such m-RNAs, and also poly(U). A similar suggestion,
hat

Guggenheim, Friedman and Rabson (1969), in their work with human-chick

¢~ v

not exert its effect via a modified ribosome, was made by

=
'4 .

F did

f"‘

Tt

heterckaryotic cells.

.

Since then results have been accumulated which make it seem more
likely that IF exerts its activity at the lavel of tramscriptiom, rather
than translation (Oxman & Levin, 1971; Marcus, Engelhardt, Hunt & Sekellick,
1971; Bially & Colby, 1972). However, conflicting results favouring '
translational control have been published ( tz & nstebad 1972; Friedman,
Eszeban, Metz, Tovell, Xerr & Williamson, i972). This contradiction between

transcriation and translation as the site of IF action, may be more appazent

&

than vea 1, for the interpretation of the results of many groups depends on

] 1

ded to

assump tlons as to the precise action of the metabolic inhibitors ad
the systems, and on the assumption that these inhibitors do in fact
completely block the critical step, and only that step. All groups used
relatively impure IF preparations, which zlso makes for uncertain results.
It is even possible that IF wight act on both transcription and translation,
with the degree of action on one or other step depending on the exact

system under study.
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Thore is evidence that I
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ntiviral effects. These include activity agaimst tumours, both vizus-—
and chemical=-induced, and transformed cells both in vive and in virzro
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reviewed by Gresser, 1972), The nature of this antitumour activit

7
urnknown, but it may be due to inhibition of the growth of both normal

£
znd zransformed cellsz {Gresser et &gl., 1970; Gresser, Maury & Brouty-

.
.
and

Salerno, Rebstein,

Lnother "activicy of IF is the phenomenon of priming. By this is

meant the enhancement of IF production on induction with poly(I).poly(C)
3
Y

- - " [C) 3 $ e a & Y
r viruscs after the cells have been pretreated with smal

hiy
[0

-
amounis ¢i iu

~J
—
-

8; Rosztoczy & Mecs, 1970; Stewart et al., 19
7

1). The peak production of IF occurs sooner after

onse of cells to a dose of poly(I).poly(C), not only in
zerms of increased IF productien, but also in increased toxicity (fiewart
et al., 1972). The mechanism of priming is not understood.
The contrary 2ction, called blocking, where a previous dono

-

of
inzerferon prevents or reduces subsequeant interferon induction is also
unown (Lockart, 1963; Friedman, 1966; Golgher & Paucker, 1973). Az this
phenomenon usually requires larger initial doses of IF than priming; it

i
2t both blocking and priming are manifestations of the

is quite possible that
same basic event. Blocking at least fits well with Kleinschmidt's model
57 IF-indvction (1972), the initial dose of IF ceuses production of the
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to the IF-induction by the later dose of ianducer..
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(Lockart, 1973). There is an exception to this; it has been found that an
IF prepared from human fcreskin fibroblasts by viral induction was much
more active in rabhit kidney cells tham in the human cells (Desmyter,

Rawls & Melnick, 1970).

5. The Scope of this Thesis.

This thesis is a study of some structural aspects of the ds-RNA

extracted from viruses of Penicillium chrysogenum, including the fragmen-

‘tation of this ds-RWA by various techniques, and some of the biological
activities of the fragments thus'pfbdﬁced.

It forms part of a collaborative study between Beecham Research
Laboratories, Imperial qulége, and ‘the Medical Research Council, into
fungal viruses and their potential uses as antiviral agents.

Metnods have been devéloped for ‘the production of_iarge fragmeﬁts

of the ds-RNA by three techniques, and for the study of the fragments,

with regard to size and secondary structure. The mechanisms of fragmentation

have been examined, especially,the'mode of action of RNase III. The
fragments produced have been studied with regard to their toxicity, the
cepacity to protect mice against viral infectiom, and tha ability to
induce IF in the serum of mice. The results obtained should aid the study
of the structure of viral ds-RNA, and_the“understanding of the mechanisms

of interferon induction and the toxicity of such double-stranded RNA.
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MATERIALS AND METHODS

Smmmm e mes = e

1, PCV"ds'“RNA .

This was generally the gift of Beecham Research Laboratories
Brockham Park, Betchworth, Surrey and was supplied as either a freeze-
dried powder or an aqueous ‘solution. The purification procedure was
. improved continually throughout the period of the work, so that each batch
~ was prepared in a slightly different way. All batches contained no detecta-
ble\DNA or protein, and only trace amounts of carbohydrate. No batches
caused significant Shwartzman-type reactions. (ALl the above assays were
- by Beecham Research Laboratories). |
| Other samples of PcV-ds-RNA were very kindly supplied by Dr., K.W.
Buck, of this department, and were prepared essentlally as descrlbea by
Buck et al. (1971) and Banks, Buck and Fleming (1971).

- The concentration of PcV- ds—RNA solutions was determined by
measurement of the Areo It has been established (K.W. Buck, pers. commun.)
' that for PcV-ds-RNA, the A260 of'a 1 mg/ml solution is 20, in a | cm
pathlength cuvette.

2, Polynucleotide Kinase Labelling.

‘ Polynucleetide kinese, prepared according to the techniques of
Richardson (1965,1966,1971) was very kindly supplied by Dr. M. Szekely and .
- T. Loviny. ATP—\{-Bszwas purchased from the Radiochemical Centre, Amersham,
and diluted with_unlabelled'ATP_to‘an approximate specific activity\of
6 pCi)/p mole.

The phosphorylation mlxture for the labelling of intact PcV- ds—RNA
contained, in a volume of 10—20 pl of TMM buffer (G.OIM Tris~HC1l, pX 8.1,
- 0.01M MgCl2 and 0.02M Z—mereaptoethenol) 25 pg of ds-RNA, 2 pl of poly-
nucleotide kinase solution (a sufficient amount to transfer ten times, the
amount of ATP phosphorus under similar coﬁditions) and 2 pl of ATP solution
(4 mp'moles, 24 mp'Ci) This mlxture was incubated in a capillary tube for
30 min at 37°c, and the reactlon was then terminated by the addition of
0.01M ethylene diamine tetra-acetic ac1d (EDTA) and by freezxng, whlch

inactivates the enzyme. To remove the enzyme the reaction mixture was twice



44,

extracted with water-saturated phenol, and the nucleic acid thén precipi-
tated with ethanol. Because of the pbssible contamination of the kinase
preparation with a nuclease capable of cleaving the PcV-ds-RNA, and thus

. allowing labelling of the newly-produced 5'-termini, and because of the
great excess of ATP used, it was necessary to purify the PeV-ds-RNA after
kinase. treatment. This was done by gel electrophoresié (see section 9 a)
fox details), the labelled ds—RNA being run om a 5 7 polyacrylamide gel

as described above, with untreated PcV~ds~RNA as a control. This process
also removed the last traces df ATP, which was not entirely eliminated by
the ethanol precipitation step. After eléctrophoresis, the gel was fixed
with acetic acid and stained with toluidine blue and the position of the
origin, the end of the gel, fhe bromophenol blue dye run as a marker and
the intact PcV-ds-RNA (as Shown by the control ds-RNA) were marked with
radioactive ink. The gel was then wrapped in 'Saran' plastic film (Dow

- Chemical Co., from Transatlantic Plastics Ltd., Croydon, Surrey) and—
-éutoradiographed using a'Kédak 'Kodirex' or 'Blue Brand' 35.x 43 cm X-ray
film. Generally an ovefnight exposure was adequate at this stage, and the
film was processed in Kodak D-76 develdping solution, Using‘this film,
‘it was quite simple to determine exactly the position of the iabelled
intact PcV-ds~-RNA, and tﬁe appropriate portion of the gel was carefully
cut out. The major band of radioactivity coincided exactly with the PcV-~ds-
.RNA as identified from the stained;gel, in eﬁery case. The ds-RNA was then
‘extracted from the polyacrylamide gel by the technique of Adams, Jeppesen,
Sanger-ana Barrell (1969). The small piece of polyacrylamide gel was first
ground finely in a siliconised glassvhomogeniser, using a teflon pestle,
in 0.04M Tris~acetate buffer, pH 8.2 (TA buffer). This paste was then
placed in a glass tube closed at one end with a piece of DEAE-paper
(Whatman DE 52, Reeve Angel & Co. Ltd., London) supported on a piece of
dialysis membrane. After checking that this did not leak, the tube was
filled up with TA buffer and clamped with the closed end a few millimeters
" below the surface of the liquid in a plastic trough containing the same
buffer., Eiectrical contact.was made from the top of the tube to a second
trough of buffer by means of a bridge of glass tubing, and the nucleic acid
‘was electrophoretealbnto the DEAE—paper-ét'ZOOO V for 24 hr at 4°C. The
DEAE paper was then very carefully removed (being very fragile when wet)
and dried in a streém of air. Thé elution procedure is that described by
Sanger, Brownlee and Barrell (1965). Using a monitor to check the radio-
activity, the paper was carefully trimmed to an irregular pentagon shape,

.

as shovia below
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This piece of paper was washed twice in distilled water, and thén,
"to facilitate the removal of the QS-RNA, treated with pancreatic RNase.
(Smaller fragments are more readily eluted). This was done by immersing
the DEAE paper in a small volume of 0.02M Tris-HC1, pH 7.2, containing
4 z/ml bovine panc. RNase (code RAF-91iB, Worthington, from Cambriaﬁ
Chemicals Ltd., Croydon, Surrey) and incubating for 3-4 hr at 37°C. The
paper was then removed, dried, washed twice with water to remove salts
and dried again. All glassware that had been in contact with the panc.
RNase was discarded. ‘

The base of the DEAE paper was then held between two microscope
 slides, which were placed in a trough of distilled water. The liquid was
drawn up to the pilece of paper by capillary actiqn, and then permeated
along the DEAE paper. By placing a capillary tube at fheVVery tip of the
.péper, water was drawn through. The paper was washed in this way for some
time, each capillary being replaced when full. To reduce the radiation
hazard, and also to speed the flow of liquid by reducing evaporation of
the pzper, the trough, paper, and capillary tubes were covered by a perspex
box. The paper was then dried. The radioactive oligonucleotides were
finally cluted from the DEAE paper by replacing the water in the trough
with 30 % triethylamine carbonate in water, pH 10.0 (TEC); capillaries
were collected until no more radioactivity was eluted from the paper
{usually 2 or 3 capillaries, very approximately 100 pl). |

The contents of the capillaries were pooled in a small siliconised
“tube, and the TEC removed by freeze—drying. To completely eliminate traces
o TEC the residue on fréeze-drying was redissolved in a little water and
again freeze-dried. This procedure was repeated twice. The residue was
then!hydrolysed by dissolving in the minimum volume (5-10 pL) of 0.2N
NaOH, which was then sealed in a capillary tube and incubated at 37°C
‘overnight.

' The components of the hydrolysate were resolved by high-voltage

paper electrophoresis, which was performed essentially as described by

Sanger et al. (1965) .



The radioactive hydrolysates were spotted onto a 46 x 57 em shect
of Whatman 3MM chromatography paper, and carefully dried. Thé sheet was
then carefully wetted with pyridine-acetafe.buffer, pH 3.5 (5 7 acetic
acid, adjusted to pH 3.5 with pyridine, Sanger et al., 1965), and placed
‘vertically in a tank of white spirit..Electfophoresis was at 2300-2700 V,
200 mA, for 2 to 4 hr, the progresé of the run being followed by the
progress‘of marker dyes along the edge of the paper (a mixture of 1 7
Xylene cyanol F.F., 2 % Qrénge G and 1 7 Acid Fuchsin;‘Sanger et al.,
1965). The first pink spot (fuchsin) migrated at approximately the same
speed as pUp, whilst the blue (cyanol) ran at about the same rate as pCp.
Power was supplied by a Brandenburg model 501 power pack. After electro-
phorésis, the paper was dried, and the position of the origin;'marker
dyes etc. marked by radioactive inﬁ. The paper was then autoradiographed,
by placing in a lead-lined folder between two Kodak 'Kodirex' films. An .
exposure 6£ a few days was allowed before the first film was developed,
the development date of the second film being decided by the results of
'developmeﬁt of the'first. _ )

To allow identification of the radioactive nucleotides, known -
standard nucleotide diphosphates were prepared by Dr. M. Szekely, by
polynucleotide kinase labelling of oligoﬁucleotides of defined sequence,
purchased from Miles-Seravac (Holyport, Maidenhead, Berks.). In each |
electrophoresis rum, cytidine 3'-5'~diphosphate, adenosine 3'-5'-
diphosphate, guanosine 3'-5'-diphosphate and uridine 3'-5'-diphosphate
(pCp, pAp, pép, pUp) were included.

Essentially the same procedure was followed for the labelling and
znalysis of the 5'-termini‘6f RNase III-digested PcV-ds-RNA, except that .
" the amount of ATP (specific activity 6 pCi/p mole) was increased 10-fold,
to compensate for the increased number of 5'-termini in the digested
ds—RNA preparation. After phosphorylation, the sample was phenol-extracted
and'ethanol—precipitated exactly as described above. This was followed by
w2l electrophoresis, toluidine blue staining and autoradiography, all
as previously'describéd. The band pattern revealed by staining always
éorreéponded well with that seen by autoradiography. Several (generally
8 per sample) of the more intensely radioactive bands were carefully cut
out, and the ds-RNA fragments éxgracted onto DEAE paper and further

processed exactly a$” for the intact’ PcV-ds-RNA.
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5. Purification of RNase III.

The purification method of Robertson et al. (1968) was modified so
as to be suitable for the prepafation of large quantities of énzyme,
sufficient to prepare digests for biological assays, where as much as
several milligrams of diéested ds-RNA were occasionally required.

The final technique developed lnvolved the substitution of E.coli
MRE 600 for the Su=26 strain, as the former strain is deficieat in RWNase I
(Cammack & Wade, 1965), a possible contaminant of RNase III preparations.

A similar strain was used successfully for the isolation of RNase III
by Schweitz and Ebel (1971). Robertson (pers. commun.) states that the -
enzyme purified from MRE 600 cells is more stable than RNase III purified
from E.coli Su-26. i

E.coli MRE 600 was grown for 7 hr at 34°C in a 60 litre stainless-
steel fermenter in a medium containing 10 g/l tryptone digest, 1 g/l
yeast extract, 1 g/l glucose .and 8 g/l sodium chloride, pH 7.8 (Loeb &
‘Zinder,'1961), until the cell density reached approximately 1.8 x 108
cells/mi, i.e. mid-log phase (Webster, Engelhardt, Zinder & Komigsberg,
1267), The medium wag then chilled and the cells harvested by centrifugaiion
aé 13,200 x g in a Sharples No. 6 Super centrifuge. The cell paste was
" then weighed, and stored.frozen at -20°C until use. From 60 litres of

-~

meéiﬁm 600 - 800 g wet weight of cellSVWas obtained. I thank Mr. G.T. Banks
aad the Pilot Plant Staff, Dept. of Biochemistry, for performing these
| fe:menﬁations.

The frozen cell paste was then broken up with a hammer into
counvenient pleces, and about 400 g rapidly weighed out. The cells were then
thawed in an equal volume of ice-cold TM buffer (0.02M Tris-HC1l, pH 7.6 +
0.01M magnesium acetate) containing 0.03 ammonium chloride, 0.006x
2-mercaptoethanol andh0.00IM EDTA (Webster et al., 1967; Robertson et al.,
1968) . The cells were centrifuged at 3000 x g for 20 min at 4°C and then
resuspended in an equal volume of cold buffer of the same composition as
before. Disruption of the cells was achieved by two passages through an
APV Manton-Gaulin 15M-8BA homogeniser, at 8000 pounds per square inch.

The homogeniser was codled prior to use, and between the two passages of

thc cell paste, by passing cold buffer through at low pressure. After

| disruption, the viscous,homogenage was cooled in ice, and 5 pg/ml
Deoxyribonuclease I (DNase, code DPFF, was obtained from Worthington) added.
The mixture was then gently stirred at 4°C for 30 min, or until the

viscosity, caused by the velease of DNA from the cells on rupture, had
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fanlen sufficiently for ease of manipulation. Intact cells and cell
debfis were then removed by centrifugation, first at 8000 x g for 20 min,
and then at 30,000 x g for 20 min, Both centrifugation steps were
performed at 4°C. ‘ .

Ribosomes were sedimented from this extract by centrifugatién at
105,000 x g for & hr at 4°C in the Beckman Sbinco 60-Ti rotor, and the
supernatant discarded. The surface of each ribosome pellet was rinsed
quickly with cold buffer, and the pellets gently resuspended in 300 ml
cold TM buffer + 0.22M NH4C1. A teflon homogeniser was used in the
resuspension, and care was taken to break up all of the pellet (which was
very viscous), with a little buffer, before more buffer was added. The
resuspension was carried out at 0°C.

RNase III is eluted from the ribosomes in TM buffer + 0.22M NH4C%
(Robertson et al., 1968), and to complete this process the ribosomes were
then removed by centrifugation at 105,000‘x g as before, and discavded.

 Digestion with insolubilised RNase was used to reduce the fairly large‘
quantities of RNA contaminating the enzyme préparation. (In Robertson ot
al.'s (1968) preparation this RNA was probably digested by the cellular
RNase I, which is lacking'in MRE~600 cells).

Enzite-RNase, code CM-AF/BR, pancreatic RNase bound to CM-cellulose,
was obtained from Miles-Seravac, as a freeze-dried powder. It was reconsti-
tufed in. T™ b;ffer + 0.2M NH4 :

remove the mannitol added to help reconstitution, and any unbound RNase.

Cl; and washed twice with this buffer to

The crude RNase III solution was incubated at 37°C for 30 min with | mg/ml
Enzite matrix-bound RNasé; and then cooled to 4°C., Enzite, and also the
protein precipitated during this incubation (Libonati,.l968a), was removed
by centrifugation at 30,000 x g for 20 min.

Solid ammonium sulphate (22 g/IOQ ml) was then slowly added to the
. Enzite supernatant at 4°C, and the solution allowed to stand for 30 min
to allow the precipilate to form completely. This precipitate was removed
‘ by‘cenfrifugation-at 30,000 x g for 10 min, and further solid ammonium
sulphate (14 g/100 ml) was added to the supernatanﬁ. The precipitate was
allowed to form for 1 hr at 4°C, collected by centfifugation at 30,000 x g
‘for 1 br, and then dissolved in 10 ml TM buffer containing 0.24 NH,Cl. The
aumonium sulphate was removed by dialysis against 4 x 1 litre changes of
™™ buffer + 0.2M NH4
" batches at =-20°C. Under these conditions the activity was generally quite

Cl, at 4°C. This dialysate was then stored in small

stable, lasting without significant fall for at least 3 months.
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To remove remaining DNase and other RNase activities, ion—exchange
chromatography was used. Robertson éE_El.,(}968) passed RNase III through
a column of DEAE-Sephadex, to which the enzyme does not bind, which removed
most of the RNase activity against single-stranded RNA, and then assayed
the eluate from the column for RNase ITI activity. After passage through
the DEAE-column, they found that the enzyme activity was very unstable.
When their procedure was used by this author, large losses of activity
were incurred. It was noted; however, that the RNase III actiﬁity eluted
simultaneously with the major protein peak, as measured by thelAzao..So,
in order 'to avoid this loss, this absorbance pezk was not assayed for
enzymé activity, but instead was run diréctly onto. the CM-Sephadex column.

The final procedure was then as follows : 2.2 ml of dialysate was
thawed and diluted 1:10 with T buffer cqntaining no NH401, and loaded
onto a 1.5 x 10 cm column of DEAE-Sephadex, (A-50, Pharmacia, Uppsala,
Sweden) previously equilibrated with TM buffer + 0.02M NHACl. The column
- was then washed with this buffer. The eluate was passed through an L.K.B,
“Uvicord II ultraviolet analyser, at 280 nm, and then onto a 1.5 x 6 cm
column of CM-Sephadex (C-50, Pharmacia), previously equilibrated with the
' same buffer. When all the material absorbing at 280 nm had passed onto the
CM-Sephadex column the two columns were separated, and the CM-Sephadex
was washed with 2 column volumes of TM buffer + 0.02M NHACI, containing
5 % sucrose to stabilise the enzyme (Robertson et al., 1968). The enzyme
activity was then eluted with TM buffeér + 0.2M NH401 + 5 Z sucrose. The
fractions were assayed for activity, and the active fractions pooled and
stored unfrozen at 0°C. The stability of different enzyme preparations
varied considerably, some losing all activity in a few days, others
remaining active for several months. This is probably a protein
effect (Robertson, pers. commun.).

The results of a typical purification are shown in Table 2.

4. RNase III Assay.

Activity was aséayed using the synthetic polynuclectides pély(A—U—BH)
 and poly(G).poly(C—3H) as substrates. These preparations were the kind

ift of Dr. H.D. Robertson, and were separated from low molecular weight

Q

e}

ragments and single-stranded polynucleotide by the technique of Franklin

Fh

(1966), as follows :
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TABLE 2.

RESULTS OF A TYPICAL RNase

50.

ITI PURIFICATION

Fraction Totral Total Specific Pufification
activit protein activity factor
(units) " (mg) (units/mg (relative to
protein) S-30 extract)
S—35 extract 503,000 14,100 35.7 1
Riboscmes 460,000 5,000 92 2.6
0.2 NH,C1 240,000 1,400 a7 4.8
supernatant '
Dialysate 120,000 91 1319 37.0
Following ion- 48,700 8.3 - 5867 164.0
guchange
chromatography

£
o
th
o
o
g
3

<
el
ot
£

, and the RNase III activity

on 3. KNase

8
7{C} as substrate, aand protein was determined

. (1952) (¥ethods, section 4. aud 5.).

IIT zctivity was

)



51.

The polynucleotides were dialysed into STE buffer (0.IM sodium
chloride, 0.00IM EDTA, 0.05M Tris-HCL, pH 6.9) + 35 % ethanol, and loaded
ontoal x 10 cm column of cellulose (Whatman CF 11 fibrous cellulose, from
Whatman Biocﬁemical Co., Maidstone, Kent) previously washed and equilibrated
vwith this buffer. Small oligonucleotides‘were removed by washing with 3
column volumes of STE buffer + 35 7 ethanol, and single-stranded poly-
nucleotides eluted with 3 column volumes of STE buffer + 15 % ethanol.
. Finally, the column was eluted with STE buffer alone, and 1 ml fractions
collected. All this was done at 4°C. 50 pl of each fraction was then
' removed, and the radioactivity determined by scintillatidn counting as
described below. The fractibns containing the ds-polynucleotide were
, pboled, reduced in volume by lyophilisatioﬁ, and finally dialysed against
-several changes to TM buffer + 0.2M NHACI. The standard reaction mixture
for assaying RNase III contained, in & final volume of 0.1-0.5 ml of TM
'buffer + 0.2M NHACI, substrate to very roughly 30 mp moles of polymer
phosphorus/ml, and enzyme. This was incubated at 35°C for 1 hr, and the
~reaction was terminated by mixing with an equal volume of ice-cold 10 7
trichloracetic acid (TCA) in water. Precipitation was aided by the addition
to each reaction tube of 0.2 mg bovine serum alBumin (Fraction V, Sigma
Chemical,Company, London), or 0.2 mg of E.coli ribosomal RNA, and the
_precipitate allowed to stand for 10 min on ice. The precipitates were then
~collected on Whatman GF/A glass—fibre discs, diameter 25 mm, using a
filtration apparétus capable of dealing with 10 filter discs simultaneously,
designed by Dr. H.J. Gould and constructed in this department. The reaction
tubes and filter discs were washed with several changes of ice-cold 5 7
TCA, twige with ice-cold water, and the discs dried under an infra-red lamp.

Radioactivity was determined in a Beckman LS-200B Liquid Scintillation
.. Syétem, using a toluene based scintillation fluid (Scales, 1967) containing
50 g/litre naphthalene and 6 g/litre Butyl PBD (CIBA (A.R.L.) Ltd.,
Cambridge). | ' | '

One unit of RNase III activity isidefined (Robertson et al., 1968)
as that amount of enzyme which Qill solubilise 1 mp mole of TCA-precipitable
. polymer phosphorus per hour under the assay conditions described above.
| For the counting ofiaqueous samples;NZ—methoxyethanoi was gdded

until the aqueous phase passed -into. solution.
. . t
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*5. Other Assay Methods.

a) Protein.

Accurate final determinations were made by the method of Lowry,
Rosebrough, Farr and Randall (1951), using Folin & Ciocalteu's reagent
purchased from B.D,H. Ltd., Poole, Dorset. A calibration curve was

prepared using Bovine Serum Albumin, Fractiom V.
b) Activity against ss-RNA.

This was assayed using E.coli r-RNA as a substrate. The'enzyme
preparation was added to a solution of E,coli r-RNA (I mg/ml) in TM buffer
+ 0.2M NH#CI, final volume 0.5 mi, and this was then incubated for 1 hr
at 35°C. The reaction was stopped, and the undigested RNA precipitated,

" by the addition of‘én equal volume of ice-cold 12.5 Z (v/v) perchloric
acid (PCA)., The precipitate was allowed to form fully by standing on ice
for 15 min, and was then spun down at 30,000 x g for 20 min. The Aseo of
the supernatant was determined in a Un1cam SP 500 spectrophotometer,
using as a blank a sample to which the enzyme was added after the add1t1on

of PCA.

6. Partial RNase I11 Digestion.

The reaction mixture contalned, in ™ buffer + 0.2M NH4C1 PcvV- ds—
_RNA, final concentration 1| mg/ml, and RNase III (700 U/ml). The reaction
volume was generally between | and 10 ml. After 1 hr incubation at 36°C,
the digestion was terminated by the addition of 1 % sodium dodecyl

sulﬁhate (spS) (B.D,H. Ltd.) and the mixture then deprotelnlsed by
extraction with water-saturated phenol, The reaction mixture plus an equal~
~ volume of phenol was shaken on a Whirlimixer vortex mixer (Fisons
Scientific Apparatus Ltd.) for 5-15 min, depending on the volume of
solutién. The layers were then separated by brief centrifugation, and the
_aqueous (top) layer pipetted off. The phenol layer was then back-

extracted with an equal volume of water as before. The two aqueous layers
.} were pooléd. and a second“phenol extraction performed., The aqueous layer
 from this extraction waé(;hen extracted "3 times with 3 volumes of diethyl
ether to remove remaining phenbl, residual ether being removed by a

stream of air. The solution was then made to 0.2M with sodium acetate,

and the RNA fragments precipitated by the additiom of 2.5 vols. of absolute

ethanol. This was stored at -20°C overnight to allow the'precipitate to
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form fully, and the precipitate was.then centrifuged down. The precipiéate
was waghed with absolute ethanol, spun down again and allowed to dry for

a few hours at 4°C. Finally the RNA was dissolved and dialysed into
phosphate buffered saline (PBS) (Oxoid Ltd., London). (8.0 g/l NaCl,

0.2 g/l KC1, 1 15 g/1 Na HPOa, 0.2 g/l KH Po4,'pH 7.3, Dulbecco & Vogt,
1954) .

7. Partial Pancreatic RNase Digestion.

The digestion mixture contained in 0.15 M sodium chloride, 0.015M
sodium citrate, pH 7.2 (SSC), ds-RNA at a final concentration of 1 mg/ul,
" and between 25 and 125 Pg/ml pancreatic RNase (depending on the batch
~of ds-RNA). The reaction volume was generally between | and 10 ml. This
was incubated for 1 hr at 36°C, and then the réaction was stOppéd by the
‘addition of 20 pl/ml diethylrpyrdca;bonate (DEP) (Solymosy, Fedorcsak,
Gulyas, Farkas & Ehrenburg, 1968)., The RNase was then removed by phenol
: extract1on, and the RNA ethanol-preclpltated as described for the

‘preparatlon of RNase III digests.

8. Ultrasonic Irradiation.

PcV~ds-RNA was dissolved in SSC or PBS, and cooled to 0°C. The
" nucleic acid concentration was usually 1 mg/ml; and 1.5 ml volumes were

irradiated in a bijou bottle; larger volumes in an appropriate sized

' beaker. This was placed in a dish containing an ice-water slurry, to cool

the sample during irradiation. The titanium probe (tip diameter 9 mm) of
the sonicator (M.S.E. 100 watt Ultrasonic Disintegrator, Measuring and
Scientific Equipment Co. Ltd., Crawley, Sussex) was placed about 2 mm il
below the liquid surface and the oscillator switched on. The frequency of
irradiation was 20 KHz, and the instrument was tuned to maximum transducer
. amplitude (usually 7-8 pm'peak to peak). After appropriate irradiation e.g.
. 200 sec for a 3 ml sample, the transducer was switched off. o

| The efficiency of cooling had been previously tested by irradiating
.a volume of water in’whiéh was inserted a copper—-constantan thermocouple.
7Th13 was connected to a chart recorder (Kent Mark 3 Electronic, 10 mV

full scale deflect1on) - This set-up 1tse1f had previously been standardised
‘us}ng a water bath and thermometer, the latter calibrated by the National
Physical Laboratory, Teddington. It was found that during 5 min irradiation

with the sample cooled as described, the liquid temperature did not rise

¢
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above 20°C. For prolonged irradiations, the sample was irradiated in 5 min
bursts, with a 10 min cooling period between each.

After irradiation, the sample was centrifuged to remove the small
flakes of metal thrown off by the probe, and then dialysed. For irradiation
of volumes larger than 10 ml, a larger size probe was used (tip diameter
19 mm) . This heated a 25 ml sample to 20°C in 3 minutes, and was thus used

in 2 min bursts, with 10 min cooling periods.

- 9. Gel Electrophofeéis.

a) Polyacrylamide gels.

These were prepared as follows, according te the method of Adams

et al., (1969), with some small amendments. Six grams of acrylamide and
0.2 g of methylene—bis—acfylamide (both from B.D,H. Ltd.), were dissolved
in 120 ml TAE buffer (0.04M Tris-acetate, pH 8.2, 0,0IM EDTA), i.e. a
final polyacrylamide concentration of 5 % with 1:30 cross linking. This
" was de-aerated under vacuum for a few minutes, and then 0.3 ml of freshly
prepared 10 Z ammonium persulphate and 0.3 ml of N,N,N',N' -tetramethyl-
. gthylenedlamlne (TEMED) (B D.H. Ltd.) added. After gentle swirling to mix
these in, taking care not to reintroduce air (whmh inhibits polymerisation)
‘into the mixture, the solution was poured into a mould and allowed to
polymerise., . |
‘ The mould was composed of two 20 x 20 cm glass plates, separated by
2 strips of vaselined perspex so that the inside walls were 3 mm apart.
‘The bottom of the mould was sealed by a strip of Seilotape clear pressure-
sensitive tape, and by forcing the mouid into a strip of Plasticine =
- modelling clay. Slots wefe made in the top of the gel by inserting a
furtﬁer strip of perspex Bearing 6 or 7 ridges about 5 mm high and | mm
wide and 15 mm long. -

After the acrylamlde had polymerlsed (detected by the evolution of
" heat and by a change in the appearance of the meniscus, generally between
5 and 10 min after the addition of persulphate and TEMED) the slot former
was removed, the whoielremoved from the Plasticine, and the sellotape
peeled off. This tape seeling.also had "the advantage of‘producing a flat
boﬁtqm to the gei, flush with the bbt:om of the glass plates. This made
it very easy to avoid uneven cuxrent flow caused by air bubbles beneath
the gel. o ‘ '
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The gel was clamped vertically in a plastic trough containing TAE

buffer and with a platinum wire serving as the anode. Connection to the

" cathode, another platinum wire in a similar plastic trough containing TAE

buffer, was made by means of a double thickness of Whatman 3MM filter

_ paper. A pre-run to remove persulphate was then performed at 18-20 mA,

200 V, for 2 hr, power being supplied by a Shandoﬁ VoKam power pack
(Shandon Southern Instruments Ltd., Camberley, Surrey). The buffers were

then discarded and replaced by fresh, and the samples loaded on. This was

. done by mixing each samplé with a small amount of concentrated sucrose

. solution containing bromophenol blue dye. This mixture was then very

carefully layered into the bottom of each slot under the buffer, using a
glass capillary tube, and the wick then carefully replaced. Sample volume .
was generally between 10 and 50 pl. ElectrOphoresxs was then carried out

for 16-18 hr at 200 V, 18-20 mA, in the ‘cold. This brought the bromophenol

- blue marker almost to the bottom of the gel, and intact PcV-ds-RNA about

I cm into the gel,

_ After electrophoresis, the gel was separated from the glass plates,
fixed for 10 min in IN acetic acid, and then stained for 2 hr in toluidine
blue (0.2 Z toluidine blue, 0.4M sodium acetate-acetic acid buffer, pH 4.7).

Excess stain was removed by washing gently with tap water for several

“hours. These gels were then stored a:]4°c untilnphotographgd.

b) Agarose-acrylamide gels.-

These were prepared in the same moulds as the gels described

. above. Agarose (B.D,H. Ltd.) (0.6 g) was mixed with 60 ml TAE buffer, and

melted by heating on a b0111ng water bath, It was then cooled to 45°C, and

mixed with the remaining 60 ml of TAE buffer, containing 2.40 g acrylamide~

“and 0.12 g bis-acrylamide'(i.e. a final 2 7 polyacrylamide, 1:20 cross

linking). This latter had already been de-aerated and warmed to 45°C. To
this mixture were added 0.3 ml 10 Z ammonium sulphate and 0.3 ml TEMED

"as before, and the whole poured into a'mould. Loading etc. was exactly as

described for the previous gels. -

c)'Formamide gels.

FREREN

' The method of Stayﬁbv Pinder and Gratzer (1972) was used for this,
' Two grams of Amberlite Monobed Resin MB- 1 (B.D.,H. Ltd.) was dried
iﬂ vacuo; and then added to 60 ml of formamlde. The suspension was stirred

for about 3 hr to de-ionise the formamide., The resin was then filtered off
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and the de-ionised formamide stored iﬁ the dark. Each batch was used within
3 or 4 days, and not stored any longer than this, |
Four per cent gels were prepared as follows. In 20 ml of de-ionised
formamide was dissoved 0.85 g acrylamide, 0.15 g bis-acrylamide, 0.104 g
sodium baﬁbiturate, and 0.06 ml TEMED. This solution was adjusted to an
apparent pH of 9.0 on a pH meter; using concentrated HCl, and 0.2 ml of ~
18 % fresh aqueous ammonium persulphate added. The volume was then made
.up to 25 ml and, de-aeration being unnecessary, poured into 100 mm x 7 mm
plexiglass tubes. The bottoms of these tubes had been previously sealed
with pafafiim. Over the gel solution in each tube was then layered with
extreme caution, water from a syringe, and the gels were allowed to -
,'polymer1se (30-60 min). As the overlaylng wag difficult, and often d1d not*
 result in a flat top to the gel, the polymerised gels were inverted and
Jvery gently pushed by air pressure down to the other end of.the plexiglass
tube. The gels were prevented from slipping out of the tubes by a piece
of fine nylon gauze tied over the end of each tube. Each tube vas placed
in a Shandon Disc Electrophoresis apparatus, end overlaid with buffered
'formamide. (20 ml de-ionised formémide, 0.104 g sodium barbiturate,
"adjusted to pH 9.0, and diluted to 25 ml). The upper and lower buffer
compartments contained 0.02M NaCl, which wae circulated between the
‘compartments to avoid a drift in pH in the gels. Samples for electrophoresis
were dialysed into watef. lyophilised, and dissolved (l.mg/ml) in buffered
' formamide containing 5 % sucrose and a trace of bromophenol blue. Ten
microlitres of the sample was applied to the gel, and the overlay of
formamide increased to. 1 cm. ' o o
The gels were run at 5 mA/tube for about 2 hr, unt11 the bromophenol

blue was near the bottom of the gel Gels were fixed and stained as oo

- —*—~——A~*4—~—ﬂescr1bed above: - : — S : e

+ 10, Sucrose Gradient Centrifugation..

Five" m111111tres 5-20 7 (w/w) linear sucrose gradients were prepared
in 0 05M sodium acetate . buffer, pH 5.2, containing 0.01M EDTA. The sucrose
solutions had previously been treated overnight at 4°C with 5 pl/ml DEP,

~to inactivate any nucleases (Solymosy eé:gl., 1968) . To remove CO2 produced
by the breakdown of the DEP, the sucrose solutions were evacuated on a
water pump, and then cooled to 4°C before the gradients were prepared,

: us1ng a Buchler Gradxent Mixer. (Buchler Instruments. Fort Lee, New Jersey,
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The prepared gradients, in 2" x 0.5" cellulose nitrate tubes, were

allowed to stand at 4°C for a few hours, to allow any irregularities in the

- gradient to smooth themselves out. Twenty microgram samples of RNA were

generally used, and were loaded onto the gradient in as small a volume as
: posslble, generally 10~25 Pl‘ ' '

‘The gradients were centrifuged for 16-18 hr at 25,000 rpm at 4°C
in an SW 50.1 rotor in a Beckman Spinco L2 65B centr1fuge.

E.coli r-RNA (kindly supplied by T. Loviny) was run on one gradient
in each experiment as S value standards. Under the run conditions described,
.. the 4-5 5§, 16 S and 23 S components were well resolved. After centrifu-

' gation, the gradients were analysed using an Isco Model D Density Gradient
* Fractionator, Model UA Optical Unmit, which measures absorption at 254 nm,
‘and a model 222 Ultraviolet Aﬁalyser (Instrument Specialities Company,
Omaha,bNebf.,'U.S.A.) with a 1 em optical pathlength flow cell. This
apparatus displaces the gradient through the flow cell by pumping a very
.dense.sucrose solution into the bottom of the centrifuge tube. Displacement
of the gradients by use:of a dense sucrose solution has been claimed to
give improved resolution and less peak distortion than fractionation by
tube puncture (McGrath & Wiliiams, 1966; van der Schans, Aten & Blok,
- 1969). ' ' ‘

11, Viscosimetry.

~ To follow the progress of en'enzymicidigestion of PeV-ds-RNA as it |
- occurred, the digestion mixture was placed in a modified Ubbelohde Visco-
| simeter (minimum sample volume 3.5 ml, volume of flow 2.5 ml, flow time

‘for water at . 36°C of 56.2 sec). The viscosimeter was'elamped in a thermo— _
" statically controlled water bath, previously adjusted to ﬁhe desired
temperature, and the flow time of the digest measured from time to time.
For more aecurate.determination of the intrinsic viscosity [fﬂ of intact
"and fragmented PcV-ds-RNA, the measurements were made at 25°C (when room ‘
temperature was sufficiently low) or 30°C; the flow time was measured five
‘times at each dilution. The variation in repeated determlnatlons was less
than 0.3 sec. Prior to measurement the nuc1e1c acid samples were.
centrlfuged at 2000 x g for a few mlnutes, to remove any dust particles.

. Solvents were filtered through 'yilliporequAW? Filters, pore siée‘0:45 jme
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"'12, Formaldehyde Denaturation.

This was, as mentioned in the Results, section | a), and in the

footnotes to fig. 2, derived from the method described by Freifelder and

. Davison (1963). A 40 % solution of 'Analar' grade formaldehyde in water

v ('Forma1in', B.D.H. Ltd.) was neutralised with 0.IN NaOH, and was used

the same day. The ds-RNA solution, ! mg/ml in O.IM phosphate buffer, pH
7.8, was heated tof80°C in a screw top viai,fand then neutralised formal-

~ dehyde was added to a final concentration'of 1.8 %. After reaction for

. 8 min at 80°C, the sample was rapidly cooled in a slurry of water and ice.

Formaldehyde was removed by dialysis.

13. Thermal Denaturation Curves.

RNA was dialysed against three changes of 0.1 x SSC and then diluted
to a concentration of roughly 25 pg/ml with O.I‘x.SSC. The solution was
degassed for a few minutes on a. water bump, and then 2.5 ml of the solution
. was placed in a stoppered silica cuvette. This was weighed and then placed
in the cuvette holder of a Beckman Tm Analyser, in the sample chamber
. of a Beckman DK2A Ratio Recording Spectrophotometer. A similar cuvette,

‘éontaining 0.1 x SSC was used as a blank. The absorbance at 260 nm '
" was determined at‘25°C. and then the temperature of the cuvette holder
fwas 1nchased by 10 and 15°C steps, aIIOW1ng 10 minutes after first
reachlng the degired temperature to achleve equilibration. At each -
temperature the A260 was determined. From 60°C, the temperature was -
increased to 65°C, and then to 70°C, allowing for equilibration before
determining the absorption as before. From 70°C~100°C, the automatic
"programmer was used, taking 120 min for the 30°C rise, a rate of 0.25°C/ .
" min. Dove and Davidson (1962) found that the maximum rate‘of increase that
gave good results in the thermal denaturation of DNA was 0.5°C/min. During
:v‘the temperature rise, the Ayeo Vas recorded continuously usiqg’thé Time-
:drlve attachment of the spectrophotometer.
After reachlng 100°C, the sample, still. sealed in the cuvette holder

" was allowed to cool to room temperature, and was then removed and reweighed 1

’ to'check for solvent logs. Generally thquwaa less than,} Z, and was
ignored, If the loss waa'greater. the determination was repeated with a
 fresh sample of ds-RNA, Aasumlng that the temperature rise was linear
with time, the absorption readings were then corrected for the thermal

" expansion of water, taking 25°C as a baseline, and then plotted in the

form A _/A,. against temperature, t. The ratio At/AZS is the hyperchromicity, -

t' 25

+
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h. The midpoint of the transitionm, the‘Tm, was defined by Dove and
Davidsonr(1962) as the temperature for which h = O'SChmax'+ 1.

To test the linearity of the automatic temperature programme, from
time to time the apparatus was tested as follows. Two éuvettes were filled
with water and placed in the cuvette holder. Into one was placed the end
of a copper-constantan thermocouple, whilst into the cuvette in the blank
position wés placed the platinum resistance thermemeter of the Tm Analyser
as usual. The thermocouple output was connected to a ch&rt recorder, as
described previously in section 8. A standard programme was then run on
the Tm'énalySer, to yield -a graph of temperatdre versus time. It was found
that the settings on the dial of the Tm analyser apparatus showed'an
apparent temperature 4°C below the value established in this way, and all

results were appropriately corrected.

14, Biological Activity Assays.

Toxicity and antiviral activity assays were performed by the staff
‘of Beecham Research Laboratories, using mice of strain CD-1. I am grateful
" to them for allowing me to include here the results they obtained.

- Assays of interferon~inducing‘ac;ivity were performed in BSVS mice,
+. by Dr. F, Himmelweit of the Department of Biochemistry. Samples for assay
“were diséolved in PBS at 375 or 400 pg/ml, Eighty microgram samples were .
injected ‘into the tail vein of 20 g (+ 1 g) BSVS mice (i.e. a dose of

4 mg/kg). Generally 10 mice were used for each sample. After 8 or 10 hr,
the mice were killed, bled from the heart, and the pooled sera were assayed
'j for intérferon-using a modified dye uptake method (F. Himmelweit,
unpublishéd) after Finter (1969)., Fifty percent end—pbints were‘determined-
- by probit analysis (Lindemann & Gifford,'l963). ’
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RESULTS

Studies have been made on the intact PcV-ds-RNA, of the processes
involved in the fragmentation of this ds-RNA by Ribdnuclease III, bovine
' pancfeacic RNase and ultrasonic irradiation. The double-stranded fragments
produced by these three digestion methods have been compared to the
intact ds-RNA for their capacity to'ihdu;e IF, their antiviral activity

and acute toxicity.

‘1. Intact PeV-ds-RNA.

As reviewed in the Introduction, section 2 d), little is kﬁown about
the fine structure of this RNA, or the ds-RNA from any other fungal. v1rus.
It is known that PcV-ds-RNA is in overall terms double-stranded, but it
" is not known if the ds-RNA has nlcks in the individual strands, or
“lohgér discontinuities in the bése-pairing; and experiments have been dome
. to‘tes; this possibility. These experiments also incidentally determined
" whether the double=-stranded molecule results from base-pairing between
two complementary chains or from'hai:pin fo:mation by a long self-

.complementary single strand.
a) Single-strand nicks.

:Also included under this heading are longer discontinuities in
base-pairing. These would not be detected by digestion with panc. RNase
if the ss region were composed largely of puriné'residues; The inactivity
. of RNaseT1 against this ds-RNA (M. Szekely & C. Dreyer, pers. commun.)

shows that such postulated pdlypurine as regions would in fact have to be

polyadenine. ,
Possible nicks etc. could not be detected by determination of the

’ v1scos1ty of the ds-RNA, and comparlson of the MW. that could be estimated
from this with the value determ1ned by other means, to reveal whether the
ds-RNA was more f1ex1b1e than expected, due to the nicks. This technique
"is of no use for two reasons. F1rst1y, Hays and Zimm (1970) have shown that
for DNA, a small number of nicks will have no effect on the flexibility

" of .the molecule; and secondly, ad mentioned in the Introduction, Franklin
(1967) has shown that the flexibility expécted of a ds-RNA molecule is
already quite great compafed with the flexibility of DNA. This means that
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equations for the determinetion'oflMW.'estimates from intrinsic viscosity
‘measurements will give low results.

So, the basic technique used to detect ss nicks involved the
denaturation of the ds-RNA molecule, and ﬁeasurement of.the MW. and size
distribution of the resultant single strands. '
| If the ds-RNA was not nicked, then denaturation of each molecule
would yield two single strands of half the parent MW. (Assuming that the
ds-molecule in fact consists of two paired strands. If this is not the
case, if, for example the molecule was formedvof one large hairpin loop,
then the ss-RNA produced by denaturation would have the same MW. as the
parent ds-molecule). If the original ds-RNA is Heterogeneous‘in size,
either consisting of distinct size species (as PcV-ds—RNA)‘or a continuous
size range, then the MW, distributions of intact and denatured RNA will
be the same if the parent molecule is unnicked, as molecules of all sizes
ﬁiillhave been denatured. This would be the case if PcV-ds-RNA was
ennicked. Nicked ds-RNA will produce on denaturation smaller-than-bredicted
-(1/2 parental MW.) fregments, with a polydisperse size distribution curve
- 1if the nicks are random. If nicks occur at specific points, then
denaturation will yield Specific fragments.,This technique has been applied
- to the study of DNA by several groups of workers, including Davison,
e:Frexfelder and Holloway (1964), Studier (1965), Hagen (1967), and Gaudin
and Yielding (1972). =

" As simple heat denaturation can cause hydrolytic cleavage of ds—RNA

(Katz & Penman, 1966), and as denatured ds-RNA tends to renature very
"easily and also form non-specific aggregates on the removal of the
denaturing agent, a gentle and permanent method of denaturation was
required. For this, denaturation and reaction with formaldehyde was used. )
- This has been fairly well studied in the case of ds-DNA (Haselkorn & Doty, -
1961; Grossman, Lewin & Allison, 1961; Freifelder & Davison,ﬁ1963; and
reviews by Grossman, 1968, and Kochetkov & Budowsky, 1969) and it has been
J shown'that under app:opriate conditions formaldehyde denatures the double-
helix, and then reacts to form hydroxymethyl groups with the amino groups"
on the newly exposed purine and pyrimidine bases (Haselkorn & Doty, 1961).
* Phosphodiester backbone cieaVage does ﬁef‘occur provided the conditions
' are not too extreme (Haselkorn & Doty, 1961; Freifelder & Davison, 1963).
By virtue of the hydroxymethylatﬁon of the amino groups, the re-formation
of hydrogen bonds on the removal of the denaturing condxtxons is" prevented.

 However, two hydroxymethyl groups may sometxmes react to form an inter-
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strand cross-link, and this'reaction is irreversible. Freifelder and
Davison (1963) developed conditions for the denaturation.of DNA which
resulted in minimal hydrolysis and interstrand link formation. These
however, are not directly applicable to ds-RNA, as this latter is known
to have a greater resistance to denaturation than a DNA molecule of
equivalent base composition (Chamberlin, 1965; Chamberlin & Patterson,
i965). So, the effects of variation of the time and temperature of the

' denaruration were ascertained. The. results are shown in fig. 2, which is
a plot of the relative A 260 of the RNA sample against the time of
1ncubat1on, at various temperatures. The pH, ionic strength and the
_concentration of formaldehyde used were as described by Freifelder and
Davison (1963). Complete denaturation is indicated by the achievement of
the meximal hyperchromic effect. In all further studies involving formal-
dehyde denaturation, the ds-RNA sample was heated under the conditions
described in the Methods (section 12), for 7.5-8 min at-80°C, followed by
rapld cooling. ‘ ‘

The products of denaturatlon were then examined by sucrose gradlent
centrifugation, which showed clearly the size dlstr;butlon of the intact
.and denatured ?cV—ds—RNA, whilst specific fragments were checked for by
gel electrophoresls. | | |

On sucrose gradients, the size of the denatured products was
estimated using unreacted E.coli rxbosomal RNA as standards for the
" determination of approkimate S values., This r-RNA has components with §
values of 23 S, 16 S and 5 S, and was also contaminated with 4 S transfer
RNA, The 4 S and 5 S peaks were not resolved on the gradients used, and
this peak was described as 4-5 S. The results of a typical gradient
analysis of intact and formaldehyde-denatured (ds— and fd-RNA respectlvely)
'ds-RNA are shown in fig. 3; the positions of the r-RNA peaks are marked
by arrows. Plotting these r-RNA § values against the distance travelled
down the gradienﬁ, it 'is possible to determine approximate S values for
' ds- and f£d-RNA. The sed1mentat1on coefficient of the 1ntact ds—RNA was
.‘estlmated by thls method as 12.9 S, in good agreement w1th the value of
13 S published by Buck and his coworkers (1971) . The molecular welght
*calculated from this S value using the Elgner and Doty (1965)
relat10nsh1p. ‘

s =o0.11640°3%% *

is 1.98 x 106 daltons. This value is in good
‘agreement with estimates of the Mw. of PcV-ds-RNA derived from gel
electrophoreSLS results (Border et al., 1972; Wood & Bozarth 1972). On
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Figure 2 : Rate of Reaction of PcV~-ds-RNA with Formaldehyde at

Different Temperatures.,

- RNA batch 5/119 was dissolved in 0.1M phosphate buffer, pH 7.8,
containing' 1.8 % neutralised formaldehyde, at a concentration of I mg/ml.
Samples were heated for various times at the temperatures (°C). above and -
then rapidly cooled in ice-water. Each samples was then diluted i:AQ
with-PBS (i.e. to a final concentration of 25 pg/ml) and the A260

determined., .
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denaturation, the S vélue increased to 19.6 S. Calculation of a molecular
weight estimate from this is not easy, as reaction with formaldehyde
should destroy all secondary structure resulting from hydrogen-bonding
interactions, although as base-stacking is unimpaired after formaldehyde
‘reaction (Stevens & Roéenfeld, 1966) some secondary structure will remain.
Therefore, it is not cérrect to use the equations of Giefér (1958) or
Spirin (1961), both developed for the relationship of S value with the
molecular weight of native ss—RNA. Perhaps the best analogy for fd-RNA

'is ss-DNA following denaturation with alkali. In media of a high pH, the
formation of hydrogen bonds is inhibited, due to the de-protonisation of

" the bases, which means that the secondary structure of the ss-DNA is not
affected by hydrogen bonding. Studier‘(l965)-fouhd that above pH 11,
denatured DNA resembled in hydrodynamic properties the behavibur of
formaldehyde-reacted DNA at more nearly neutral pH levels., The increase
in molecular weight of the £d-RNA due to the added hydroxymethyl groupé

is so small in comparison to the ﬁolecular weight that it can safely be
discounted. Studier (1965) developed an empirical S value-molecular weight
relationship for ss~DNA under alkaline denaturing conditions :

s = 0,053 |

When this was used to calculate the molecular weight of fd~RNA from the
sedimentation coefficient of 19.6 S, a result of 0.9 x 106 daltons was
obtained. This is slightly less than half the molecular weight established
for ds-RNA. More useful than the consideration of molecular weight‘ra:ios,
‘with its inherent uncertainty due ﬁo the use of equations of unproven ‘
validity, is the‘compariéon of the shapes of the profiles of ds— ard
fd-RNA. Figure 3 shows that the peak for fd-RNA is no wider than that for
the PcV-ds~RNA, and that they are very similar irn shape, as WOuIQ'be -
expected if the distribution of molecular Qeights was the same in both
‘cases. The possibility that the ds—RNA consists of one intact single
“strand hydrogen—-bonded to a séCOnd, heavily'nicked strand was shown not to
" be the case on two counts. Firstlf, the analysis of the gradient failed

to reveal the presence of any lower—than-expected molecular Qeight'material,
‘and secondly, the area of the single peak obtained on the £d-RNA gradient
was sufficient to accouﬁt for the abgorbance of all the RNA loaded onto
the gradient, | |

As sucrose gradients are Sf low resolution, the products of formal-

deﬁyde reaction were also examined by electrophoresis in polyacrylamide-

‘agarose gels. Often, quite a large proportion of the fd-RNA did not enter
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Figuré 3 : Sucrose Density Gradient Profiles of Intact and Formaldehyde

Denatured PcV-ds—RNA.

RNA batch MPP 63, dissolved in 0.IM phosﬁhate buffer, pH 7.8, containing.
1.8 Zineutralised'formaldéhyde, at a concentration of | mg/ml was heated
at 80°C for 8 min, and then cooled in ice-water. Control RNA was treated
*in the same way, but omitting the formalééhyde. The Tm in such a buffer
“is :> 100°C, so control RNA would ﬁot be denatured by such treatment.
ZOvpg~samp1es'of nétiveland denatured RNA were run on 5 7 - 20 7 sucrose
gradients at 25,000 rpm‘in an SW 50.1 rofor for 16 hr, as described in
the Methods section‘lO),”gnd then analysed. 30_pg samples of E.coli '

" ;;RNA were run as sedime;tation coefficignt markers.
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a 2.4 7 acrylamide : O. 5 agarcse gel, although formaldehyde denatured
23 § r-RNA did enter. This non-entry was possibly due to agoregat1on of
the fd-RNA. Because of the fairly high pH ot the gels (8. 2) it is unlikely
that any 51gn1f1cant cross-linking, due to the reaction of the hydroxy-
methyl groups on different chains, occurred (Freifelder & Davison, 1963).
.It is not known ﬁhy such aggregates oécurred, and they were never detected
on sucrose gradient analyseé; The ﬁresence or absence of aggrggation may
well depénd, of course, on the conditions,.e.g. pH, ionic strength,
temperature etc. under which the samples of fd-RNA were examined. The use
of recrystallised acrylaﬁide and bis-acrylamide did not result in any
improvement.
' However, on all these zels, at least some of the £d-RNA did enter
the gel, see fig. 4. The molecular weight of the single narrow band of
product, itself showing the lack of nicks in the parental ds-RNA, was
estimated from the mobilities of formaldéhyde-reacted 16 § and 23 S r-RN¥A
run as standards. The 4-5 S r—RNA ran completely off these gels. The
molecular we1ghts of the two larger species have been estimated as 1.1
~and 0.55 x 106 daltons Lespect1vely (Kurland 1960; Stanley & Bock, 1963),
and interpolation between these two values on the basis of the inverse
relationship between electrophoretic mobility and the log. of the molecular
weight (Bishop, Claybrook & Spiegelman, f967; Peacock & Dingman, 1968)
gives the molecular weight of the fd-RNA as 0.96 x 106 daltons. This ié
almost half the size of the ds—RNA as calculated from its sedimentation
coefficient, 1.98 x 106 daltons, and is also a very similar size estlmate
to the value determ1ned from the gradient analysis of fd-RNA. No lower
molecular weight material was visible on the gel.
It was considered unéétisfactory however, that often much of the -
" sample did not enter the gel, and so formamide was introduced as a
denaturing agent (Helmkamp & T'so, 1961; Schildkraut, Marmur & Doty; 1961;
T'sq, Helmkamp & Sander, 1962a; Helmkamp & T'so, 1962). Thls)has the
added advantage that polyacrylamide gels can be prepared with formamide,
rather than water, as the solvent (Staynov, Pinder & Gratzer, 1972),
making a separate denéturation step Unneceésafy, In these gels, aggregation
does not seem to occur, and as formamide,‘unlike formaldehyde, does not
react chemically with RNA, estimation of molecular weights is easier. Again
t.coli 23 and 16 S r—RﬁAvaere‘uged as molecular weight standards, and it
was . found that by this method thé molecular weight of the single band of
~ denatured RNA, fig. 5, could be estimated as 1.0 x 106 daltons. This is

very similar to the values stabllshed by gradient analysis and electro-
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Figure 4 : Agarose-Polyacrylamide Gel Electrophoresis of Formaldehyde-
reacted ds-RNA.

20 pg samples of PcV-ds-RNA and E.coli r-RNA, both untreated and
following reaction with formaldehyde, were loaded onto a 0.5 % agarose-
2.4 Z acrylamide gel, and run ove;night at 200 Vv, 18 mA, Preparation

of the gel and samples as described in the Methods section 9 b).

A = untreated 23 S and 16-S r-RNA, B = untreated PcV-ds—RNA.

C,C' = formaldehyde-denatured r-RNA., D = formaldehyde-denatured
PcV-ds-RNA.
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Figure 5 : Gel Electrophoresis of PcV-ds-RNA in Formamide Solution.

Gels were prepared and run as describe& in the Methods section
9 ¢), stained with toluidine blue and placed in glass tubes for
photography.

A,A' = PcV-ds-RNA, B = E.coli 16 S and 23 S r-RNA, MW, 0.55 and
1.1 x 10° daltons.
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‘phofesis'of £d-RNA, and is also close to half the molecular weight of

PcV-ds-RNA as measured by Buck et al. (1971) and Border et al. (1972).
Combining the results of gel eléctroPhoresis and sucrose density

y gradient analysis of intact and denatured RNA it is possible to conclude

that PcV-ds-RNA does not have any single-strand nicks, either in specific

sites, or scattered at random. The size estimates of the dematured RNA

aléo show that the RNA is in the formvgf a true double-stranded molecule,

and is not simply a very long self-complementary hairpin-like structure.
b) Determination of .the 5'-terminal nucleotide of PcV-ds-RNWA.

The 5'-terminal nucleotide has been determined for several viral
génome RNAs..In.almost every case a purine has been found, the sole
published exception being the results of Fraenkel-Conrat and Fowlks
(1972), where the 5{—.ermini of preparations of Tobacco Mosaic virus
(TMV) and Eromegrass Mosaic virus were heterogenous. In both cases, the
ratio of the different nucleosides was the same, A> U> G > C. This is
vthé sole report of such heterogeneity, however, and is in need of
confirmation. In all other cases, only one major nucleoside was found
at the 5'-terminal. | »

Wimmer (1972) has pointed out that, with some exceptions it seems
that the RNA of viruses infecting eukaryote hosts, either plant or animal,
'have adenosine or phosphorylated ademosine as their 5'-terminal (e.g.
“IMV : HO-Ap...(Sugiyama &.Ffaenkel-Cpnrat, 1963); Turnip Yellow Mosaic
virus : HO-Ap... (Suzuki & Haselkorn, 1968); Tobacco Necrosis virus and
Satellite Tobacco Necrosis virus : ppAp... (Lesnaw & Reichmann, 1970);
" Influenza virus {all 6 segments): pppAp... (YQung & Cbntent, 1971) ;-
Poliovirus : ppAp.,. (Wimmer, 1972)),‘whilst.the RNA‘bacteriOPhageé, which
. by definition infect prbkaryotes, by and large possess guanosine triphos- )
phate as their 5'-terminal nucleotide (Q -, R23, £2, MS2 & R17 all -
have pppGp... (Dahlberg, 1968; Watanabe & August, 1968; Glitz, 1968;
Roblin, 1968). The differing degrees of phosphorylation of adenosine may
be due to phosphatase’or 5'-nucleotidase action during isolation. Plant
cells are particularly rich in such enzymes (Lesnaw & Reichmann, 1970).
| t is perhaps noteworthy that the only ds-RNA for which the 5'-termini have
been determined and published is an exception to the scheme of Wimmer (1972)
described above. The Reovirus genome consists, as mentioned in the . _
| Iﬁtroduction, of ten scgments of’ds-RNA. The 5'-termini of this RNA hés
‘beeﬁ determined . (Banerjee &'Shatkin, 1971), and the only nucleotide found

was pPGPe««y meaning that this must be present at each of the twenty 5'-
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termini. Some workers have suspected the presence of short (6-8 bases)
purine tails at the 5'-ends (Millward & Nonoyama, 1970) . However,
~ Bane: cjee and Shatkin (197!) were urable to verify this, and also as the

'-ends of the m-RNAs transcrlbed from the ds-RNA genome have alsc been

(8]

shown to. be ppGp... (Banerjee, Ward & Shatkln, i971), the existence of
single-strand tails was considered very unlikely (Shatkin, 1971).

The 5'-termini of PecV-ds-RNA were therefore of considerable

 interest, and have been determined in this study. The determinations were
douc by a modification (M. Szekely, unpublished) of the technique of

Weiss, Live and Richardsom (1968), which uses the enzyme polynucleotide

kinase to transfer a labelled phosphate group from .Y—32P—ATP to the

5'-terminal nucleotide of the nucleic acid under study. The technique

is applicable both to DNA and to RNA,

Attachment of the ldbel to the RNA depends on the terminal
- nucleotide being unphosphorylated, and it is usual in such labelling
ekperiments to remove any 5'-phosphate by phosphatase treatment before
attempting to kinase-label the RNA. If phosphatase treatment leads to
‘a2 great increase in the efficiency of incorporation of label, then it can
be concluded that the 5'-terminal nucleotide is a 5'-phosphate. However,
the reverse conclusion (i.e. that the RNA terminates with a 5'-hydrcuyl
grﬁup)-cannot be assumed if phosphatase treatment results in no
improvement. This is because polynucleotide kinase preparations have been
shown to be contaminated with a phosphatase activity against 3'#phoéphate
groups (Szekely & Sanger, 1969). It is not known whether, this phosphgtase
is capable of the splitting off of 5‘—phosphates, but it means that it is
not possible to concludelfrom the absence of an improvement of .incorpora-
tion of label on phosphatasé treatment (which was the case found iﬁ this
study) whether the 5'-terminal nucleotide is phosphorylated or not. The
ievel of incorporation of label into the ds-RNA was very low in these
experiments, the reason for this is not knowa. Similarly, vefy low levels
of incorporation were found during 1abe111n0 experimeni; on other ds-RNAs
of fungal viral origin (M. Szekely, T. Loviny & P. Roth, unpublished).

To purify the lzbelled ds-RNA, the reaction mixture was phenoi-
extracted to remove proteins, followed by ethanol precipitation to remove
the bulk of the unreacted ATP. Finally the sample was purified by
polyacrylamide gel electrophoresis, and the ds-RNA identified By auto-
radiography and toluidine blue staining. Unlabelled PcV-ds—RUA was run as

Aa‘standard'on the gels, and the labelled band corresponding in position to



71.

this was cut out. Measuremenis showed that the bands of labelled and
stained material coincided in every experiment. This separated the .
‘labellad PcV-ds-RN& from some other heterogenous labelled material of

lower MW., possibly b:eégddwn products, and also obviated any risks due

to endonuclease cleavage at any stage prior to or during -the labelling

The lebelled PcV-ds-RNA was extracted. from the slice of gel by the
technicuz of Adams et al. (1969), as described in the Methods, section 2.
After alkaline hydrolysis to separate the Sf—terminus as a labelled
diphosphate, the samples, and nucleoside 3'-5'-diphosphate standards,
were exanined by paper electrophoresis, and the labelled diphosphates
were detected by autoradiography.

The result of such &n experiment is shown in figure 6, which shows
e of ome major, and three miror, spots. The major component

he esen

cr
167
o
3
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can be identified by comparison with the standards as cytidine 3'-5'-
iphosphate, but the minor components did not correspond with any of

the mononucleoside din hcsphate standerds, and their nature remains unknowin.

T

e g

M. Szekely and 7. -Loviny (pers. commun.) found that on paper

electrophoresis of alkaline hydrolysates prepared as described above, the

B
-

spots were sometimes retarded. This means that what appears on fig. 6 to
be identified as pCp inm the hydrolysate may in fact be pAp. Both of these
‘are of course pyrimidine nucleotides. This retardation phenomenon may zlso
explain the unidenti i d nature of the other spots iun the hydrolysate of
PeV-ds~RA, '

This finding of a pyrimidine nucleotide as the major 5'-terminal .of -
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onfirmation, although a pyrimidine has since been

described at the 5'-terminal of a ds-RNA from the viruses of P.stoloniferum

(M. Szekely & T. Loviny, pers. commuﬁ.).

2. The Fragmentation of PeV-ds—RNA.

Studies have been made on the fragmentation of ds-RNA by two RNases,
‘one specific for double-strands (RNase III from E.coli), and the other
with a preference for sinﬁle—stfanded RNA (bovine pancreatic RNase A).
phys.cal method of fragmentation, by ultrasonic irradiation, has also been
studied. The modes of action of all three agents have been investigated,
and in the case of RNase III, about which little is known, the nature of
the digestion products has been studied. This wofk was cupacted to-yield
information both on the action of the enzyme and also on the structuie of

suV-Zs-RNAL
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Figure 6 : 5'-End Determination of Intact PcV-ds-RNA.

SOJpg"of ds—RNA‘(batch P2) was labelled for 30 min under the conditions
described in the Methods section. After ethanol precipitation and gel
electrophoresis, the labelled bagd of intact P;V—deRNA was cut out,
eluted and hydrolysed with alkali. The hydrolysate was analysed by
high voltage paper electrophoresis, and the spots visualised by auto-

radiography, Two weecks exposure, Kodak Kodirex film.
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a) RNase III.

This enzyme was first reported by Robertson, Webster and Zinder
(1967) and Libonati, Vinuela and Weissmann (1967), in cells of E.coli,
-4 shows anm zlmost absolute specificity for ds-RNA as substrate. DNA
and ss-RWA are not attacked at all, although the RNA strand of an RNA-DRA
hybrid 1is hydrolysed (Robertson et zi., 1968; Robertson & Zinder,'1968)
leaving the DNA strand intact (Robertson, 1971).

Full purification methods were described, and some of the enzyme
properties elucidated by Robertson et al. (1968) and Libonati (1968a,b).
RNase III is an endonuclease, and cleaves ds-RNA to yield mainly
3'-phosphate and 5'-0H groups on the products. The enzyme appears to have
“no base specificity; in that poly{4-U) which forms extensive ds-hairpin
laops, and the double-stranded polyribonucleotide poly(G).poly(C)'are
digested at very similar rates. The MW. of the enzyme was estimated by
Robertson et al. (1968) to be between 45 and 55,000 daltons, and a
requirement for both momo- and di-valent cations was established. The
optinmum pH is alkaline, lying between pH 7.6 and 9.75, but it was
impossible (o measure this more accurately as.the activity‘was found to
increase with inczeasing piH, up to levels where the ds-RNA was also
undergoing alkaline hydrolysis. .

The role of RNese III. in cellﬁlar metabolism is unknown. Castles
and Singer (1969) concluded that it was not involved in wu-RNA breakdown,
‘because of its specificity for double-helical RF¥A. Hehlmann and
- Hofschneider (1970) showed that RNase IIT was probably inactive in the
cell, as ds-RNA appeared stable in E.coli spheroplasts; yet extracts from
these spheroplasts contained active RNase III in sufficient quantity to
partially digest the administered ds-RNA., Keller (1972) has suggested |
that ribonuclease H, or 'hybridase' functions in eukaryote cells to
digest the RNA oligonucleotide used in the initial step of DNA replication
by DNA-dependent DNA polymerase, and tentatively proposed that RNase III
might fill a similar function in prokaryote cells. RNase H-type activity
‘was also suggested in E.coli by the results of Miller, Gill and Riggs
(1972), and its existence, as an enzyme distinct from RNase III, has beon
shown by Weathford, Weisberg, Achord and Apirion (1972). Weathford et
al. were 2ble to purify RNase H ﬁractions free of activity againét ds—-RN4,
~but. all Rizse III fractioums contained a low activity against RNA-DNA ‘

hybrids. The cellular role of RNase IIL therefore remains unclear.
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The mechznism of action of RNase III was studied by Schweitz and
Ebel (1971), aiter they found that it failed to digest the double-strancad
regions of t-RNAs and r~RNAs. (4lso noted by Robertson et al., 1968). They
suggested that a doubie—strahded region has to be about 7 - 9 base pairs
long before it can be recognised as ds by RNase III, and .that the helices
have to be at least 9 -~ 1l base paifs long for hydrolysis to occur.
Robertson (pers. commun.) came to similar conclusions 1 regerding the
necessity for a ds—RNA molecule to be of a certain minimal length before
RNase III would'act upon it, but considered the minimum length to be
creater than the estiméte of Schweitz and Ebel (1971). So far however,
no natural ss-RNA with a2 strong secondary structure has been found

susceptible to RN¥ase III, as would be expected 1 length of double-helical

as to
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the only reguirement for ectivity. ALl conclusi

-

el (1971) found that exhaustive RNase III digestion
(1

of poly(G). poly(C) or poly(I).poly{C) yielded a hydrolysate of which

-

0 - 90 7 consisted of oligonucleotides about 10 - 25 base pairs in length,
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the average size being 16 nucleotide'pairs. They also studied the mode of
cleavage of ds-RNA by digesting poly(I).poly(C), and then comparing the
electrophoresis patterns on polyacrylamide gel in the presence and
".absc ¢ of urea, a denaturing agent. After electrophoresis, the gels were
scanned, and it was found that the pattern of fragments obtzined was

very similar in both cases, i.e. native fragments did not have ss nicks
in'them. From this, Schweitz znd Ebel (1971) concluded that RNase IIZ
~acts by cutting both strands of the ds—poiyribonucleotide at the éame
level. This conclusion, however, depends on the assumption that urea
denatures the ds~oligonucleotides. It has been shown (T'so, Helmkamp &
Sander, 1962b) that urea probably does not rupture hydrogen bonds, which

s essential if the two strands of 2 ds-nucleic acid are to be separated.

H-

ent to denature

[l

1. Szekely (pe::.-commun.) has found 7 ¥ urez insuffici

" viral ds-RNA from - P.stoloniferum. Therefore, the action of RNase III on

ds-3NA has been re-investigated by different techniques.
(i) Mode of cleavage by RNase III.

During the de “adat*ou of a donble ~-stranded polymer, cleavage
can occur either by simultaneous cutting of both strands of the polymer,
co that each enzyme hit results in a fall in the MY. of the substrate;
‘or by random scission of the individual strands, so that two hits are

nccessary for every cleavage. The former, single-hit degradation was called



~diplotomic, and the latter, involving separate scission of the two strands,

~haplotomic by Bernardi (1968), in his work on the mode of action of some
Iiases. For example, DNase I was shown by Young and Sinsheimef;(lQéS)

to cleave native DNA with haplotomic kinetics. DNase II (acid DNase) zcts
by & diplotomic mechanism (Oth, Fredericq & Hache, 1958;]Young &

ates & McAusglan, 1967), although Bernardi (1968)

bay

Sinsheimer, 1965;

showad that some haplotcmic eleavages also occurred.
In the casec of hazplotomic digestion of the ds-RNA (or of course of
any other ds-polymer of similar hydrogen-bonded structure), each enzyme

hit doesz not result in 2 molecular scission, because the two strands are

held together by hydrogen bonds. It is only when a second hit occurs in

-

the other strand very close to the first, that che hydrogen bonds between

ci

the two nicks are insufficient to bind tlie fragments together. Only when

"

these week interstrand links break does the molecule fall apart. Thus,
if hits occur on the two strands at rahdom, then a lag period can be
expected after the addition of enzyme, before the MW. of the substrate
storss to fall., Thus, although each cleavage of the ds-RNA only directly

. .

involves two emzyme hits, it is to be expected that many more will occur

~

before a fall in the MW. of the substrate is detectable. Diplotomic
cleavage involves the cutting of both RNA strands at the same time, and
so there will be no lag period after initiation of cleavage. However,
because it is possible that a very short lag period would not be detected,
- then although the existence of a lag period is evidence of haplotomic

the absence of a detectable lag period ig merely sugg cestive

\

Even ;ure haplotomic digcstion could appear to commence without a
detectable lag period if the conditions were so chosen.

xamining the very early

La
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One of the most sensitive methods forx

s viscosimetry, first applied

$-te

staées,of fragmentation of ds-nucleic acids

te vie enzymic digestion of DNA by Laskowski and Seidel (1945) and by

McCarty (1946) and since by scveral other groupe of authors, e.g. Kunitz
(1950), ZamenhoZ, Griboff aad Marullo (1954), Schumaker, Richards and

Schachmann (1956), Le Pecqg and Bourgoin (1964), Bermardi znd Cordomnier

(1965) and Yasmiren, Gray and Waﬁnamakef {1968).

n viscosity of PeV-ds-RNA on RNase III digestion has been
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determined, and the results obteained with various amounts of enzyme are
n fig. 7. It can be seen that even at the lowest levels of RNase

™

3 e
7%%, no lag period is visible before the viscosity starts to fall. For
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Figuré 7 : Fall in Relative Viscosity on RNase III digestion of
‘ PcV-ds-RNA.

RNA batch MPP 63, at | mg/ml was incubated in Tm buffer +.0.IM ammonium
chloride, pH 7.6, in an Ostwald viscosimeter-at 36°C, with various amounts

of RNase III, The relative viscosity was noted from time to time.

13
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the rcason mentioned above this merely suggests, but does not prove

that RNase III acts diplotomically, and investigation by a different

to a general theory

&}
1)
O
0
(o]
]
[a
e
o
03

.Viscosimetric data can be treate
for the degradation of mﬂlt*—,tranded polymers of any initial

f
on of'molecular welghts, developed by Schumaker et al. (1956).

distributi
s, " v e - P T .1 Y g o em fee m S am oy =S AT . ~ o 4 : .
These authovs showed thet for thoe initial stages of digestion

1oglo(E—R) = n log Op + constant

. The number of hits nGC¢ssary ¢o clecvu the substrate molecule

is expressed by m, end p is the probability that any given bond be broken
at time t, W-.:. the rate of digestion is comstent, then p = kt, where k

LY

is a proportionzlicy constant., A plot of log,.(1-RY versus log will have
a prog P ©10 : S

plotomic fragmentation, where one anéym; nit

(1661) replaced the term (I-R) in the
iatt

eguation above with ( 2 er function being a linear function
of log,.p over & wider zange of values of the probability than the originzl

by several groups of workers, including both group: re
and Bernardi and Ssdron (1964). The difficulty in applying this technique

to the study of the fragmentation of ds—RN4 is the lack o

for the relationship between the iIntrinsic viscosity and . for ds-RNA.
The work on the possibility of nicks in the intact ds-R¥A showed the

However, as i1t seems that the flewibilitcy of DNA does mot ali.w signifi~
yaﬂtly on limited fragmentation (as one MW.-viscosity ecuation is
applicable over the whole Mi. range under study), and it seems probable
that a similar situation would apply to ds-RNA, it is therefore cleu that

the use of equations developed for ds-DNA would not have a very great

»

effect on the vatio MW.t/Mi.o. The effect of the increased flexibility

[

a

e
w

o
50 described below.
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Most- empirical relationships between the intrinsic viscosity and

MW. take the form :
I-n:] = RN _
vhich is also the theoretical form of equations of long chain molecules.
(See Steiner & Beers, 1961); The expoment 'a' is related to the flexibility
of the molecule, havingvvalues varying in theory between 0.5 and 2.0 (for
flexible random coils and.rigid rods réspectively).‘Fig. 8 is a plot
according to Schumaker et al. (1956) and Cavalieri and Rosenberg (1961),
using the relationship of Eigner and Doty (1965) :
[‘iﬂ= 1.05 x 1077 n' 32 .
to calculate the molecular weights from the values of [n] given in Table 3.
The best straight line on this has a slope of 1.29. Also on this figure
is shown the effect of varying the flexibility component of the equation
between the two theoretical limits of 0.5 and 2.0. In these two extreme
cases, the slope values are 2;0} and 1.12 respectively.

As, Zrom the work of Franklin (1967) is seems that ds-RNA is more
flexible than DNA, the exponent used in the above equation may be some-
what too high. However, the true exponent must still be much 1arger'than
0.5, which is the theoretical value for a perfectly flexible random coil
with no rigidity at all. So, although the value of 1.29 for the number of
hits necessary to cleave the ds-RNA molecule is probably to some extent
an underestimate, the degree of error is such that only at the worst
possible slope value (which is certain to be a considerable oﬁer4estimate,
as expiained before), are 2 hits apparently ﬁecessary for strand cleavage.

The non-integral value found indicates that RNase III causes both
haplotomic and diplotomic cuts in the ds-RNA, and there is predominance
of the latter. This does not necessarily mean that the enzymelpreparation
is impure, as a similar mixed mode of action was shown by Bernardi and
Sadron (1964) for acid DNase, which works predominantly by a diplotomic

mechanism, but with some simultaneous haplotomic cleavage.
(ii) Production of specific fragments on RNase III digestion.

It has been repeatedly found that 1imited-digéétion with RNase
III produces, under certain conditions, numerous specific fragments
resulting in the appearance of bands on gel eléct:ophgfesis'of digests;
see figs. 9 and 10 for two band patterns. On these gels, ‘the three bands
of intact ds-RNA were not well resolved due to the relatively high gel
concentration (and thus short migration distance) used to obtainedigood

resolution of the specific fragments. The fragments were not zesolvable
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Figure 8 : Determination of the Cleavage Mode of RNase III. o

"~ A plot of log [kl%E)IOd}_vﬁ log time (Cavalieri & Rosenberg, 1961), using
_the data given in Table 3. Reéults'are'pldtted using the exponent (é)
1.32 in the molecular weight-viscosity'felationship, as given;by Eigner
and Doﬁy'(1965) and also the thepretical limiting exponents 0.5 and 2.0
(S;einef & Beers, 1961) (see text, Results 2 a) (1)).



TABLE 3.

VISCOSIMETRIC DATA ON THE FRAGMENTATION OF PcV-ds-RNA BY

RNase 1III
Time [Tﬂ MW._6 R log Bl§§9100] log t
{min) (x10 )
0 1258 1.43 1 - &
Sk58. 1155 1.24 .867 1.184 0.747
10.58 9.6 1807 .748 1.528 1.024
15.58 8.5 0.98 .684 1.665 14192
20.58 TS5 0.89 .622 1.784 B33
26.83 6.6 0.81 .566 1.885 1.429

ds-RNA, batch 5/119, at a concentration of | mg/ml in TM buffer +

'0.1M ammonium chloride, pH 7.6, was digested at 36°C with 600 U

RNase III/mg RNA, At the stated times, 5 ml samples were withdrawn

and mixed with SDS to ! Z final concentration. (This was adequate

to completely stop digestion, on imcubation of such samples in a

viscosimeter at 36°C no further fall in viscosity was detected).

The viscosity of the sample was then measured at 4 dilutions, as

‘described in the Methods, section 11, MWs. were calculated accor-

ding to the empirical equation of‘Eigner and Doty (1965). In

section a) of the Table below, the MWs. are recalculated, using

modified forms of the Eigner and Doty equation.
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a = 0.5 a=2,0
T " . TRy | [=2y 100"
(7] - M. R log |(=—)100] M., . R Log | (=) 100]
(x 10 ) (= 10 ) _
12.8 1.48 S - 3.49 1 -
(1.5 1,20 0.807 1.378 3.31 0.920 0.939
9.6 0.84 0.563 1.890 3,02 0.862 1.204
8.5 . 0.66 0.443 2.100 2.85 0.811 . 1.367
7.5 0.51 0.343 2.283 2.67 0.768 1.480
§.5.  0.40 0,265 2,441 C2.51 0.716 1.598
‘- —
# Celculated usiag equation Lrﬂ’—j 1.05 x 10 7 MO'S

+ Calewicted using equation ‘ [i'g= 1.05 x 10—7 szo ’
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Figure 5 : Gel Electrophoresis Pattern of PcV-ds-RNA After Limited
RNase III Digestion.

RNA of batch MPP 63 was digested for | hr at 36°C in TM buffer + 0.1M
ammonium chloride, pH 7.6, with 0, 150, 300, 600, 800 and 1000 U RNase
III/mg ds~RNA, concentration I mg/ml. After | hr incubation, the
digestion was terminated.by thebaddi:ioﬁ'of SDS to 1 %, after which
RNase III was added to all-samples to bring fhem to 1000 Urenzyme/mg of
RNA. Proteins were removed by two extractions with phenol, and the RNA
precipitated by addition of 2.5 vdlumes of ethanol, as detailedlin the
Methods section 6. The precipitate,'after washing, was dissolved at

a concentration of 2 mg/ml id TAE'buffet, and 40 ug samples run onlthe

gel, again as described im the Methods section 9 a).
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Figure 10 : Polyacrylamide Gel Electrophoresis. of RNase III—digestéd
PcV-ds—RNA. '
PcV-ds—RNA, batch MPP 63, was digested with either 220 or 110 Units of
RNase III/mg of nucleic acid, for 1 hr at 36°C. The reaction conditions
. were as described 'in the footnotes to fig. 9. The polyac;;ylamide gel
electrophoresis was carried out for 6 hr only however, instead of the

standard 16 hr.
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on sucrose gradient centriﬁugation, as shown in figure 11.

Gel electrophoresis of digests shows that even on very limited
digestion (so that the great bulk of thelRNA was still imtact), all the
possible bands were pfesént, and the relative intensity of the bands in
a digest -did not change with increasing digestion. This implies that
RNase III cleaves one ds-RNA molecule into several specific fragments
before attacking another molecule. If this were not the case, and the
sensitive sites on the different molecules were cut at random, then the
expected result would be that a majority.of large fragments would first
be produced, and significant Quantitiesvof_tﬁe smaller specific fragments:
wbuld'not‘appear on the gel until the digestion was more advanced.

The pattern of bands did not change in its major aspects on prolenged
digestion; it merely got strdngéf as_mofe-intact ds-RNA was degraded, and
then faded as digestion progressed further. The product of digestion of
the specific fragments was a long smear of non-specific fragments. The
band pattern disappeared completely soon after the fragmentation of the
remaining intact ds-RNA, as is shown. on fig. 9. ALl the bands appeared
to be digested simultaneously, indicating that between the specific sites
on the intact molecule there were no other preferred sit&a of action.

.Digestipn of the specific fragments did not seem to result in the
production of further specific fragments, and from'the distribution of
non-specific fragments as assessed by fhe intensity.of,stainiﬁg on .the
gel, it seems that these further cleavages occur at random.

The band pattern was not‘very reproducible from bateh to batch of
PcV-ds~RNA,‘a1though éertain common features could be recognised, The
use of different batches of RNase III hgd little effect with any‘one batch -
cf ds-R

high level of purity, as usually used in this study, and also with the

A.

iz

523

Zmilar band patterns were produced with RNase III both at a

enzyme at a lower stage of purification, when the»preparation still
contained fairly large amounts of activity against ss-RNA.

That specific fragments of ds-RNA are produced means that RNase III
haé some kind of specificity in its action, since it must be able to
recognise some sites to cleave on the ds—-RNA molecule. Robertson et al.
(1968) found that R¥ase III had no base specificity in its production of
acid-soluble oligonucleotides, by showiﬁg that both poly{(G).poly(C). and
y;iy(AfU)'were digested to acid sglubilitygatbvefy similar ratés. in fact

poly(Gi.poly(C) seemed to be digested SIightly more rapidly than poly(a-U),
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Figure 11 : Sucrose Density Gradient Analysié of RNase III Digests.

The first 5 samples described‘in fig. 9; digested for 1 hr with 0, 150,
300, 600 and 800 U RNase III/mg PcV~ds-RNA, were run on 5 ml 5% -
20 7 sucrose gradients for 16 hr at 25,000 rpm an an SW 50.1 rotor.
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but this is probably due to the former substrate having a slightly tighter
double-stroided structure than the alternating copolymer (H. Robertson,
pers. commun.).

There are several possible reasons for such speciiicity; it could
be due to inhomogeneity of the base sequence of the ds-RNA producing
G:C~rich and G:C-poor zreas of differing susceptibility to RNase ..., .t
could be some unknown secondary structural feature; or it could be base
specificity. To test the hypothesis that G:C-rich and G:C-poor regions
night be involved in the production of specific fragments, use was made of
the observation of Robertson et 3&._(1968) that ammonium‘sﬁlphate'inhibits
the digestion of poly(G).poly(C) by RNase III at molarities which have
littlé effect on the digestion of pgly(A*U). These authors also found
thaﬁ_addition of sulphate inhibited the digestion of Reovirus ds-RNA.
The digestion of PeV-ds-RNA was not moticeably altered in extent by the
‘addition of sulphate, in_fact‘gel electrophoresis of samples digested with
equal amounts of enzyme in the présence of chloride cr sulphate (fig; 12)
revealed that digestion was slightly stimulated in the presence of
sulphate, less of the intact PcV-ds-RNA remaining. The reason for the
contradiction with the vesults of Robertson et al. (1968) is not known.
Becausu the purification and source of RNase III had been modified in some
ways.from‘;he original procedﬁre of Robertson, and thus the enzyme
preparation might have been altered in some way, the effect of sulphate
on the digestiocn of the two synthetic polyfibonﬁcleotides was assayed.
The result is shown in Table 4, which confirms the result of Robertson etl
52., that sulphate acts as an inhibitor of the digestion of one of the
substrates. So, as the extent of digestion of ds-RNA was not significantly_
inhibited by the amounts of sulphate used, the effect,oﬁ the production
of specific'fragments was determined. The effect of replacing the

crmonium chloride. in the digestion buffer by an equimolar amcunt of

(v

sulphate is shown in fig. 12. It can be seen that although several ¢f th
original bands remain, many of them are altered in relative intensity,
and someé totally nmew bands are present. Aé éulphate is a divalent anion,
whilst chloride is monovalent, it seemed possible that this effect might
.simpiy depend on the ionic strength. This was tested by assaying the effect
of sulphate and chloride between 0 and 0.3 H, and the rasults are shown

in fig. 13. This shows that incr;asing concentrations of either salt

caused significant alteratibn'in the band pattern. The effect of sulphate
o5 mac o+ comounced, however, but it seems that the alteration of o

peilorn is due, at least in part, to the increased icuic strength, avd is
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Figure 12 : The Effect of Ammonium Sulphate on the Digestion of
' PcV~ds-RNA by RNase III,

PcV-ds-RNA, batch 5/119, was digested for 1 hr at 36°C with 250 U RNase
IIT/mg RNA, Conditions 'of reaction were as. described in the footnotes
to fig. 9, except that in one digest the buffer used contained 0.IM
ammoniium sulphate instead .of chloride.
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Figﬂré 13 : RNase III Digestion of PcV-ds-RNA in the Presence of
: Differing Molarities of Ammonium Sulphate or Chloride.

PcV-ds-RNA, batch 5/119, was digested as deseribed in fig. 12, except
that the concentration .of ammonium sulphate or chloride was varied

batween O and 0.3M.
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not!specifie for sulphate. It must be noted that, at ﬁﬁe-highef
concentration used, sulphate almost completely inhibited the digestion

of poly(G).pbly(C), and although the PcV-ds-RNA has a base compositlon of
more than 50 % GC, the digestion of the natural ds-RNA was not halved in
extent. This either means that the conditions of digestion of a natural
ds-RNA differ considerably from those encountered by the enzyme in the
digestion of synthetic pciyauclectides, or that G:C-rich regions of the
natural dé—RNA are not being cleaved in the production of the specific
fragments, either in thé.presence or the absence of added suiphate. Thus
it is possible to rule ou; G;C—rich regioné as a basis for the specificity

of RNase TII.
(iii) 5'-termini of the specific fragments.

The fact that specific fragments are produced at all implies,
as mentioned before, that RNase III is specific in its initial cleavages.
This initial spécificity‘might_be‘reflected in the 5'-terminal nucleotides
of the specific fragments. It is not importanﬁ for this determination
whether the enzyme is specific for the 3'- or 5'-side of its cledvage site.
Specificity for the 5' nucleotide will be determined directly, specificity
for the 3' by the complementary nucleotide in the opposite strand of the
ds-RNA, Determination of the 5'-termini ﬁould'thus throw light on the
basis of this specificity. In discussing the reasons for the non-inhibition
of digestion of ds-RNA by the addition of sulphate, it was suggested that
G:C-rich regions might not be digested at all in the production of the
gpecific fragments, and this implies that addition of sulphate or another
anion, increasing the ionic strengih, to the digestion»mixture might not

1 s

alter the chemical nature of the 5'-ends of the fragments, although for
some rveason the fragments themselves are different.

So, the 5'-terminal nucleotides of the specific fraguents have been
determined both for simple RNase III digests and for digests done in the
presence of ammonium sulphate. The technique used was essentially similar
to that described earlier for the study of the 5'-termini of the intact

SfRNA,'ﬁnvblving the use of cold fragments labelled by the polynucleotide
kinase technique. Dephosphorylatioh of 'the 5'-termini was not necessary,
as RNase III was shown by Robertsom et al. (1968) to yield mainly
3'-phosphate and 5'-hydroxyl nucleotides.

The RNase III preparation used in much of the wofk'deséribed in
this thesis still cbntained small amounts of RNA contamination, although

wzen of this was rewmoved by the Enzite digestion step described in the

&



Methods section 3. This RNA was at avsuffiéiently low level not to
interfere in other experiments, but in the case of 5'-end determination
its complete removal was essential. This was because, although the level
of contamination was low in comparisom to the ‘amount of PcV-~ds-RNA

* fragments, the enzyme-associlated RNA was of -low molecular weight, and so
-had very many 5'-ends, sufficient to swamp anyllabelling of the specific
fragments of ds-RNA, To remove this contaminating low MW. RNA a sucrose
density gradient technique was used, This was based on the gradienﬁ
analysis of RNase III by Robertson et al. (1968), who used the method

to obtain a molecular weight estimate fof the enzyme. They found that

the enzyme activity could be recovered from the gradients in almost 100 %
yield. This analytical technique has been scaled up s0 as to be suitable
for purification purposes. The enzyme as recovered from the gradients
- was not very stable but, as shbwn by the A26O and activity analysis of the
gradient, fig. 14, was essentially free of RNA. The protein content of
these purified enzyme preparations was too low to show a.detectable A280'

Even when such highly purified enzyme was used for the digestion,
aﬁtoradiography of the labelled digests revealed the presence of quite
an intense background, see fig. 15, This background material was not
visible on the stained gels. The nature of this material is unknown,
but it is possibly related to the similar background found on autoradio-
graphy of labelled intact ds-RNA, _

In this digestion, and in others using the purified enzyme, the
difference Bétween patterns produced on digestion with RNase III in the
'ﬁresence and in the absence of sulphate was quantitative rather than
qualitative, It is not known how this was related to the further
‘purification of the enzyme. As for the reason mentioned above it was
necessary to use such eniyme, determinations of 5'-terminal nucleotides
had to be done with digestions producing much less striking differences
in band pattern than that shown for example in fig. 12,

To separaie some of the individual specific fragments, and also Eo
-reduce the amount of background material ipcluded in the samples, eight
bands were carefully cut out of the gelAfrom thé sample prepared in the
presence of added sulphate, and a furthefweight from the sample prepared
without sulphate, These fragments were then eluted as described in the
Methods section 2. On fig. 15 the bands which were studied are ﬁarked
‘with arrows. The eluate from each band was hydrolysed with alkali, and
the 5'~terminal nucleotide identified by paper electrophoresis. Figs. 16

and 17 show sutoradiographs obtained on examination of the fragments
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Figure 14 : Sucrose Gradient Purification of RNase III.

-1 ml of RNase III, 2500 U, was loaded.ontb a37.5ml 5% - ZOIZ,sucrose
gradient, and centrifuged for 16 hr at 26,000 rpm in an SW 27.1 rotor.
25 drop fractions were collected, and their A and A determined.

. . - 260 280
10 sl samples were assayed for RNase III activity.
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Figure 15 : Autoradiograph of Gel Electrophoreéis Patterns of PcV-ds-RNA
after Digestion with RNase III in the Presence and

Absence of Sulphate.
The preparation of the samples is deseribed in the Methods section. After

electrophoresis, the gel was stained with toluidine blue and an autoradio- °

graph made, 16 hr exposure. The bands marked by arrows were then carefully
cut out, the RNA eluted and glkali hydrolysed, see figs. 17 & 18. Measure-
ment of the gel and autoradiograph showed that all bands marked above
coincided with bands of toluidine blue stained material,
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Figure 16 : Autoradiograph of Paper Electrophoretogram, Showing 5'-Ends
" of RNase III-dlgested PcV-ds-RNA,

The 8 bands (see flg. 15) .cut from the RNase III digest prepared in T™™
buffer + 0.IM chlorlde, pH 7.6, were eluted from the gel as described in
the Methods, section 2, hydrolysed with 0.2M godlum hydrox1de, ‘and run
'with suitable standards for 1 hr on 3MM'paper at 2400 v, 200 mA, solvent
pyrldlne-acetlc acid, pH 3154 After drylng, the paper was exposed for

2 weeks with a Kodlrex f11m.
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- Figure 17 : Autoradiograph of Paper‘Eiegtrophoretogram, Showing 5'-Ends
Sl of PcV-ds-RNA Following Digestion with RNaseAIIIvin ;
the Presence of Sulphate. 1
Conditions exactly as described in fig. 16, except that the original
digest was preparéd in ™ buffer + O.IM\ammonium'sulphate, not chloride.
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marked on fig., 15. All 16 fragments analysed in this experiment had the
samé, or very similar, terminal nucleotide composition. iﬁ a second
expériment, where again 8 bands were cut out from each of two samples
(some bands were the same as in the first‘experiment, some different),
:31mllar results were obtained.

Each hydrolysate ylelded a spot that could be identified by reference

"to the standards as uridine 3'-5"-diphosphate (pUp), and a second major
spot of adenosine 3'-5'-diphosphate (pAp) showing either trailing or
fusion with a small cytidine 3'-5'-diphosphate (pCp) spot. (pCp rums
just behind pAp in this system). A trace of guanosiﬁe>3';5'—diphosphatg
(pGp) was also visible in several hydrolysates.

To decide whether pCp was present in the hydrolysates, the pAp/pCp
spots were eluted from the papers, and those from the eight digestions
ﬁrepared with the addition of sulphate were pooled, as were the eight
spots from the digestion without sulphate; These two pools were then

-re-run for a much longer timé, so as to improve the separation between
pAp and the possible pCp component of the original spots. This paper was
then autoradiographed, and the result is shown in fig. 18, where it is
clear that in fact the original spots are resolved into two compénéﬁts,
‘the-major being pAp, and the minor pCp. Examination of figures 16 and 17
shows that the pAp and the pUp spots,weré equal in inténsity in each
fsample, at least as judged by eye, and the pCp and pGp spots were of much
lower intemsity. | o .

As both pCp and pAp were detected in these experiments, the
hretardatlon phenomenon (Szekely & Loviny, pers. commun.) noted in Results
" section | b) is clearly irrelevant iﬁ this case.

These experiments reveal Witﬁ certainty that RNase III shows base- "~

specificity by its action in pfoducing specific cuts in PcV-ds-RNA.
- b) Pancreatic RNase digestion of ds-RNA,

.Bovine pancreatic RNase is probably one of the best studled of
all enzymes (see review by Barmard, 1969). The existence of an RNA-
degradlng activity in the pancreas was recocnlsed over 50 years ago
(Jones, 1920). The enzyme was extracted ‘from the tissue and partially
purified by Kunitz (1940), and the RNase A fractlon was produced in.
chromatographically pure form by Hirs, Moore and Stein (1953). The
specificity of panc. RNasé has been studied in cénsiderable detail, see
. for example Witzel and Barnard (1962a,b); Follman, Wieker and Witzel

{19675, Gassen zaud Witzel 967), but the outline of the specificity was
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Figuré 18 : Autoradiograph of Paper Electrophoretogram, Showing the 5'4End;
of RNase III digested PcV-ds-RNA.

The eight spots labelled pCp/pAp.in figi.16 were pooled, as were eight
similarly labelled in fig. 17, and the pools were rum together with

suitable standards on 3MM paper.for 2.5 hr at 2700 V, 200 mA. Exposure

was for 1 week on Kodirex film.
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worked out many years before. These early workers showed that panc. RNase
cleaves only following pyrimidine bases, forming the pyrimidine nucleotide
2'-3'-cyclic phosphates, from which are then produced oﬁly 3'-phosphates.
Linkages following purine bases, and purine nucleotide 2'-3'-cyclic
phosphates are not normally substrates for panc. RNase (Markhaﬁ & Smith,
1952; Brown, Dekker & Todd, 1952; Brown & Todd, 1953). However, Beers
(1960} found that high concentrations of panc, RNase were capable of
hydrolysing poly(A), i.e. purine-purine phosphodiester linkages are
cleaved if sufficient enzyme is present..

Although ds-RNA is often characterised by its resistance to
pancreatic RNase digestion at high salt concentrations (Geiduschek et 2l.,
1962; Gomatos & Tamm, 1963a; Bellamy et al., 1967), it is important to
remember that this resistance is only relative. Digestion of ds-RNA still
oécurs in high salt concentration solutidns, although at a greatly
reduced rate (Shapiro, Bellamy, August é Joklik, 1966; Bishop, Koch &
‘Levintow, 1967). Bellamy Eﬁ.él' (1967) showed that resistance, as measured
by degree of hyperchromic effect, varied with salt concentration and with
enzyme:substrate ratio, and that seemingly complete resistance could be
obtéined by manipulating the conditions correctly. The earlier work was
~done using more sensitive‘fechniques, measuring the sedimentation velocity
(Shapiro et al., 1966) and infectivity (Eishop et al., 1967) of ds-RNA
from viruses and virus infected cells. Assays depending on hyperchréﬂicity,
* or on the liberation of acid- or alcohol- soluble fragments, are unlikely
to show any result until the molecular welght of the fragments has been
reduced below 1 x 105 daltons (B ernardi, 1968), Since the initial MW.
.Vx the ds-RNAs used in studies of. RNase-resistance are generally much
higher than this, then it ié‘cleariy possible for several cleavages to
occur before any detectable alteration in hyperchromicity or acid
solub lity. | ‘

C. Dreyer and M. Szekely (pers. commun.) found that if the
concentration of enzyme was raised sufficiently, to an enzyme: substrate
ratio of 1:10 or even higher; then digestion occurred‘in SSC (ionic
strength 0.195) detectable when the treated ds-RNA was examinéd‘by gel
electrOphoresis. During the digestion uﬁder the above conditions, no
increase in A260 occurred. It is known (Loviny & Szekely, 1973) that if
the enzyme substrate ratlo is ralsed to 10 pg panc. RNase 1 pg ds-RKNA,
'uhen complete digestion could be achleveq, even in SSC, a medium of high

'salt concentration. In this thesis, studies on the mode of digestion of
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ds-RNA by an enzyme, panc. RNase, having a preference, although not an

absolute specificity, for ss-RNA are reported.
(i) RNase sensitivity of PcV-ds-RNA batches.

Dreyer and Szekely worked with PeV-ds~RNA batch MPP 63, and it has
been found in this study that the differént batches of ds-RNA differed
considerably in their semsitivity to panc. RNase. This was judged by
‘viscosity measuremeﬁts, whicﬁ are at least as sensitive as gel
eiectrophoresis. More recent PeV~ds—~RNA batches from Beecham Research
Laboratories, e.g. P2 and 5/119, were quite rapidly digested by as little
- as 1:100 panc. RNase in PBS (ionic strength 0.159). Fig. 19 shows: the
. fall in N el for varidgs'ds-RNA batches, all digested under identical
conditions in PBS with 1:50 panc. RNase:RNA at 30°C. After | hr a
‘hyperchromic effect was also detectable, see e.g. the results given later
in Table 5. The reasons for variation in semsitivity are not Rnown.
Sensitive batches of ds-RNA have a very similar Tm curve (in respect
of shape, transition width, Tm and hyperchromocity) to less sensitive
‘batches, and both resemble very closely the data for these parameters
vpublished by Buck et al, (1971) . The ds—RNA of the more sensitive batches
was not Heaviiy nicked, which perhaps might alter the sacondary structure
in some way to increase the panc. RNase sensitivity.

Libonati and Floridi (1969) and Libonati (1971) showed that the
dimerised and polymerised forms of pancreatic RNase were much more active
against ds-RNA and poly A.thén was the normal monomeric form pf the enzyme.
Although the standard technique to prepare such oligomers involves
lyophilisation from solution in acetic acid (Crestfield, Stein & Moore,
1962), Libonati (1969) showed that an untreated commercial preparation
of panc. RNase, which had been found to have unusual activity against
MS 2 fepligative form ds-RNA (Billeter et al., 1966), contained oligomers,

"and that it was théée complexes Which'were responsible for the higher
activity. The possibility of this being the case with the panc. RNase
sample used in these studies has been considered. A sample of panc. RNase
was treated according to the technique of‘Crestfield et al. (1962) for
the depolymerisation of such aggregates‘and then assayed against ds-RNA.
No significant change was found, see Table 5. This does not disprove the
possible existence of such oligomers in the panc. RNase sample used here,

but it does make the possibility less likely.
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Figure 19 : Rates of Digéstion of Different Batches of PcV-ds—-RNA

\ ' by Pancreatic RNase.

All RNA batches were dissolved in PBS, pH 7;2, at 1 mg/ml, and incubated

at 37°C in an Ostwald viscosimeter with 20 pg/ml panc. RNase.



- TABLE 35,

ACTIVITY OF UNTREATED AND HEAT-TREATED PANCREATIC
RNase AGAINST PcV-ds—-RNA

RNase - ' _ “Amount | ‘ . A260

" .Untreated - o SO’péh‘ : 0.450
Untreated ' ' 100 pg ' 0.800
Heat-treated : 50 pg 0.394
Heat-treated B 100 pg 0.760

The indicated amounts of panc. RNase were mixed with
PcV-ds-RNA, batch 5/119, so that the final RNA

concentration was 500 pg/ml, volume of reaction 1 ml.

After 1 hr at 37°C, the nucleic acid was precipitated by

the addition of an equal volume of 12.5 % perchloric

ﬁ acid. The precipitate was removed by centrifugation, and
the A260
. prepared by incubation of ds-RNA without enzyme.
Heat-treated panc. RNase had been treated according to
Crestfield et al. (1962), | |

of the supernatant determined using a blank

102,



Bands of specific fragments on gel elactrophoresisvhave only béen
observed in one experiment with RNA batch 5/119 when digested with 1:50
panc. RNase:RFA in PBS at 30°C, The band pattern was very clearly
different from that obtained by RNase III digestion.

(ii) Mechanism of cleavage of ds-RNA by panc. RNase.

. Plots of the relative viscdsity ('ﬁ rel) of ds-RNA samples
undergoing digestion by panc. RNase, fig. 19, show no lag period after
.‘the addition of the enzyme, before the viscosity starts to fall. As
mentioned above, this lack of 2 lag period is not conélusive, because a
very short lag period might not be detected. Because this question of
modé of cleavage is important in understanding the activity of panc.
'RNase against ds-RNA, different techniques have been used to determine
| whether cleavage of the ds-RNA was haplotomic or diplotomic.

Denaturation experiments, to détect nicking of the individual
strands in panc. RNase digestion, have yielded equivocal results. During
haplotomic diges tion it would be expected that the substrate molecules
would be quite heazvily nicked, and that on denaturaulon these nicks
would iead to a considerable change in the sedimentation profile, and
mean that the average size of the denatured fragments would be less than
half the size of the natiye fragments. If the ds-RNA was degraded
diplotomically, then no nicks could be expected, and denaturation would
halve the MW. of the fragments, and cause no change in the size .
distribution curve (although of course the whole would be shifted to lower
MWs.). To determine. the mode of digestion of panc. RNase, ds—RNA was
digested for varying periods with panc. RNase, and tne dlaestlon was then
stopped by the addition of diethyl pyrocarbonate. Half of each digest was
then denatured by reaction with formaldehyde, and the sucrose gradient
proiiles for native and dematured dlges*s compared, using E.coli r—RNA
as S value standards to. facilitate comparison between the different .
ruxs. Fig. 20 shows the results for such a series of experiments. As
digestion proceeds, it appears that the curve obtained for the denatured
samples gets progressively broader than the curve for the corresponding
native digest. However, ;f the size.of the fragments is measqréd, a
different result is obtainmed. If the sedinen““tion value of the very peak
of a native digest isg comna;ed with the puak S value for the corresponding
- denatured digest, then a graph such as fig. 21 results. On this plot are
also shown two other, calculated curves. One is the result eXpected if the

sdcuetions relatlis ¥4, and & value for ds— and ss-DNA are used to preazct
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Figure 20 : Sucrose Density Gradient Analyses of Native and Denatured

. Pancreatic RNase-digested PcV-ds-RNA.

RNA 5/119, | mg/ml in PBS, was digested with'pang. RNase (20:pg/ml)-for
the times indicated. The digestion was stopped by the addition of 10 pl/ml
' DEP, followed by phenol extraction and ethanol precipitation. The &ashed_
| precipitates were diésolved at | mg/ml in 0.1IM phosphate buffer, pH 7.8,
and divided into 2 portions. To one was added 1.8 Z neutralised formal-
dehyde, and both were heated to 80°C fdf_8-min, then cooled in ice-water.
It is assumed that, like intact PcV-ds-RNA, heating alone does not alter
the sedimentation profile (compatre fig. 20 i) and ii)). 20 pg samples
-weré then run on 5 ml 5 7 - 20 7 sucrose density gradients for 16 hr at

25,000 rpm in an SW 50.1 rotor.
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‘Figure 21 : Peak S Values of Native and Denatured Pancreatic RNase

Digests., ,

S values of the peaks in fig. 20 are plotted here. Aléo_given_are

calculated data for unnicked digests with one, randomly placed nick\per

 strand. These were calculated in the félLowing way. From the § value of

the native digest was calculated an estimate of MW.,‘using the equation
~of Eigner and Doty (1965). This estimate was then divided by 2 to give '

'a MW. estimate for the constituent unnicked single strands. MW. estimates

 were divided by 4 to simulate one, randomly placed, nick in each strand.

Approximate S value predictions were then made from these MW. estimates

by use of the equation of Studier (1965).
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the result obtained by the denaturation of an unnicked digest. This
curve was calculated in the following way. The S value of the peak of
the native digest was converted to a MW. estimate using the equaticn of
Eigner and Doty (1965), and this result then divided by two to represent
the halving of MW. that is expected on the denaturation of an unnicked
ds-molecule. This result was then converted back to an estimated
sedimentation coeificient for ss—RNA by use of the empirical relationships
of Studier (1965), and the S value prediction plotted against the value
determined for the native digest. This line does not correspond exactly
with that obtainedvby experiment, but the calculated and experimental
lines are parallel. The lack of exact correspondence is perhaps due to
the use of equations derived from work on DNA. The other calculated
curve shown on the figure was determined as that described above, except

=1

that one nick per strand in each fragment was assumed. To make an

o)

estimate of the effect of a single nick in each strand, MW. estimates
" for ds-RNA were calculated for convenient S values (using the equation

of Eigner & Doty, 1965) and were divided by two, to represent the halving
of MW. that is expected on the denaturation of an unnicked ds-molecule,
and then by two again to simulate the effect of a single randomly placed
cleavage in each single strand. (It is appreciated that this is a
implistic model, and that there is no éxperimental evidence to support
‘va random cleavage.) The estimated MW. was then converted back to a
prediction of S value using the relationship of Studier (1965), and
plotted as described above. The purely experimental result is intermediate
between these two predictions, and is as mentioned before parallel to the
plot calculated for unnicked ds-fragments. As mentioned before, the pezk
for denatured samples is generally broader than that of the native digests;
and this indicates that some nicking occurs, but from the data obtained
from the size estimates it is possible to conclude that diplotomic

cleavage also occurs. A

So, to determine more exactly whether panc, RNase acts diplotomicaliy

ox haplotomicaily, the intrinsic viscosities of a series of digests were
measured, and from this data the number ofihits necessary to cleave the
ds—RNA molecule were calctlated, as described above (Results section 2 a)
(1)) for RNase III digestion. The result of such calculaticns is shown in
fig. 22, which is a plot of the data of Table 6. The best straight line

was caiculated and found to have a s1ope of 1,27. This indicates that,

like R¥aga III, the digostion of ds-IMTA by panc. RNase is mainly by
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Figure 22.: Determination of the Mode of Cleavage of PcV~ds-RNA .

by Pancreatic RNase.

- A plot according to Cavalieri and Rosenberg (1961), of the data given in
Table 6. The slope of the best straight line representing the number of
. enzyme 'hits' necessary to cleave the double strand, calculated by the

‘method of Least Squa:és, is 1.27.

N
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TABLE 6,

' VISCOSIMETRIC ﬁATA ON THE FRAGMENTATION OF PcV-ds-RNA BY
PANCREATIC RNase

Tige | [ M. R 1og[( )xoq log t
(min) (daltons x 10 )
0 12.78 1.43 ©1.000 - -
1 12,25 - 1.39 - 0.972 0.4 0.00
4 11.55 1.33 0.930 0.88 0.60
7 10.95 1,28  0.895 1.07 0.85
0 10.50 1.24 " 0.867 1.18 1.00
15 9.71 S 117 0.818 1.35 1.18
20 9.25 1,12 0.783 1.44 1.30
30 8.31 1.02 0.713 1.60 1.48
Lo 7.47 0.95 0.664 1.70 1.60
' 50 6.83 0.90 0.629 1.77 1.70
60 © 6.33 0.85 0.594 1,83 1.78

50 ml of ds-RNA 5/119 (I mg/ml in PBS) was warmed to 37°C and then
sixed with | mg panc. RNase. 4 ml samples were taken at the times
mentioned above, and mized with 10 pl DEP and 0.4 ml 10 Z SDS, and
then extracted with 4 ml of water-saturated phenol. Following phenol

extraction and ethanol precipitation the samples were dissolved im 5

o=}

of PBS, and the nucleic acid concentration determined by measurement

A
hsa

of A. ... It was assumed éhat the hyperchromic effect on such limited

Jad

digestion would be negligible. The viscosities were determined at
4 conceatrations, as described in the Methods (section 10). MW.
estimeztes were made using the equation of Eigner and Doty (1965).

R = MW. AWI

[aw]



¢) Ultrasonic irradiation of ds-RNi,.

The effect of ultrasonic irradiation (ul;rasonlc"“lon) on DNA
first observed by Goldstein and Stern (1950), who found a very rapid

£all in viscosity during azn initial period of irradiation, and then as

' th
Ha

pie

time progressed the rate of fall decreased until the viscosity reached

-3

b E3aenT Ve T T oy S e Aol ~a o f:.,...ﬂ,‘* b R ~
& ifi1nal fiwrting vaiue. Lheir resulis were confirmec by tag woli Lee

Fi

g o
and Peacocke (19651), who concluded, on the basis of titration data, that
the fall in viscosity on ultrasomication was the result of the rupture
of hydrogen bonds, and that only limited cleavage of internucleotide
linkages occurred., This conclusion was disputed by Laland, Gverend and

Stacey (1952), for their finding that U.V. absorption of DHA showed no

0.

hyperchromic effect even on prolonged irrad

Fis

ation, when the moléculc

was extensively degraded, with a considerably reduced viscosity, led them
to c0ﬂu~ er that ultrasonication caused cleavage across each extendod

DN4& mo'ecule (or fragment) at a random point near its centre. Thusg, a2

DNA molecule was considered to be fragmented into very approximatc

‘ halves, then quarters, eighths, and so on., This was also found by
Freifelder and Davison (1962),.

Dot;, McGill and Rice (1958) concluded from a study of the light-
scattering and aydrodynamic p»operuies of ultrasonicated DNA that even
after prolonged irradiation the-degree of denaturation was negligible,
and that cleavage was almost entirely by the scission of both strands
of the double helixz at once. There was less than 1 single-strand scission

per 1000 residues. Their finding that cleavage of both strands cccurred

simultaneously was confirmed by examination of ultrasonicated DNA in the
electron miscroscove (Hall & Litt, 1958). They found that the fragmeu;u
had obrupt ends, which they took to indicate that ultrasonication cut
bozh strands at the same point, or at least very close. However, vexy
short ss tails would probably not be seen by such an cxamination. Further
evidence of the lack of significant deraturation was furnished by Marmur
and Doty (1962), who found that ultrasonication of DNA caused only

slight falliin the Tm. Richards and Boyef (1965) found sonication
cleavaﬁe of DNA to occur 90 7 through C-0 bond breakage and 10 Z P-0

bond breakage, with no detectable C-C bond cleavage. Breakdown almost

cer ainly occurred by simple backbone scission.
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The mode of action of ultrasonication on DNA was re-investigated
recently by Obrenovitch and Aubel-Sadron (1971). These authors found from
a study of the MW, of ultrasonicated DNA (and treating these data by the
techniques of Schumaker et al., 1965, and CaValieri.& Rosenberg, 1961,
as detailed above), that cleavage was purely.diplotomic, at least in the.
first minutes of irradiation.

The action of ultrasonic waves on ds—-RNA has been noted by Lampson
et al. (l970)-and by Shiokawa and Yaoi (1972). Both of these groups
found that ultrasonlcatlon reduced the size of poly(I).poly(C), as
‘measured by viscosity, sedlmentatlon coeff1c1ent or gel filtration

behaviour, but did not s;udy the action in any more detail. Some of the
effects of ultrasonic.irradiation on ds-RNA were therefore studied. The
mode of action has been.sﬁownvto involve diplotomic cleavage, and the
effects of sample volume and nucleic acid.concentration have been
determined.

Gel eleg;rophoresis of ultrasonicated PcV-ds-RNA results in long
undifferenﬁiated smears as shown in fig. 23. As expected from data
published on DNA, no specific fragments were produced..(Cleavage, although
near the middle of each fragment, occurs at random sites around the centre.)
However, the tendency_for cleavage to occur in the central area of the
molecule is reflected on these gels by the presence of a clear area
beneath the residual intact ds-RNA, and above the first fragments. This
clear area can be seen in four of the samples shown in fig. 23, and is
marked By an arrow.

Viscosimetry of ultrasonicates showed that there was no lag period
after commencement of irradiation before double~-stranded cleavége occurred;
see fig. 24 for a plot of the relative viscosity fall. The initial ol
viscosity fall is very precipitous, indicating that early cleavage is
very rapid, and thus it is very unlikely that any-existihg lég périod
would be detected. To test whether ultrasonication did in fact clezve both
strands of the ds-RNA at once, the intrinsic viscosities of a series of
uLtraaonlcates were determined (Table 7). These data were converted to
approximate MW. estimates by use of the emplrlcal equation of Eigner and
Doty (1965). This information was then used in calculatious according to
Schumaker et al. (1956) and Cavalieri and Rosenberg (1961), and the
results are plotted in fig. 25. The slope of the best straight line is
1.08, which, within,experimental error, shows that ultrasonication

fragments ds-RNA purely by diplotomic cleavage.
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Figure 23 : Ultrasonic Fragmentation of PcV-ds-RNA.

3 ml samples of PcV-ds-RNA, at | mg/ml in PBS were irradiated for the

times indicated above, centrifuged, and 20 pl samples were run on a
polyacrylamide gel. :
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Figuré 24 : Fall in Relative Viscosity of PcV-ds-RNA on Ultrasonic

Irradiation.

RNA, batch MPP 63, was irradiated at a concentration of 1 mg/ml in PBS,
3 ml volume, with a 9 mm diameter probe. Transducer amplitude 7 pm peak
to peak. The samples were centrifuged to remove any particles thrown off

from the probe, warmed to 30°C and theiviscosi;y determined as described

in the Methods section.



TABLE 7.

VISCOSIMETRIC DATA ON THE FRAGMENTATION OF PcV-ds-RNA BY

'ULTRASONICATION
[?"5] MW. (x '10_6) R log [(-1—1?-):' t (see) = - log ¢
13.1 1.44 1 - ' o -
12,1 1.36 0.943 0.77 . 12 1.08
11.5 1,31 0.909 - 1.03 | 15 1.18
10,8 . 1.25 N 0.870 1.16 20 - 1,31
0.5 1.22 0.847  1.26 24 1.38
9.3 1.10 ©0.763 1.49 .40 1.60
8.8 1.05 0.729 1.57 60 1.78
7.0 0.88 0.613  1.80 90 1.95
6.6 0.84 0.586 1.85 120 2.08
4.3 0.6 0.426  2.13 165 2,22
3.0 0.44 0.304 2.36 220 2.34
1.5 . 0.27 1 0.186 - 2.64 435 2.64

PcV-ds-RNA, batch 5/119, was irradiated in 4 ml volumes, concentra-
"tion i mg/ml, for the times indicated. The solvent was PBS. After
centrifugation, the intrinsic viscosity of each ultrasonicate was

 determined.
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,Figufe 25 : Determination of the Mode of Cleavage of PcV-ds-RNA

by Ultrasonic Irradiatiomn.

A plot.according to Cavalieri and Rosenberg (1961), of the data given
in Table 7. The slope of the best straight line, representing the

"number of 'hits' necessary to cleave the double strands, is 1.08.

t
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The effect of varying the volume of sample irradiated at a fixed
concentration is shown in fig. 26, whilst fig. 27 shows the effect on
the fall in viséosity of varying the sample concentration. Obviously,
the data on concentration effects must be plotted as intrinsic viscosities,
whihst for the effect of volume relative'viScosity is adequate in giving
a true estimate of the effect. Increasing either sample volume or '
concentrationvappears to decrease the efficiency of fragmentation,
possibly Because both alterations result in a‘lowering of the input
energy per molecule. Also in the case of the concentration effect,
increasing the amount of ds-RNA per ml increases the viscosity of the
unirradiated sémple. A similar self—protectiﬁe effect of high DNA
concentration was noted by Hershey and Burgi (1960) in work on the
fragmentation of T2 5bave DNA by stlrrlng, ‘but there is no report of
systematic studies on the erfects of 'sample volume and concentration on
the fragmentation of DNA by ultrasonic irradiation. Thus it is not possible
to assess the effects of the lower rigidity of ds-RNA as compared with
DNA.

The conclusion which can be drawn from this work on ultrasonication
of ds-RNA is that it resnondé in very similar ways to DNA, which is not

unexpected consxuerlng the nature of the fragmentation process.

3. The Production of ds-RNA Fragments for Biological Assay.

‘Interest in the frégments of ds—RNA produced by the three methods
of digestion used in this study arose from anginterest in their biological
activity, as compared with the intact ds-RNA. In this way, it was hoped
that inférmation on the effects of molecular size on the IF-inducing, :
antiviral, and toxic properties of ds-RNA would be obtained.

For this comparison of intact and fragmentevacV-ds—RNA, the
effects of three fragmentation techniques were studied; in order to
reduce the likelihood of any errors arising due to the method in which
the fragments were produced.

Because intaét PcV-ds-RNA contaminating a digested sample might
have a disproportionate effect on the biologicai properties tested, it
was considered'importantwﬁhaﬁ such contamination with undigested material
was kept to a minimum. On the otper hand, it was desired that the fragments |
resemble intact PcV-ds-RNA as closely as possible, taking into account

their mode of production, and so they should be as large as possible.
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Figure 26 : Effect of Sample Volume on the Fragmentation of PcV-ds-RNA

by Ultrasonic Irradiation.

Different volumes of RNA batch 5/119 solution, at a concentration of
1 mg/ml in PBS, were irradiated with a 9 mm diameter probe, transducer
amplitude 7 pm. The relative viscosity was determined as,described in

)

the Methods section.



118.

154
3
134
| 14
>
"
P
Q
n 94
I
. .'2 } . L 2:3 mg/ml
@ 74 . ' . ' ) 15 mg/mi
= . . I-Omg/ml
z .
- 05 mg/ml
5-
3-
-1  — | — T | ~—1
o 40 - 80 120 . 160 -~ 200

‘Time (sec)

Figure 27 : Effect of Sample Concentration on the Fragmentation of

PceV-ds-RNA by Ultrasonic Irradiatiom.

3'm1'samp1es_of PcV-ds-RNA, batch 5/119, were irradiated for 50, 100
or 200 sec, and centrifuged to remove any metal particlés..The intrinsic

viscosity was then determined as described.in the.Methodé‘secfioﬁ;
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Limited %Nase III digests, producing specific fragments of ds-RNA

were very often contaminated with intact PcV-ds-RNA, meaning that such

.digests containing specific fragments could not be used. Instead, the

RNase III:ds-RNA ratio was raisedlso that the digestion proceeded some-
what further, resulting in a hétérogénéous'mixture of fragments yielding
a gel_electrophoresis pattern similar to those obtained on panc. RNase
digestion or ultrasonication.

The possibility of contamination with intact ds-RNA was checked by
2l electrophoresis, which after toluidine blue staining of the gel was
capable of revealing the presencé of as little as 0.5 pg of ds-RNA. As
the standard sample size loaded onto the gels prior to electrophoresis
was 20 ug, this meant that as little'as 2.5 7 intact ds-RN. remaining in
the digest could be detected. To achieve the aim of large ds-RNA
fragments with no residual intact ds-material, standard diggstion
conditions were develoPéd fof each of the fragmentation tqchniques, on
the basis of the data pbtained in the previous sections, andﬂare\detailed

in the Methods section. The fragmented material obtained in this way was

characterised as described in the féllowing paragraphs.

a) Physico-chemical characterisation of the fragments.
(i) Double-strandedness.

As described_ih the Introduction, section 3 g), it is generally
considered that double-strandedness is an essential requirement of an
efficient RNA interferon-inducer. To test that the ffagments produced
by all the three digestion methods used retained the double-stranded
structure of intact PcV—dé—RNA, two different techniques havé Been used.

Uztermination of the thermal denaturation curve (Tm curve) was
performed on every sample prepared for biological activity assays. The
complete curves for ds-RNA and three digests are shown in fig. 28. It is
clear from these that all three sémples of fragments, each producgd by
one of the different techniques, has a Tm curve which resembles very
closely that obtained for the intact PcV-ds-RNA. The curves obtained for
thajfrégments were only slightly less sharﬁ than the control, whilst the
Tm Loint itself is only 0.5 - 1.0°C lower for each digest than the value
established for intact ds-RNA,

Thus fragmentation lowered the Tm, and increased the transition

width, albeit very slightly, in each case. It has to be considered

whether this was due to slight denaturation, or if such effects could

rasult simply from the reduction- in MW. That the ultrasonication of DNA,
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Figure 28 :. Thermal Denaturation Curves of Intact and Fragmented

' PcV-ds-RNA, | '
Samples, preparation described in footnotes to fig. 30 were dissolved
in 0.1 8SC, concentration 20 to 30 pg/ml. Tm curves were determined

as described in the Methods section 13,
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where it is known that no denaturation occurs on cleavage (see Results,
section 2 ¢)), results in.a small fall in the Tm has beeﬁ‘shown.by the
work of several authors, including Marmur and Doty (1962), Mandel (1962),
and Pritchard, Hughes and Peacocke (1966) . Similar results were obtained
on the ultrasonication of poly(I);poly(C), a synthetic ds-RNA, by Lampson
et al, (1970). So, the fall in Tm is to be expected as a side-effect of
the reduction in MW., and.denaturation is not involved.

The second technique commonly used to check for dopble—straﬁdedness
of fragments was to determine their reactivity with formaldehyde at
moderate temperatures. Miura et al. (1966) showed that for the ds—RNA
isolated from Rice Dwarf virus, there was no appreciable reaction after
incubation with 1.8 7 formaldehyde at 37°C in 0.1 M éodidm ghloride“for
22 hr, whilst the same RNA after heat denaturation (cbviocusly thermal
degradation of the sample is unimportant here) reacted very raﬁidly under
the same conditions. The extenf of the reaction was determined simply by
monitoxring the A260 of the sample frém time to time. This techgique.has
been used to examine the fragments produced in this study. The result of
an experiment is shown in Table 8, the conditions (given in the footnotes
to the Table) being essentially those of Miura et al. (1966). Heat
denatured PeV-ds-RNA, E.coli r-RNA and heated r-RNA were included as
vstandardAss-RNAs. Again it is ¢lear that fragmentation.by any of the

three methods has not resulted in appreciable denaturation.
(ii) RWase resistance.

As resistance to digestion by nucleases has been put forward
as one of the essential requirements for IF-induction (see Introduction,
section 3 z) for references), the RNase resistance of the fragments was A
expeéted'to'be of importance in deciding the efficiency of induétion. As
mentioned in the Introduction, although the bulk of the werk on the
relationship between RNése‘resistance'and IF-induction has been done
using panc. RNase, it is probable that this is not the major nuclease
active aga1nst ds-RNA either in VlVO or in vitro. Therefore the sen51t1v1ty
of fragments produced by ultrasonication to_digestion by human serum has
haen.assayed. The assays could not be done by viscosimetiy, due to thé,
initially low viscosity of the fragments. Therefore the production of
acid-soluble nucleotides was observed The results of such experiment
are shown in fig. 29, the cond;tlons of the assays are given in the
footnotes to the figure. After an initial period when digestion of the

fragments appeaved oo b wore rapid, it appeared that fragmentation had

<



TABLE 8.

REACTION OF INTACT AND FRAGMENTED RNA WITH FORMALDEHYDE

Sample Absorbance at 260 nm

0 hr 0.5 hr 22 hr
Control ds-RNA 0.747 0.755 0.757
Dengtured control RNA 0.709 0.778l v0.863
RNase III digest 0.670 0.674 0.677
Panc. RNase digest 0.713 . 0.715 0.717
Ultras&nicate 0.568 0.577 0.579
E.coli r-RNA 0.904 0.930 1.120
Heated r-RNA © 0.899 0.945 1.120

The RNA samples, at a concentration of between 30 and 45 pg/ml, in

0.1 M sodium chloride, 0.01 M phosphafe buffer, pH 7.0, were mixed

with routralised formaldehyde to 1.8 7 (Miura et al., 1966), placed

in stoppered cuvettes, and the A260 determined immediately. The

cuvettes were then incubated at 37°C, the A

being determined

after 0.5 and 22 hr incubation. The cuvettes were weighed after

the first and last determination, to test for evaporation losses.

In every case these were less than 2 %. Buffer plus formaldehyde,

incubated at 37°C as described above, was used as a blank for the

A260 determlnatlonsf
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123,

. O;Z-J

Ultrasonicate

Intact PcV-ds-RNA’

" Figure 29 : Rate of Digestion of Intact and Ultrasonicated

PcV-ds—RNA by Human Serum. : T '

~Intact PcV-ds—RNA;hand RNA ultrasonicated<at ] mg/ml for 45 sec were
mixed ét | mg/ml with human serum and incubated at 37°C. 100 pl samples
were taken at various times, precipitated by mixing with an equal
volumé of 12.5 7 perchloric'acid, stored in an ice-water bath for S'min,
and the precipitate removed by centrifugation. The A260 of tﬁe-super- v

natant was determined after dilution to 500 ul with water.
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little effect on the rate of digestion. This higher initial sensitivity
is perhaps due to the fact thai the ultrasonicates as presented for
assay were very heterogeneous with_regérd to molecular size. This means
that a fraction of the ultrasonicatea'sample was.of,Quch.a small size as
to be rendered acid-=soluble on very limited digestion, during the period
in which the almost moncdisperse (in comparison) intact ds—RNA was being
converted to a polydisperse size distribution, After this brief initial
phase, however, the rate of digestion of intact ds-RNA and of the
ultrasonicated sample by human serum were very similar. (Human plasma
gave very similar results.) It is therefore probable that differences

in the biological activities of intact and fragmented ds-RNA would not

arise from the more rapid digestion of the fragments by serum nucleases.
{iii) Size range of the fragments.

To obtain rough éstimites of the size range of the fragments
used in the biological assays, gel electrcphofesisAand sucrose gradient
can;rifugation have been used. The first technique is very suitable for
theidetection of any residual intact ds-RNA, and also for showing the
production of specific digestion fragments due to its high resolution,
However, for examining the distribution of fragment size sucrose gradient
analysis is much more suitable. ‘

‘No accurate MW. determinations were made (which would be impossible
with such hetefogeneous digests), but instead the size range of the
fragments was estimated. In gel electrophoresis experiments, the dye
bromophenol blue was initially used as a marker, this being known to
run slightly slower than 58 ribosomaliRNA. el later_experimeﬁts, the

ds-RNAs of the mixed viruses of P.stoloniferum were used as MW. standards. .

The MWs. of these ds—RNAs as measured by gel electrophoresis are 1.01,
0.99, 0.94, 0.69% and 0.23 x 106 daltons (Bozarth et al., 1971). Very .
similar values (1.11, 1,05, 0.95, 0.88 and 0.21 x i06 daltons) were .
reported by Border et al. (1972).

A smaller component, not recorded by either of these groups of
workers, has been found in this work, being‘especiélly common in samples
that had been stored frozen for some time. It was thus probably a specific
breakdown pfoduct of ore of the larger ds-RNA components.

The MW. of the small P.stoloniferum ds-RNA is in contention. The

two published estimates (Bozarth et al., 1971; and Border et al., 1972)
wer: obtainaed by gel electrophoresis studies, using Wound Tumour virus

ds-RNA (Bozarth et al.) (itself standardised against'Reovirus ds-RNA by
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Wood & Streissle, 1970)), and Reovirus ds-RNA (Border et al.) acz M.

mobility of the fastest component of the standards to the mobility of

1
the fast P.stoloniferum ds—-RWA.

o

The sedimentation coefficient of the fast ds—-KF¥A was found to be
8.95 (Kempson-Jones, 1971), which when used to obtain a M{. estimate by

the relationship of Eigner and Doty (1965) results in a value of 0.63 x

()Y

10° daltons, almost threce times the value as determined by gel
clectrophoresis.

The gel electrophoresis pattern of PcV-ds-RNA, the P.stolonifcrum

RiAs, and three digests prepared by the various techniques described

earlier is shown in fig. 30. In this figure, it would appear from the

published MW. estimates for the P.stoloniferum ds-RNAs, that the
ultrasonicate and the RNase III digest contain material ranging from
about 0.23 x 10° daltons downwards, whilst the panc., RNase digest I. of
somewhat larger MW., the maximum MW. of the material being of the order
of 1 x 106 daltons. Héwever, the results cbtained on sucrose densit
gradient analysis of the same three digests conflict wish the gel

clectrophoresis data. For the sucrose gradient analysis, P.stoloniferun

ds-Rihs were not suitzble standards as they were not adequately resolved.

S0 E.coli r-RNA was used Lo g*ve reference sedimentation coefficients

£o

ntact PcV-ds-RNA. The gradient eanalyses of the three dicests described

s

in the footnotes to fig., 30 are shown in fig. 31. Again, conversion of

the § values obtained in this way to cstimates of M{. was done by the use

of the relationship of Eigner and Doty (1963). Thc S value versus distance

migrated down the gradient as shown in fig. 31, is plotted in fig. 32,
and on this are shown the § values for the peaks of three digests. All
f211 between 7.6 and 8.6 S, which convert to MWs. of between 3.9 x IOS
and 5.7 x 105 daltons respectively. In each case, there is very little

material smaller than 4S (0.54 x 105 daltons) and very little material

o}

. 6 . . .
f 138 or larger (2 x 10 daltons) i.e. intact material.
The gel electrophoresis pattern, fig.‘BO shows these three digests

as migrating with, and faster than, the small ds-RNA of P.stoloniferum

viruses. If it can be assumed that the fragments and the intact standard

erum ds—~RNA have similar structures, then the contradiction

il

P.soloni

atween the published M. estimates and that established by consideration
P :

2% =2 sedimentation coefficient becomes apparent. Taking the published

cers. In both these cases, it is a considerable extrapolation from the

as in ecarlier experiments on the 2T adient analysis of denatured and native
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Figure 30 : Gel’ Electrophoresxs of ngests Prepared for Toxzcxty and . t

Antiviral Activity Assay.. . .

Three digests were prepared to compare the effects of different digestion

e T ———

‘methods on the‘toxicity and antiviral activity of fragmented PcV-ds-RNA.
‘Digests were prepared as describe&‘below, ds—RNA of'batch'5/119 was used
in each case. 20 pg samples of each digest were run on a polyacrylamlde
gel, intact PcV-ds-RNA and ds~RNA from P.stoloniferum viruses (Pszds~RNA)

ST

were run as standards. = e
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Figure 30 : continued from overleaf.

(i) RNase III dlgest.

150 mg of ds-RNA, dissolved in TM buffer + 0.IM ammonium chloride,
pH 7.8, at a concentration of 1 mg/ml, was digested for ! hr at
36°C with 750 U of RNase III per mg of ds-RNA. The digestion was
Stopped by the addltlon of SDS; phenol extraction etc, were all"’

as described in the Methods section.

(ii) Pancreatic RNase digest. -

(iid)

150 mg of ds—-RNA was digested, with 5 mg of pancreatic RNase (i.e.
enzyme:substrate ratio of 1:30). The substrate was dissolved in PBS
at 1 mg/ml. After 1 hr at 36°C, digestion was stopped by the addition

of DEP, and the RNase removed by phenol extraction as described in

the Methods section.

Ultrasonicate. » _
5 x 25 ml aliquots of ds-RNA (I mg/ml in PBS) were irradiated for

420 sec using a 19 mm diameter probe. After irradiation the samples

" were pooled, centrifuged to remove any particles thrown off from

. the probe, ethanol precipitated and dialysed into PBS.
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Figure 31 : Sucrose Demsity Gradient Analysis of Sampies for Toxicity
” Assay. ' '
20 pg of the samples described in fig; 30 were loaded onto 5 ml 5 % -

20 7 sucrose gradients, and centrifuged at 25,000 rpm for 16 hr in the -

<SW 50 rotor. E.coli r-RNA was run as S value markers.
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" Figure 32 : A Plot of the Sedimentation Data of Fig. 31.

On this figure, the § value of the-E.doliir;RNA components is plotted
" against the distance sedimented.. The peak values for each digested

sample are also marked. : - : .

\
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values of the MW. of the P.stoloniferum ds-RNAs, it would appear that

the fragments are smaller than 0,23 x 106 daltons, which is a value much
smaller than the result established by sucrose gradient centrifugation
analysis. However, if the MW. estimate of 0.63 x 108 daltons for the

P.stoloniferum fast ds-RNA, calculated above from the data of Kempson-

Jones (1971), is used when comparing the-aigests on gel electrophoresis,
there is little conflict'with.thé results obtained by sucrose gradient
centrifugation. The reason for the discrepanéy between the published MW.

for the P.stoloniferum small ds-RNA, obtained by gel electrophoresis, and

the result calculated here from the sedimentation coefficient, is not
clear. The difference betweéen the two types of MW. estimates is too
.great to be entirely due to the use of MW.-S value equations developed
originally from work with ds-DNA, or the lower sensitivity and resolution

of the gradient technique.
b) Toxicity‘and antiviral activity assays.

As mentioned in the Introduction, one of the main problems of
the potential use of ds-RNAs as interferon-inducers in aﬁﬁivif;l therapy
is the toxicity (reviewed by‘StineBriﬁg & Absher, 1971; and Philips et
al,, 1971). So, it was important to assay the toxicity of the fragments
produced from PcV-ds~-RNA, to assess the efféct of MW, on this phenomenon.
Three ultrasonigates of PeV~-ds-RNA, batch P2, were prepared by ultra-
sonication in PBS at a concentration of 2.3 mg ds-RNA/ml, for 3, 7, and
20 min. The gel electrophoresis pattern of the three ultrasonicates is
shown in fig. 33, where it can be seen that the 3 min ultrasonicate
still contained some residual intact ds-RNA (approximately 5 7). To
obtain a significant result the toxicity of the samples had to differ
by a factor of two. Therefore, contamination with small amounts of  intact
RNA would not have any deleterious effect on the accuracy qf'the
experiment. The toxicity of two of the samples, those irradiated for 3
and f min, was assessed by injecting the samples i.p. into groups of
five mice, strain CD 1, at several dose levels, then counting the number
of mice dead at each dose level at 6 days after injection. This assay
was performed by Beecham Research Laboratories. The results are shown
in Table 9. It is clear that there is very little effect on the toxicity,
the apparent small increase found on fragmentation is below the level of

sensitivity of the assay.
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Figure 33 : Electrophoresis of ds-RNA Ultrasonicated for Toxicity Assay. .

PcV~ds-RNA, batch P2, was ult'rasoni'cated‘ at a concentration of 2.3 mg/ml‘
for the periods indicated above, in 5 ml volumes. 20 Jig samples were run

on the polyacrylamide zel.

B o, 1. P oY, STV S T e L a—



133,

TABLE 9.

TOXICITY OF ULTRASONICATED PcV-ds—RNA

Dose of fragments | Number of mice dead, out of 5
mg/kg, i.p.
control 3 min -7 min
- vlirasonicate ultrasonicate
1 N.D. 0 0
2 N.D. 0 0
3 -~ N.D. 0 0
5 0 0 0
10 | 0 0 0
20 1 3 1
30 3 4 I
4 g 5 5
80 s 5 5

. Assays done in mice of strain CD'1, 5 mice at each dose level., N.D, =
not done. Preparation of the samples is described in the text, see
also fig. 34. The toxicity assay was performed by Beecham Research

"Laboratories.

1



The assay of antiviral act1v1ty of all three ultrason cates
was also done in CD 1 mice, and the assay results are given in Table 10,
(The assay was performed by Beecham Research Laboratories.) The assay
itself is of lower sensitivity than the toxicity assay, requiring a
four-fold ‘change in activity for a significant alteration to be
recognisable. Clearly the data show no such change in the degree of
protection afforded against the higher chailenge with EMC virus. With
the lower (190 LD50

protective activity occurs on limited ultrasonication. This may be due

) challenge, it would appear that an increase in

to, for example, more rapid uptake of the fragments as compared to

intact PcV-ds-RNA, or to fragmentation increasing the number of effective -

molecules, either or both Of_which‘might,more than compensate for a
lower inducing capacity on a moleéuleffbr—molecule basis. So within the
limitations of the semsitivity of the assays, it would seem that
fragmentation had led to no alteration in the toxicity, and a slight
increase in antiviral activity.

To exclude the possibility of errors arising due to the fragmentation
technique, samples digested in three different ways (but all to
approximately the same extent), were aSsayed for toxicity and for
antiviral activity. Such é,comparison might also reveal the iavolvement
of any specific portions of the ds—RNA'molecule_that were cleaved by
one f:agmentation technique and not. by the others. The gel pattern of
these samples is shown in fig. 30, whilst the sucrose gradient
centrifugation analysis is shown in fig. 31. The size of these samples
was discussed in sectién 3 a) (iii). In every case, onlyva very small
fraction of the samples was smaller than 38, which is very approximately
equivalent to 2.2 x 104 daltons,

The results of the toxicity assays after both i.v. and i.p. '
injection of the samples (performed by Beecham Research:iabofatories)
are given in Tables 1l a) and b). In the case of.this assay, ten mice
were used at each dose level, making reasonably accurate calculation
of the LDSO possible, but even so, the two—fold limitation on sensitivity
remained. No such difference was detected on fragmentation. All methods
of fragmentation gave results similar té"that given by the intact
unfragmented ds-RNA when given by the same route, except for the
pancreztic RNase digest after i.v. injection. These fragments seem from
the LD., value to be more toxic than the others, even though the result

50
is still below the level of .significance. This result is probably



TABLE - 10.

ANTIVIRAL PROTECTIVE EFFECT OF ULTRASONICATED

PcV-ds—RNA
Sample ~ No. mice dead after 12 days
following challenge with :
1900 LDSO 190 LD50
Intact | 9/10 7/10
3 min U/S . 5/10 1/10
7minU/S 6/10 1/10
20 min U/S 9/10 4/10
Untreated controls . 20/20 19/20

Mice of strain CD | Qere injected withvtﬁe inducer, 0.2
ng/kg i.p., 24 hr prior tovinjectidn with the stated dose
of Encephalomyocarditis (EMC) virus, also i.p. The |
number of deatﬁs was counted 12 days after virus challenge.
Preparation of the ultrasonicates.is described in the’
footnotes to fig. 34. The antiviral actiﬁity assay was
done by Beecham Researcﬁ Laboratories.

U/S = ultrasonication.

135.
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TOXICITY OF TFRAGMENTED PcV-ds-RNA ON INTRAVENOUS INJECTION

'

. Sample Dose . No. animals dead on Total dead LDSO
. (mg/kg) each day no. in group
01 2 3 4 5 6

Intact 2.5 0/10

ds-RNA - 5 - 0/10

: 10 1 1/10 14 mg/kg
20 4 4 9/10
40 5 5 10/10
80 6 4 10/10

RNase ITI 2.5 2 2/10

digest 5 7 7/10

' 10 2 1 3/10 " 6 mg/kg

20 9 1 10/10
40 10 10/10
80 10 10/10

Panc. RNase 2.5 0/10

digest 5 1 1/10 -,
10 ] 1/10. 12 mg/kg -
20 6 4 10/10
40 8 1 9/9
80 9 1 10/10

 Ultra-. 2.5 0/10

sonicate . 5. 0/10 :
10 2 2/10 13 mg/kg
20 7 2 9/10
40 8 2 10/10
80 10 . 10/10

Samples were injected .at the stated doses i.v. intq Ch 1 mice'(l8 - 22 g,

male) and the number of deaths occurring'on each day following injectiomn

were recorded for 6 days. The preparation of the samples is described in

the footnotes to fig. 30. The toxicity assay was kindly performed by -

Beecham Research Laboratories.



137.

TABLE 11b.

TOXICITY OF FRAGMENTED PcV-ds-RNA ON INTRAPERITONEAL INJECTION

~ Sample Dose ‘No. animals dead on Total dead LD,
‘ (mg/kg) : each day

01 2 3 4 5 6 7

no. in group

- Intact 10 : 0/10 - :
ds-RNA 20 S 2 : 2/10 36 mg/kg
40 7 "7/10
80 3 5 8/10

KNase III 10 ‘ 0/10 :

- digest 20 11 2/10 34 mg/kg

40 3 21 ‘ 6/10
80 8 1 1 ' 10/10

Panc. RNase 10 0/10

digest 20 2 2 4710 41 mglkg
40 ' 2 1 3/10
80 1 5 1 7/10

Ultra- 10 1 i/10 _

- sonicate 20 2 2 4/10 25 mg/kg
: 40 .25 7/10 :

80 2 6 2 10/10

For experimental details see Table 1la, except that.injection was intra-

- peritoneal. The assay was performed by Beecham Research Laboratories.
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' incorrect, however; for study of the data shows that some mice given a
low dose were killed, whilst others receiving a higher dose survived.

The reason for this is not known, but is unlikely to'be of any importance,
as the increased toxicity of the panc. RNase digest found on 1i.v. ‘
injection was not reflected in the results obtained by i.p. administration.
However, in the i.v. assay of all the fragmented samples, it can be seen
from the data given in Table !1 a) that mice given the fragmented samples
died earlier than those that received the intact ds-RNA, although the
total number of deaths after 7 days (the end of the experiment), and
'hence the LDSO’ did not differ significantly. The antiviral protection
-assay results for these samples, again using EMC as the challenge virus,
are given in Table 12. As before there is no significant alteration in
the|degree of protection conferred by any of the three batches of

fragments and the intact ds-RNA.
¢) Interferon-induction assays,

The interferon assay system developed by Himmelweit, basically

a refinement of the dye-uptake assay method of Finter (1969), is
considerably more sensitive than the antiviral activity assays described
above, and the results are accurate to + 30 % (F., Himmelweit, unpubiished
- results). To assay for the interferon—inducing capacity, the samples
were injected intravenously into mice of strain BSVS. These mice differed
from the CD | mice used in the antiviral activity and toxicity. assays
in being more sensitive to bacterial and viral imfection, and also the
effects of injected ds—RNA.

The first digest assayed for the capacity to induce IF was an
Rilase III digest, prcparved with an early batch of enzyme which contained
quite large amounts of contaminating E.coli-derived RNA. The gel
electrophoresis pattern of this digest is shown in £ig. 34. There seems
no rveason to doubt that the contaminating RNA would also contaminate the
digest; although examination of the RNase III nreparation by gel
electrophoresis showed that either the contaminating RNA is very
heterogeneous, being too thinly spread over the gel to be detected, or is
of very small size, so ag_fd run off the gel. Such RNA, almost certainly
'single-stfanded (if it were not it would be digested by the RNase III)
would be expected to have no direct effect in itself in the IF-induction
aésay (Field et al., 1967a,b). It would however, dilute the &s—RNA
fragments, as estimation of amonnts of RNA was performed simply by

determination of the A260 of the samples. This means that less than the



139.

TABLE 12,

ANTIVIRAL PROTECTION BY FRAGMENTED PcV~-ds-RNA

i
|
Sample. Dose No. animals dead on each day Total PD

. 50
me/ 6y 2 34 5 67 8 9 10111213 Jead
kg) no. in
' group
Intact 5 ‘ 0/10
ds-RNA 0.5 1 : 1/10
0.05 1 1 o 2/10 0.,0015
- 0.005 1 1. 2/i0  mgl/kg
-0.0005 ' 1 2 ] 1 5/10
RNase III 5 0/10
digest 0.5 S o 0/10
0.05 2 2/10 0.0015
0.005 - ‘ 0/10 mg/kg
0.0005 - : 3 1 2 6/10
Panc. 5 0/10
RNase 6.5 : 1 1/10
digest  0.05 11 ‘ | 2/10  0.004
0.005 I 41 . o 6/10 mg/kg
0.0005 2 5 1 1 o . 9/10
Ultra- 5 0/10
sonicate . 0.5 , 0/10
© 0.05 2 ' 1 3/10 0.003
0.005 2 : : 2/10 mgl/kg
0.0005 1 2 2 1 6/10
Untreated 1117 3 5 36/40
controls | :

All samples given i.p. into 18 — 22 g CD 1 mice, and were challenged 24 hr

later with 190 LD, . of EMC virus. Deaths were recorded for 13 days follo-

50 .
wing virus challenge. For the details of the preparation of the samples see

the footnotes to fig. 31.
= dose protecting 50 Z of group.

PD
50
. The assay of antiviral protection was kindly performed by Beecham Research

~

Laboratories. .
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‘Figure 34 : Gel E1ectrophores1s of RNase III-d1gested PcV—ds-RNA
for Interferon Assay.
~ PcV-ds-RNA, batch 27C, was digested essentially as described in the

. Methods section, except that semi-purified RNase III, containing'

4 relatively large amounts of RNA (about 0.5 mg/ml), was used (see - -

' text). The samples .contained about 20 % of RNA derived from the
enzyme preparaﬁion. The interferon titres induced by each sample
"are appended below the gel pattern. Interferon-1nduc1ng capacity

was ‘kindly assayed. by Dr. F. Himmelweit.
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standard amount of material was injected into the mice used in this

assay (usually 80 pg of ds-RNA was given i.v. into each 20 g mouse, i.e.
4 mg/kg) and thus some lowering of the titre of IF induced by the
fragments could be expected. This would be expected to be proportional

to the amount of inactive E.coli-derived RNA included with the ds-
fragments. An estimation of the level of this contamination was made on
the assumption that the recovery of contaminating RNA from the
purification of the fragments after digestion was the same as the
recovery of the fragments; After phenol extraction, ethanol precipitation
| and dialysis, the yield was usually between 40 and 60 7, and in this
experiment the yield was 45 7. A very approximate‘estimate of the amocunt
of RNA contained in the enzyme preparation was made from thevA260 of the
‘preparation. The semi-purified RNase III-preparapion used was calculated
to contain about 0.5 mg/ml of E.coli-derived RNA., From this it can be
calculated that roughly 20 7 of the sample presented for IF-induction

" assay, was in fact not fragments of PcV?ds-RNA, but instead E.coli
derived. When this mixed sample was injecpe&-into the mice, it induced
only 1136 Units/ml of IF, whilst the intact untreated ds-RNA induced 2754
Units/ml. These assays were kindly perfo.rmed by Dr. F. Himmelweit.
Fragmentation therefore reduced the IF-inducing capacity by 56 %, much

" rore thaﬁ would be expected to result simply from the dilution effect.
This of'céurse assumes that the IF titres induced are proportional to

the dose of inducer, which is uncertain, and it was thus doubly important
- to verify this apparent reduction in IF-inducing capacity on fragmentation
using PcV-ds-RNA digests containing only negligible amounts of E.coli-

" derived RFNA. These IF titres were assayed using serum taken 12 hr after
injection of the sﬁmple into the tail vein, which.is about the time of
the peak titre induced by PcV~-ds-RNA (Buck et al., 1971). In later assays;
a 10 hr induction period was used, which still corresponded fairly well

" with the peak titre for intact RNA.

| The lowering of the IF titre was greater than could be predicted
from the dilution of the fragments with intact ss-RNA, In all later
experiments with RNase III, the enzyme preparations had been treated by
incubation with 'Enzite' -insoluble RNasé; which reduced 6-7-fold the

level of RNA (as measured by A260) cont&ined in the enzyme preparation
(see Methods, section 3). RNase III preparations treated in this way
conﬁained between 0.03 and 0.! mg/ml of RNA prior to ion-exchange

chromatography, as estimated by measurement of_A260. An RNase III digest
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made using this tréated enzyme was prepared, and its gel electrophoresis
pattern is shown in fig. 35. In this case, calculating the amount of
s5-RNA contamination as described befere, less than 2 7 of the A26O
the fragmented material was accountable for by the enzyme-derived RNA.
Azain, whex these sanples were assayed for IV-lﬂauc1ng capacity, a
considerable reduction in titre was found. Fragmented RNA induced

797 Units/ml, only 60 Z of the titre induced by an equal dose of the
intact ds-RNA, 1341 Units/ml.

The mice given intact RNA were, as expected, perfeetly well
throughout the period before sacrifice, but in the case of the mice ziven
the fragmented material, there were several fatalities, and the survivors
appeared sick, with ruffled fur and hunched backs. Of the ten mice given
fr%gmented RNA, three died in the period before sacrifice. The deaths
211 occurred fairly early in the zssay period, but not so soon after
injection as te make 2 fault‘in injection technique a likely cause.
Carry-over of phenol from the deprotecinisation step after digestion was
very ‘unlikely, as the sample was ether extracted, ethanol precipitated

and finally dialysed before injection. The only possible remaining cause
for the tox1c1ty is the fragmented ds-RNA itself. This indicates a greatly
increased toxicity on fragmentation, a result contradicting that obtained

in assays of the LD50 in CD | mice.

Two panc. RNase digests were assayed for IF~inducing ability. A
drawing of the gel electrophoresie pettern of the digests is shown in
fig; 36. The first digest, fragmented to roughly the same extent as the
RNase III digests deseribed above, was given to ten mice as before, i.e.
80 pg/mouse i.v. ALl ten died in a few hours, and so it was not possible
to assay the IF-inducing capacity of the fragments. The second digest was ~
fragmented to a much greater degree, so that part ran completely off the
gel on electrophoresis under the standard conditions described in fig. 36.
“his only killed three out of the eleven mice to which it was given, but
'iﬁduced veryllittle IF. The actual titres were 1708 Units/ml for intac:t
control ds-RNA, and 27 Units/ml for an equal amount of the fragments. This
is less than 2 7 of the control titre.

The low titre 1nduced by the latter panc. RNase digest could either
be due to the more extensive fragmentation, or be a result of the method
of digestion. This means that it is not possible to compare the results
ebtained with different 'sized fragments produced in different ways. To
‘test the effect of different sizes of fragments on the IF-inducing ability,

experiments were made in two different ways.
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Origin —
(== e
B8 romépheno\- b lu @ ==t
Sample .Control 1:20 digest 1:8 digest

IF titre induced 17080/ mt — . 21u/m ' @

.Figuré 36 : Gel Electrophoresis of Pancreatic RNase Digests

Prepared for Interferon Assay.

PcV—ds-RNA, batch MPP 63, was digested under the conditions described
in the Methods section,vwith either 20 pg RNA/pg enzyme, ér 8 pg
RNA[pg enzyme. After.purification‘and dialysis, the fragmehts were °
assayed for interferon-inducing capacity. The titres are givén below
the appropriate samples above. The.capacity of ‘samples to induce

interferon was kindly assayed by Dr. F. Himmelweit.
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The first technique was to prepare a large amount of RNase III-
digested RNA, znd then to fractionate'this digest on sucrose gradients.
When this was done, dividing a digest into .three fractions, the IF titres
induced by all three fractions were so low as to make comparison
_ impossible. This was perhaps due tokover—fragmentation of the initial

igest. The sucrose gradient analysis of the digest is shown in fig. 37,
and the titres induced by the three fractions are given bemeath. Agzin,
each of the three fractioms, azlthough inducing very iittle IF, killed
some of the mice to which they were given, and it was noted that the
sera of the survivors receiving fragments were very much more yellow than
was the case for mice given intact ds-RNA, The sera of the latter
resembled those of untreated mice. This yelliow colouration might be due
to the release of bile pigments into the circulation, indicating damage
to the liver. Liver damage is known as a symptom of the toxicity of
ds-RNA (see review by Philips et 21., 1971).

The second method of examining the effect of molecular size on
the IF-inducing capacit& was to study a geries of separéte digests
degraded by the same technique to differing degrees, and gave much rore
clear-cut results. In this experiment, small batches of ds-RNA were
ultrasonicated for increasing periods of time, and the gel electrophore:is
patterns ave shown in fig. 38. The corresponding IF titres induced by -
equal amounts of the fragments are given beneath each sample pattern.

It is ciear that the induced IF titre falls together with the MW. of the
fragments, within the + 30 7 limits of error of the IF assay. These
fragments killed between 3 and 7 out of each group of 10 or 11 mice to
which they were given. Theré did not seem to be any pattern in the
number of mice which were killed by the fragments of these various sizes.
Again, the sera of the mice given the fragments but surviving had a

ow

el

wish tinge, that of the mice given the intact ds-RNA did not. All

~

thel IF titres obtained in this section of the work, and given in the

text ind figures above, are summarised in Table 13.

' The work on the bilological effects of fragmentation of ds-RNA has
shown that fragmentation can produce in one strain of mice an increased
toxicity, and yet in another result in no significant alteration.
Fragmentation by all the methods described produced a lowering of the
efficiency of IF-induction, in BSVS mice. Assays in CD ! mice of antiviral
activity showad cither no significant alteration or evén, in one case, a
slight increase in protéction upon ffagmentation, Increasing fragmentation

causnd o pyonzersiva f£fall in the IF-inducing capacity.
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Figure 37 : Sucrose Density Gradient Fractionation of an RNase III

Digest of PcV-ds-RNA.

RNA was digested with 700 U RNase III/mg nucleic acid for 1 hr at 36°C,

and then phenbl extracted and ethanol precipitated. The precipitate
was redissolved in 0.05M acetate buffer, pH 5.2 containing 0.01M EDTA
at 1 mg/ml, and 2 mg samples layered onto 37.5ml 5 7 - 20 Z sucrose

’ gradiehts in the same buffer. Tﬁese were spun for 16 hr at 25,000 rpm-
. 'in an SW 27.1 rotor, and then fractionated after passing through an
Isco Density Gradient Anélyser. Fractions A, B and C from 3 gradients
Wera pooled, concentrated by ethanol precipitation, dialysed against
PBS and assayed for capacity to induce interferon in mice. The IF -
titres induced ére appended beneﬁth each fraction, an equal dose of

intact ds-RNA induced 1393 U/ml of interferon. Inducing capacity was

kindly assayed by Dr. F. Himmelweit.
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Origin o

20 10 5 3 0 @

Period of |rradiation (min)

48U/l 67U/l 255U/l 656Ul 1078U/mL
interferon titre induced in mice

.

T

Figure 38 : Ultrasonication of PcV-ds-RNA and Interferon-Inducing

Activity.

r
X

PcV-ds-RNA, batch MPP 63, was irradiated in 2 ml volumes at a concentratiom
of | mg/ml in PBS, for 3, 5, 10 and 20 min. The samples were centrifugéd,
ethanol precipitated, redissolved, dialysed against PBS and the
concentration adjusted to 400 pg/ml. 50 ul samples were carefully loaded
onto the gel‘shown above, whilst the remainder was assayed for IF—inducing

activity in BSVS mice. The titres induced are shown beneath the

appropriate samples, and in Table 13,
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TABLE 13,

-INTERFERON~INDUCING ACTIVITY - OF INTACT AND TFRAGMENTED
PcV-ds-RNA. COLLECTED DATA FROM DIFFERENT EXPERIMENTS

vSample Described in : IF titre induced
. ' (U/ml)
Intact ‘ ) fig. 34 2574 (100)
. RNase III digest % : 1136 (44)
Intact ) fig 35 1341 (100)
RNase III digest ; 797 (59
Intact ) fig. 36 1708 (100)
" Panc. RNzse digest g, o 27 (1.5)
- Intact ) 1393 (100)
Small fragments g fig. 37 14% (1)
Medium fragments . ) ' Tl e
. Ay +
Large fragments ; 65* (5)
Intact ) 1078 (100)
Ultrasonicated for 3 min ; 656 (61)
Ultrdsonicated for 5 min ) fig. 38 : 255  (24)
Ultrasonicated for 10 min g 67 (6)
Ultrasonicated for 20 min ) 48 (&)

All assays of inducing capacity were kindly performed by
Dr. F. Himmelweit.

% Differences between these three are not significant.
Figures in parentheses are titres expressed as a percentage

of the titre induced by intact PcV-ds-RNA in each experiment.



DISCUSSION

1‘ .
1. Studies on Intact PcV-ds~RNA,

a) Overall structure.

TONT A

It has been shown in the Results, section 1 a), that PeV~ds-R¥A
appears to have no Single-strand nigks or longer single-stranded regiomns,
for the MW. of the denatured RNA (0.90 - 0.96 x 106 daltons) appears to
be very close to half that of the native form. The appearance of the
denaturad material on sucrose density gradient centrifugation, on gel
eclectrophoresis in a denaturing solvent (formamide), or on gel clectro-
phoresis after reaction with formaldehyde, was homogeneous, i.e. denaturation
yielded only a single MW. species, at least within the resolution of the
analytical techniques used.

As gel electrophoresis of native PcV-ds-RNA will, under the
conditions used in this study, reveal the presence of at least three
components, it is perhaps surprising that gel electrophoresis of the

denatured RNA did not also resolve separate bands. On the basis of the
mobilities of formaldehyde~reacted E.coli r-RNA shown in figures 4 znd

5, it would be expected that the bands produced by denaturation of
PcV-ds-RNAs into ss—RNA of half the parental molécular"weight would be
sobout | mm apart, i.e. sufficient for detection. In one experiment, two
very close bands of formaldéhyde—reac%ed RNA were seen after
electropﬁoresis and toluidine blue staining, but this was not repeatable, -
zenerally both electrophoresis of f£d-RNA and electrophoresis in formamide
revezled only one narrow band. This suggests two possibilities, neither

of which fits all the facts. The first is that denaturation was not
complete, and that either some denaturation-resistant area held the two
strands together in a specifié structure, or that specific aggrecates

. were formed. In support of this hypothesis is the fact that formaldehyde

' feaction‘produces aggregation and cross-linking effects, the extent to
which these occur being dependént on the conditions (Freifelder & Davison,
1963). As for the use of polyacrylamide gels with formemide as a

-

denaturing solvent, Strauss, Kelly and Sinsheimer (1968) comsidered that

Ch

under their conditions, 96 7 formamide might not be sufficient to

completely denature ds~RNA. However, if denaturation was not complete,



or if specific aggregates‘wefe'formed, both on formaldehyde reaction and
in formamide, - the fact remains that these forms migrated very close to
thé'place predicted for ss-RNA of MW. c. 1 x 106, both on gel electro-~
phoresis in two different solvents and on sucrose density gradient
znzlysis. Clearly therefore the aggregatlon hypothesis is un:izunable.

The second explanation is that PcV-ds-RNA consists of three
double-stranded components, each of which is made up of one intact
single strand of the same MVW., base-paired to a very heavily nicked
sacond strand of 3 differing MWs. However, no low MW. material was seen
on gradient centrifugation where it would be most readily detected, and
the amount of denatured RNA found in the peak on the sucrose gradient
corresponded well (allowing for the hyperchromic effect upon denaturation)
with the amount of RNA loaded onto the gradient.

So it seems probable that the double strands of PcV- ds-RNA consist
of base—naired complexes of two complete single strands. As Penu-oned '
in the Results, an alternative hairpin-loop structure can be ruled out,
for on denaturation the resulLant c1ngle strand should still have a
MW. of approxlmately 2 x 10 daltons, about twice the value repor:cd here.
Howchr, it is not p0051ble to state that PcV-ds-RNA has a completely
base-paired double-helical structure, as there are at least two types
of departure from base-pairing that could occur at low levels and remain

undetected. Neither irregularity has any experimental evideénce to
support its occurrence, but equally neither can be disproved on the
evidence presented here.

Firstly, it is not possible to discount the occurrence of short
single-stranded tails on the ends of the PcV-ds—RNA moleculeé, this
possibility is discussed at greater length in section b) below. The
second possible type of base-pairing defect that could occur is
mismatching, i.e. the occurrence of non-complementary regions which could
eizher'Femain in the double-strand structure, or could be looped out.
These could occur to a ralrly large extent before an effect on Tm or
formaldchyde reactivity would be noted, if results obtained on syanthetic

polyribonucleotide complexes (Uhlenbeck, Earrison & Doty, 1968) can be

applied here.
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2, The Fraecmentation of PcV-ds—RNA,

a) RNase III.

In this thesis, it has been shown that RNase III acts to cleave
ds~RNA largely by the diplotdmic mechanism (Results 2 a) (i)). As menticned
in the Resﬁlté, Schweitz and Ebel (1971) reported a similar finding, based
on a study of the gel electrophoresis pattern of digested poly(I).poly{(C)
béfore and after treatment with 7M urea. As mentioned before, their
work was not conclusive as it depended on the assumption that 7M urea
is adequate to denature ds-RNA. The technique of viscosimetry used in
this thesis does not require denaturatiom, is able to give results on the
very early stiages of digestion, in which fragments of the size for
biological assay were produced, and the technique is capable of
distinguishing not only purély diplotomic and purely'hapldtomic mechanisms
of cleavage, but is also able to detect a mixed mode of fragméntation»when
both diplotomic and haplotomic cleavages occur. This situation would be
difficult to resolve by a dehaturatibn'technique as the predominant’
cleavage mechanism might appear to be the oﬁiy one. In the case of RNase
III digestion this has proved’to be an important distinction.

Although diplotomic cleavage has been established as the major mode
of action, evidence was found that some haplotomic cleavage also occurs.
There are two possible explanationé~for this. The first is that the enzyme
preparation did not separate some other nuclease from the RNase III, and
this other nuclease acts purely by haplotomic cieavage. No activity
against ss~RNA was found when RNase III preparations were assayed using
r-RNA as the substrate. This RNA, although it possesses large amounts _
of base-paired structure, is not digested by RNase III, apparently because’
the ds regions are not long enough to be récognised by the enzyme |
(Schweitz & Ebel, 1571). This does not rule oﬁt a‘haplotomit'nuclease,
for like RNase III it could have an absblute specificity for double-
stranded structures, but it does mean that it has a similar 1ength~
requirement for action. There is no evidence for or against the existence
of such a second activity in the preparations of RNase III.

The alternative explanation is that the same enzyme molecule can
cleave by either method. This hasvbeén shown already for acid DNase II
(Bernardi & Sadron, 1964). If both digestioﬁ mechanisms wefe active, then
some of tﬁe fragments would be expected to have short single*straﬁd
tails, but these would Bé-reiatively few, and so would nbt be detectable

by formaldehyde reaction.
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Consideration of the simultaneous appearance and later simultaﬁeous
digestion of all components of the ‘band pattern leads to the conclusion
that RNase III acted in these initial cleavages by 2 semi~processive
mechanism, in that one intact molecule was broken down to all the specific
fragments before the enzyme re-initiated on ancther molecule. The term
"processive digestion' was first used by Nossal and Singer (1968), in a
study of the action of the exonuclease RNase II. In processive digestion,
after the initial enzyme cleavage of the polymeric substrate, the enzyme
‘molecule stays associated with the same substrate molecule, cleaving
it again-and again. RNase III is a semi-processive enzyme, for after
‘c1§aving a2 substrate molecule again and again to produce all the specific
fragments, digestion terminates for a while whilst a fresh ds-RNA
molecule is similarly fragmented. Only later, when all intact molecules
have been fragmented specifically, does digestion of the fragments
themselves occur. In a true processive digestion all susceptible sites
on a substrate molecule would be cleaved before the enzyme molecule
attacked another substrate molecule.

. Processive fragméntétion is most likely to occur with exonucleases,
but a semi-processive mode of action has been described for the ATP-

dependent DNase of Haemophilug influenzae strain Rd (Ftiedmén & Smith,

1972a). This endonuclease.was shown to digest a 35 S DNA to yield only

16 S fragments, the sizes being assessed by sucrose gradient centrifugation.
A calculation of MWs. by the equation of Eigner and Doﬁy (1965) for DNA

of MW. greater than 2 x 106 daltons :

S Fa50" 03 Mo

shows that each 35 S molecule is cleaved.
into approximately seven 16 S fragments. The enzyme then apparently
réinitiates on these specific fragments, digesting them much further, and
this second stage of digestion does not appear to be processive (Friedman
& Smith, 1972b). The authors proposed a model for the initial processive
activity, involving an exonucleolytic-type actiqh with the substrate passing
through a 'hole' in the emzyme molecule, and being cleaved at éertain
points as it passes through. Although’thefe are certain similarities
between Lhe two-stage (processive and then random) activity of this ATP-

dependent DNase and RNase ITI, there is insufficient evidence to draw any
3

The most striking thing about RNase III digestion is the production

of specific fragments im its action on ds-RNA. The basis behind this
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specificity of action has been investigated. As no single-strand nicks

or longer disconcinuities.were found in intact PcV-ds-RNA samples, the
possible effects of these can be discounted. So, the basis for specificity
probably resides in some more subtle structural feature of the ds-RNA
&hich is recognised by the enzyme. Although RNase III has been shown by
Robe:tsoh et al. (1968) to digest poly(A-U) and poly(G).poly(C) at very
similar rates (this has also been confirmed in this study), Barnard (1969)
considered that the rates of cleavage could still vary at different points
i.on a ds-RNA molecule, even if an initial interaction between the enzyme
and a specific base did not occur, In ofher words, although one sort of
bond is cleaved more readilylchan another (preference or relative
specificity), both are cleaved. Evidence has been obtained with panc. RNase
. that the relative susceptibility of the phoéphodiester bonds ié influenced
by the base-stacking inCeraétibns of the surrounding residues (Witzel

& Barnard, 1962; Follman et al., 1967).

o Laskowski and his coworkers (Vanecko & Laskowski, 1962; Georgatsos

& Laskowski, 1962; Laskowski, 1967) found that with DNase I, DNase II,

and Snake Venom éndonuclease the iniCiai cleavages were much more specific
than those occurring later on in the'digestion, as assayed by a study of
the terminal nucleotides of the fragments early and late in the digestion.
Endonucleolytic RNases tend to be, as a group, much more base-specific

in their action than DNases (Barnard, 1969)., RNases often have complete
‘(or almost complete) specificity for cleavage of the phosphodiestér bond

next to one particular base or base type. E.g. RNase T, cleaves only

‘after G residues (Sato & Egami, 1957; Sato-Asano, 1959;, bovine panc.
RNase A is specific for p&rimidine residues (Markham & Smith, 1952; but
see also Beers, 1960, and section 2 b) of the Results), and RNase U2 -
from Ustilago sp. (Arima, Uchida & Egami, 1968a,b) cleaves only after
puriﬁe residues, and preferentially after A residues. Partially as a
'jconsequencg of this base specificity (but mostly because of folding of
the sﬁbstrace.molecule), such nucleasechan be extremely specific in
_their action, and undef appropriate conditions put as little as one
cleavage in an RNA molecule. ’

For example, Adams et al. (1969) digested R 17 bacteriophage ss—RNA
with RNase Tl’ and were able to produce on limited digestion ffagments
up to 300 bases long. This means that different susceptible linkages

are cleaved at different rates, and this is presumébly'due to the secondary



i535.

structure of the RNA. RNase T, would not cleave under mild conditions

any guanylate residues involv;d in base paired regions (feview by Barnard,

1969) . Also certain regions of the RNA may be protected by the conformation

of the RNA, being buried_inside the molecule because of the way in which

it ié folded, and thus are inaccessible to the action of the enzyme. ‘
However, this does not explain how specific fragments are produced

from a ds-RNA, for in such a case all bases are hydrgg@n bonded, and none

are buried. In.the case of certain DNases, the restriction enzymes, which

are capable of putting one or a very few extremely specific nicks in a

DNA molecule, it is known'that the enzyme recognises and cuts a specific

nucleotide sequence. For example, Kelly and Smith (1970) found the

recognition site for a restriction enzyme purified from H.influenzae
to be : . A
Ceesesesese D GPTPPYPPUDADC Pevivernanss

sesesessse.pCpAap PUDPDPYDPTODPG Pevenvasnnne

. It is obvious that.any enzyme having a recognition site on the
substrate as long as this will be extremély specific in its cleavages.
Restriction nucleases are, however, unusual amongst the known nucleases
~ for fequiring such a long recognition site,.and RNase III does not work
. by such a mechanism. This is because it will produce non—specific as well
as specific fragments, because it will digeét a natural ds-RNA to small
oligonucieotides and mononucleotides (Robertson et al,, 1968),_énd also
because it will digest poly(G).poly(C) and poly(A-U) at roughly similar
rates. _ ' |

The studies of the 5'-ends of the fragmented PcV-ds-RNA revealed a
definite specificity of the enzyme in these early cleavages. As described ~
in the Results, section 2 a) (iii), all four nucleosides were found to
| be present at the 5'-termini of specific fragments of PeV-ds-RNA, but
the amounts of adenosine and uridine were greatly in excess of the
quantiﬁies of cytidine and guanosine. This in itself is evidence of
specificity, and it is interesting to postulate from these findings what
is the nature of the site that is recognised by the enzyme. Considering
only the major spots found, it seems probable that all the fragments
- have a similar disposition of these, i.e. that all the cleavage sites
are the same. Then it is possible to draw three models for the active

sites on the ds-RNA, thus :
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The cleavage sites on the first two models are identical.

In these diagrams, the normal letters represent the known bases,
whilst the letters in parentheses represent the complementary bases
predicted by base pairing. However, there must still.be éome further
specificity in the action of RNase III on a natural ds-RNA, for it is
possible to calculate approximatelybhow frequently these'pétterns oceur
on a molecule. This is,considerably moré than the number of sites that
are cleaved to yield the specific fragments, Assuming the MW, of each
ds-RNA moleculs to be 2 x 106 daltons, and assuming the prpportions of all
four bases to be equimolar, thenl in every 2 base pairs will be A:U.. If
the arrangement of the base pairs is assumed to be ran&om, then there is
a further 1 in 2 chance that the next base pair will be A:U. This,
however, can be in one of twopconfigurations, either cis, the same way up
as before, or trans, inVerted; Aésﬁming ﬁhat only one of the 3 models’
shown above is correct, then there is a further | in 2 chance that this
base pair under consideration will be the correct way up for the formation
of a susceptible site, i.e. a total chance of 1/2 x 1/2 x 1/2 = 1/8 that -
any given adjacent couple of base pairs will be a sensiﬁive site. The total
number of nucleotides in the RNA, assuming én average residue weight of
330, is 2 x 106/330 = 6000 bases, i.e. 3000 base pairs, and hence 3000
couples of base pairs (each basé_pair is a member of two couples). Of
these, 1 in 8, that is approximately 370 will be of the conformation
found for the active site. Cdnsideratioﬁ of the band patterns shown in
figs. 9 and 10 shows that this is much greater than the actual number of
sites that must be cleaved to produce an appropriate numbér of specific
fragments. Because of the double:st;anded natufe of the substfate it is
unlikely that some of the éusceptible sites can be bﬁried away inside the
molecule; So it appears that the epzyme=specificity is greater than it

would seem from a simple consideration of the 5'-ends of the fragments.
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Possibly nucleotides further inside the fragments are also important in
deciding which of the postulated sensitive sites are actually cleaved.

The finding of small quantities of guanosine and cytidine does not
fit into the model developed above, and below. As they are found to a
much lessér extent than either adenosine"or uridine, it cannot be that
bguanosine and cytidine are frequently involved in susceptible sites.
Possibly the labelling by polynucleotide kinase is ndt uniform, but
there has been no evidence published in support of this.

In considering the nature of the susceptible sites on the ds—RN¥A
substrate, an assumption was made in considering solely the situation
that arises if RNase III cuts straight across the ds-RNA. This was claimed
to be the c;se by Schweitz and Ebel (1971) and is confirmed by the results
given in this thesis, but it is not probable that the techniques used

would be sufficiently sensitive to distinguish between the three -cases

" below :
a) . 5% A B | —c 3"  5'-end determination detects C
\ 3,.....X ‘ Y_; —_Z""'s' and Y, which is sufficient to
‘ : define the immediate nature of
the susceptible site.

b)  5' A B ey 3! 5'-end determination detects C
) ' and X, the base pair B-Y is not
3,..... '—'————Z-'otasy : .

detected.

c) 5t = : 3! 5'-end determination detects B

3,.....X . .——Z""'s' ‘and Y, which are necessarily

complementary residues.

In case a), 5'-end determination éompletely defines the bases adjacent

to the site of cleavage, for from the two residues actually found the
complementary bases can be predicted Situations b) and ¢) mean however,
‘that determination of the 5'-ends does not yield as much information as

it might at first seem about the cleavage site, In case b) the base pair
B-Y is not detected, whilst in,caée c) it 1is the only ome detected. It

is of interest that of necessity the nucleosides detected in case c)

are complementary, as were the residues found in the labelling experiments
pexformed on RNase III digests.

5

Examination of fig. 12 shows that the addition of ammonium

sulphate to the digestion mixture did not significantly inhibit the
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digestion of PcV-ds-RNA by RNase III, at least at that stage in the
ffagﬁentation when specific fragments were produced. Instead a slight
stimulation of activity was noted. This is in conflict with the findings -
of Robertson et al. (1968) who reported an apparent inhibition by
sulphate of the digestion.of-Reovirus ds-RNA, at least as judged by the
rate of appearance of acid-soluble fragments. This different, less
sensitive, assay system may be the source of the conflict.

o Addition of sulphate, or increasing the amount of chloride in the
‘PcV—ds—RNA:RNase III digestion mixture, changed qualitatively or
.quantitatively the band pattern produced by limited action of RNase III
~on PcV-ds-RNA, but no'change in the 5'-termini of the specific fragments
resulted. These findings together support the hypothesis that in the
digestion of PcV~ds-RNA to produce specific fragments, cleavage does not
occur between G:C base pairs. The lack of change in 5'-termini when the
enzyme specificity is somehow changed could also be taken to support
scheme ¢) as the method of cleavage. However, this cannot be decided

finally in the absence of 3'-end determinations on the fragmented

" PcV-ds-RNA.

The methbd, o methods, by which sulphate exerts its effect in
inhibiting the‘digestion of poly G:C, and in changing the band pattern
producéd on digestion of PcV-ds-RNA (and how far these changes are
related to a simple increase in iomnic stfength) remain unknown. The
possiﬁility exists thaf adding sulphate to the digestion medium, or
increasing the concentration of chloride may alter the coﬁfiguration of
the RNase III molecule in some way so as to alter the enzyme specificity.
Sulphate ﬂas been shown to have a specific effect in stabilising the
structure of several proteins, including bovine panc. RNase (Von Eippel
& Wong, 1964; Ginsburg & Carroll, 1965; Gerlsma, 1968), but whether a
similar effect occurs with RNase III, and how this would relate to the
chloride-induced change in specificity cannot be studied in the absence,
df really pure enzyme, which is not so far available. It is also quite
‘possible that the salt changes may have some effect oﬁ the structure of
ds-RNA and ds-polyribonucleotides, altering thelir susceptibility to

’RNase 111 cleavage.
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\ b) Pancreatic RNase.

There have been very few studies on thé:digestion of ds—RNA by
pénc. RNase, and thus little is known about its mode of action on this
substrate. The apparent resistance of ds-RNA to'pané. RNase depends, as
described in the Results, section 2 b), on the sensitivity of the assay
technique. In this work ﬁhree very sensitive techniques : gel
elcctrophoresis, SUCI 0BG dcnsity gradient centrifugation and viscosimetry

. were used to study the fragmentation of PcV-ds-RNA by panc. RNase.

The differing senéitivity to panc., RNase of the different batches
of PcV-ds—-RNA could perhaps‘sﬁem ffom‘the different purification
procedures used in the preparation of each batch.

The sensitivity.of'ds-RNA to panc. RNase may well be altered by .
relatively simple treatment. For example, the thermal activation process
{Iz Clercq, Wells & Merigan, 1970) which involves heating the ds-RNA
polymer (the effect is most noticeable with poiy(A-U)) at 37°C in the
presence of Mg++ and Ca++ ions, at slightly alkaline pH (7.5}, results in
an up to 100-fold increase in RNase resistance. However, the RNase
resistance of the activated polymer was measured by detérmining the
antiviral activity after digestion with various amounts of panc, RNase,
not a very sensitive test. Also, nothing is known about the relative

activity of activated poly(A-U) fragments. Thermal activation did not
" apparently increase the resistance to digestion with Suake Venom
phosphodiesterase, an exonuclease (De Clércq, Wells, Grant & Merigan,
1971). The antiviral activity, expressed in terms of the minimal
~inhibitory comcentration, is also greatly increased. Because activation
only occurs when the polymer is in very dilute scélution, the physical
basis of the phenomenon has not been properly investigated. .

It is not suggested that the different batches of PcV-ds-RNA have
' uﬁdergone differing degrees of thermal activation during the isolation
and purification procedures, but it seems reasonable to assume that if
| simple incubation under mild conditions can affect iz panc. RNase
resistance 100~fold, then other conditions encountered in the preparation
of the ds-RNA might have some effects on the nuclease resistance.

For the stﬁdy in this thesis of the mode of action of panc. RNase
on ds-RNA, it was first necessary to determine whether the activity
~ against ds-RNA was due to the formation of dimers and higher oligomers,
whiéh-have been shown to be much more active against ds-RNA than is the

mounomeric form of panc., RNase (Libonati & Floridi, 1968; Libonati, 1971).
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Treatment of the enzyme preparation according to Crestfield et al.

(1962) to destroy dimers and highef'oligomers did not result in any
significant alteration in the rate of digestion of ds-RNA. This finding
indicates that dimers, formed by some unknown mechanism, are probably

not the source of the activity agéinst ds—RNA, but rather that the
monomers are active. However, the presehce of dimers, and the destruction
of deliberately preformed dimers, were not tested.

Studies of the method of cleavage of ds-RNA by panc. RNase showed
that usually both ‘strands of the-nucleic“acid double-helix were cleaved
simultaneously. This is an unexpeéted finding, as it seemed more likely
that a nuclease with a preference for the cleavage of single strands
would, when confronted with a double-stranded substrate, act by cleaving
the individual single strands, i.e. haplotomically. This however was not
the case; for it was shown that panc. RNase'digestion of ds-RNA does not
involve a lag period before MW. reduction commences, that digests
denatured bf formaldehyde reaction do not contain many (although they
did contain some) ss nicks which would be expected as a featﬁre of
haplotomic digestion, and finally that only 1.3 hits were necessary to
cleave the ds-molecule, as assessed by the methods of Schumaker et al.
(1956) and Cavalieri and Rosenberg (1961). All these results show that
pang. RNase cieaves PcV-ds-RNA mginly by the diplotomic method.

This result is in conflict with the data of Erikson and Erikson
(1967) who found that treatment of the replicative form ds-RNA (RF—-ds—-RNA)

zom R 17 phage-infected E.coli cells withfl:iO.(RNase:RNA) panc. RNase
for 10 min, in a bqffef of high ionic strength, did not affect the
sedimentation behaviour of the ds-RNA, However, heat denaturation of the
digested RF-ds-RNA revealed the presence of several single-strand breaks. A
Under their conditions they found heat denaturation to cause very little
apparent hydrolysis. Their finding of manyvsingle—strand nicks indicates
that if digestion had progressed'ﬁurther, then haplotomic cleavage of
the molecule would have occurred. Exéept for the differences between the
substrate ds-RNAs (one a genome, the other an intermediate in the
replication of a single?stranded RNA-containing bacteriophage) the conflict
between these data and those reported iﬁ‘the thesis has nét been resolved.

The mechanism of action postulated below is based on the latter results

%

only.
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Evidence to support diplotomic cleavage of ds-RNA by panc. RNase
was obtained by Bishop et al. (1967b), who found that panc. RNase
destroyed the infectivity of Poliovirus RF-ds-RNA, with single-hit
kinetics, i.e. cleavage $f the ds-RNA was by a diplotomic mechanism.

It has been postulated that cleavage of ds-RNA by a nuclease
molecule requires that the enzyme has two active sites, which act on the
opposite phosphodiester bonds simultaneously (D'Alessio, Zofra & Libonati,
1972a) . These authors based their hypothesis on the findings that Bovine
Semen RNase (RNase BS-1), a nﬁclease\aﬁf&ve against both ss~ and ds-RNA
(Libonati & Floridi, 1969), was in fact a dimer of two panc. RNase-like
subunits, and separation of these subunits destroyed. the activity against
ds—RNA without alteringvthat against ss-RNA (D'Alessio, Parente, Demma,
Farina & Leone, 1971; D‘Alessio, Parente, Farina, La Montagna, De Prisco,
Demma & Leone, 1972b). It has also been reported that artificially
prepared dimers of bovine panc. RNase A have a very greatly increased
activity agéinst ds-RNA and poly A, as compared with the monomeric form
(Libonati, 1971). The preparation'of3dimers from one active molecule of
panc. RNase and one molecule inéctivated by carboxymethylation of a
histidine residue in the active site is quite possible; and in accord with
‘the theory such active/inactive dimers have 50 7 of the activity against
ss—@NA of a normal dimer, but are V1rtua11y inactive agaxnst ds—-RNA
(D'alessio et al., 1972a) . Dimers with two active 31tes, each cleaving
a single strand of the ds—RNA, would give the appearance of diplotomic
action, the major mode of fragmentation found'in this work. It would
secem then, that there are two possibilities to explain the diplotomic
cleavage of PcV-ds-RNA. Both involve what I shall call 'functional dimers',
by which is meaﬁt two RNase molecules acting together, but not necessarily.
linked to each other in any way. The first hypothesis is that cleavage
of opposite phosphodlester 11ﬁkages does not occur (to any great extent)
until .2 enzyme molecules are p051t10ned so as to cleave both simultaneously.
The two enzyme molecules arrive at opp051te phosphodiester bonds by
chance. Possibly the blndlng of one panc. RNase molecule makes the
binding of a second to the opposite phosphodlester bond more likely. -

The second, and preferred,.hypothesls is that a small quantity of
transient functional dimers is being formed, and that the equilibrium
dimer =====2 monomers is greatly in favour of the monomeric form. However,
sufficient dimers (which may or may not resemble those studied by Libonati,

1971) exist to cleave the ds-RNA ‘at an appreciable rate. Treatment of
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the panc, RNase preparation according to Crestfield et al. (1962) so‘as

to split up dimers and higher oligomers, would destroy the small
equilibrium fraction of dimers postulated, but these would then re-form
when the sampie of enzyme was cooled down. It is postulated that these
transient dimers zre responsible for the diplotomic cleavage of PcV-ds-RNA
by panc. RNase. Scme support is given for these hypotheses by the fact
that the amount of‘panc. RNase neceésary to obtain rapid or complete

- digestion of ds-RNA is very great (10 ug panc. RNase/l ug ds-RNA, Loviny

& Szekely, 1973), so that the process cannot really be considered enzymic,
i.e. catalytic, unless only a small fraction of the enzyme (functional

dimers ?) is active at any one time.
c) Ultrasonic irradiatiom.

Fragmentation of ds-RNA by ultrasonic waves was found to occur
by a similar mechanism to the fragmentation of DNA. This is not surprising
. considering the overall physical similarities between the two ds—nucleic

acids.

3. The Biological Activity of Fragmented PcV-ds-RNA.,

Administration of ds=RNA to animal tissue cultures or to intact
animals has several effects which may or may not be related, and which
were reviewed in the Introduétion. The most important effects, in the
" curreat view, are the induction of‘IF, antiviral protection, and
toxicity. The effects of fragmentation of the ds-RNA on these phenomena
‘have been studied. ' _

Fragmentation of PcV~ds—RNA has been found to result in a drastic
fall in IF-inducing capécity, with no significant alteration, or a slight ]
increase, in antiviral protection depending on the dose of challenge
virus,7an& an increased toxicity in one strain of mice but no change in
another,

These results, the first obtained on a natural as ppposed to a
synthetic ds-RNA, in part confirm and in part contradict the experiences
.of other authors, all working with synthetic ds—polyribonucleotide
| comﬁlexes. The different activities will be dealt with separately, and

then together.



. a) Toxicity.

Fragmentation of PcV-ds-RNA, reducing the size of the molecules
from 2 x 106 daltons to a very approximate average of 5 x 105 daltons, led
to no significant change in toxicity when assayed in CD i mice, following
" gither i.v. or i.p. injection. However, similar and smaller fragments
killed several {usually between 3 and 7, but on one occasion all and on
-anothér none) of each group of 10 or 11 BSVS mice following i.v. injection
at & mg/kg. Intact PcV-ds-RNA at an exactly similar weight dose had no.
appréciable toxicity in these mice. _

As described in the Introduction, section 3 g), all investigators
who determined the relationship of téxicity and MW. following i.p. or i.v.
injection of ds-RNA (Niblack & Walsh, pers. commun., 1970; Levy et al.,
1970; Niblack & McCreary, 1971; Hamiltom, 1971; Hilleman et al., 1971;
~Shiokewa & Yaol, 1972) found that lower MW. ds-RNA was less toxic. Tﬁere
are no published reports of increased toxicity, as was found in this :
study using mice. Data on the toxicity in CD 1 mice injected i.p. and
i.vl with intact and fragmented PcV-ds—RNA show that the route of
injection, whilst very influential on the toxicity in terms of LDSO’ did
not affect the relative toxicities of intact ds-RNA and the fragments.
The conflict between the results obtained in different mouse strains
points out the very great importance of.animal strain as well as species
in this type of work. This importance of animal strain was also shown in
the work of‘Rice, Turner,‘Chirigos and Spahn (1971), who found a 100-fold
veriation in IF-inducing ability of.a poly(I).poly(C)-poly D-lysine
complex, by using 8 different mouse sfrains.

The time of death of thé BSVS and CD | mice is also of interest. In .
the toxicity assays in CD | mice, the deaths occurred over a period of
7 days, most dying on the first, second and third days following injection,
see Tebles 1la and b. When BSVS mice were given fragmentéd ds-RNA they .
,diedrohly a few hours after administration, although it is mot known
for how long deaths would have continued to occur had the survivors not
been sacrificed for IF assay after 10 or 12 hrs. CD I mice given fragmented
Gs-RNA often showed symptoms of shock (R.C. Imrie, pers. commun.), Irom
" which they quickly recovefgd, only to die much later of the toxic effects
as reported. A possibly similar shock phenomenon was noted by Philips et
al. (1971) when injecting pély(I).poly(C) i.v. into CD ‘1 mice. The
poly(I) .poly(C) ranged in MW. from 105 to'lo7 daltons, with a peak value

‘ 6 . . : e .
of 3 x 10° daltons, and mice given high doses were often shocked, anc
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had immediate, brief convulsions from which they soon recovered. Again,
these mice died a few hours later, due to the very high doses used. It
is postulated that BSVS mice, which are more sensitive, given fragmented
PeV- ds—RNA were shocked, but did not recover. The intact PcV-ds-RNA did

"not cause such snock at the same welght dose.

b) Antiviral activity and IF-inducing capacity of the fragments.

A significant difference in the response of BSVS and CD 1 mice
in terms of these effects was noted. Fragmentation sufficient to cause’
a great reduction in the IF-inducing capacity in BSVS mice caused
apparently no decrease in antiviral activity (presumably related to

nterferon production, De Clereq, Nuwer & Merigan, 1970) in CD I mice.

[N

However, this difference and the difference in apparent toxicity om -
fragmentation also noted when comparing these two strains of mice may.
“just reflect a low semsitivity of CD ] mice to changes in the MW. of the
ds-RNA. '

. Fragmentation of PcV-ds—RNA has been shown in this thesis to lead
to ; fall in the IF-inducing efficiency in BSVS mice, and the reduction
in efficiency was qualitatively similar regardless of the method of
fragmentation used. With ultrasonic fragmentation, there was a dircot
reiationship between the degree of fragmentation and the efficiency of
IF induction. It is therefore unlikely that specific internal regions of
thc ds-RN¥A molecule are important in the biological activity, as with
each method of fragmentation acting in a different way and presumably
at different sites, it would be expected that any specific regions
necessary for induction of IF would be cleaved by onc method of
fragmentation and left intact by another. However, there is still the
possibility that the specific regions are very short and frequently
repeatad alongy the strands and are therefore retained iﬁ‘all the digests.

fn;se datz mean that probably the PcV-ds-RNA acts to induce IF in'
a very similar way to the various synthetic double—stran&ed RNAs, where
base composition has been shown not to be an absolute requirement for
inducing 2bility (Field et zl., 1967; Colby & Chamberlin,v2969; De Clercq
& Merigan, 1969). In these latter studies, the efficiencies of the
different inducers varied considerably, although as no mention is made
of the relative sizes of the different inducers it is impossible to draw
- any safe conclusions from their work on the lack of any sequence or

conmy Ltkon requirements for IF-induction.



The cause of the fall in IF-inducing ability of PcV~Es-RNA on

fragmentation is not known. Although fragmented ds-RNA killed several

d.d-“ukt

of the mice used in IF assays, and presumably had non-lethal ill-effects
“on the survivors, the possibility that sick mice did not produce IF
ef fic1en;ly can be discounted. This was stown by the work of Ducki:r,

wino found that the pegk titre and duration

&

N

DuBuy, Johnsonr & Baron (1971

of the IF response increased with increasing dose of poiy{I).poly{(C)

inducer, even up to toxic levels.

Digestion with serum nucleases could be a significant factor in
deciding the efficiency of IF-induction by iatact and fragmented ds-RYA.

Although there was no significant difference in the rates of di gestion
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period when digestion of the fragments appeared to be more rapid), beoceause
the size of the fragments is lower of course than that of the intzct

ds-RNA before digestion, it is possible that digestion at similar rates
£

()

7111 reduce the rawmented RNA to below the threshold size for induction

a long time before it produces the seme ef .
Fowever, nuclease activity against ds-RNA has not been detected

significant levels in the sera of mice (Nordlund et al., 1970),

The most simple hypothesis to explain the lowered efficiency of Ir

production  is that for some reason the rragments may simply be less
efficient as IF-inducers than is the intact material. Thls could be
either a threshold size effect, or there could be a cont;nuous parallel
decline in inducing cfficiency with MW. The threshold effect would be

masked in these assays by the wide size range of the frarments. In either

o Ao

case, however, it is not known why size . is important for efficient

-nductlou. It could be that some recognition phenomenon has a size

. . ~-

requlLement; for example the triggering of the receptor site protein

v

postulated by Colby and Chamberlin (1969) may in some way be dependent

on the size of the inducer molecule. Alternztively, the MW. of ds-RNA

v

.could sbmehow regulate the efficiency of some uptake process, for instance
from the c1rcu1a;101 onto the surface of the IF-producing cells.
Another possible cause of the lowered efficiency of ds~RNA fragments

L, .. .
s IF-inducers could be that alteration of inducer size may alter by some

=]

mechanism the kinctics of induction and/or IF production. The kinetics
of appearance of IF in the serum of mice has been found to be dependent

on the dose when poly{I).poly(C) is used as the inducer (Buckler et al.,

)

;971). This kinetic hypothesis is supported by the results ¢ Jameson
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and Goldberg (1970). After injecting mice with complexes of poly(I) and
poly(C) of different sizes, these authors found that the persistance of
the induced IF in the mouse circulation was markedly dependent on the
size of the inducer. By}assaying for circulating IF at only one time,
that of the peak titre for intact PcV-ds-RNA (Buck et al., 1971), the
peak titre induced by fragments might be'missed. This effect could again
be an uptake or recognition phenomencn. It is not yet possible to decide
between these hypotheses; the cause of the lowered efficiency of IF-
induction on fragmentation is unknown. The results obtained on IF-inducing
capacity and tozicity do show however, that fragmentation does not
improve the prospects for the use of PcV-ds-RNA as an'antivi:al agent,
and point out the very great importance of measuring toxicity in several
animal strains and specieé'befdre a safe prediction can be made as to

the possible toxic effects of PcV-ds-RNA in medical or veterinary usage.
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