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.... the timeless in you is aware of lifa'a timelessness,
And knows that yesterday is but today's memory and tomorrow is today's drei 
And that that which sings and contemplates in you is still dualling within 
the bounds of that/first moment which scattered the stars into space.

(Kahlil Gibran * 'The Prophet')



SUMMARY

The work presentad ln this theais ls en attempt to evalúate the 
Molecular mechanlsms of both host and viral nucleic acid netabolian 
ln the nucleus of avian fibroblasta infectad wlth influenza virus.

Tbe first sectlon describes the alteration of the Processing 
of rRNh in the nucleus of virus infectad calis.

The second sectlon describes the klnetlcs of virus adsorption 
at 4° and roen temperatura and the occurance of micropinocytosis in 
car calis at 4°.

The third sectlon describes the novaswnt of viral nucleic acid 
into the nucleus of infectad calis, ita associatlon with the 
cellular DNA and the subsequent axit of the viral RNA fren the
nucleus



ABBREVIATIONS

All abbreviations in this thesis are in accordance with those 
described in 'Units, Symbols and Abbreviations'. A guide for 
Biological and Medical editors and authors, published by the Royal 
Society of Medicine; and all chemical formulae are written in the 
format described by the Chemical Society (Journal of the Chemical 
Society (1936) p. 1067) with the following additions:
AMD - act incmyc in D
CEP - chick embryo fibroblasts
e.p.m. - counts per minute
DN'ase (or DNase)

d.p.m.
- deoxyribonuclease
- disintegrations per minute

EDTA
EM

- ethylenedlaminetetra-acetic acid
- electron microscopy

n e v - foot and mouth disease virus
rpv - fowl plague virus
rpv/BEL - a recombinant between rPV and A/BEL/42 virus, see

BA
BAU

materials sectlon for details
- haemagglutinin

- haemagglutinin units
HERBS - N-2-hydroxyethylpiperarine-N'-2-ethanesulphonic acid
NDV - ' Newcastle disease Virus
RASE “ Polyacrylamide 9«1 electrophoresls
PBS - Phosphate buffered aaline
PBS * " ■ plus O.SsM CeClj and 0.5 mM MgCl
p.f.u. . plaque-forming unlt
POPOP - 1,4-di(2-(5-phenyl-oxasolyl))-benaene
POP • 2,5-diphenyloxasole



CRIA

hnRNA 

URIA 
rRNA 
«RIA 
VR1A
RN'ase (or RNase)

— rlbonuclease
RHP - ribonucleoprotein
SDS - sodium dodecyl sulphate
sfv - Semliki forest virus
sac - Standard saline citrate
OCA - trichloroacetic acid
TEMED - NflffN' ,N' -tstramethy1ethylened lamine
Tris - Tris (hydroxymethyl) aminomethane
vsv - Vesicular stomatitis virus

RNA with a sequence complementary to that of the virion 
genome
heterogenous nuclear RNA 
messenger RNA 
riboscaial RNA 
transfer RNA
RNA from the genome of a virus
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The economic and sociological Importance of Influenza virus
Human influenza has been known to occur In pandemic form from

as early as 1510 A.D., with at least 30 pandemics recorded between
1510 and 1930. The morbidity of this disease is extremely high,
usually involving from 30 to 80 per cent of the entire human population.
Fortunately the mortality rate is usually low, although it should be
realised that a mortality rate of 3% such as occurred in the pandemic
of 1918-19 represents the death of 20 million people (Thomson and

aatitatfthMel
Thomson, 1933). With the advent of^rhamo'therapy, the mortality rate
had been reduced to 0.1% by 1957, the year of the "Asian” influenza
pandamlc. However, because of the rapid, almost universal spread of
the disease in an exponentially growing population, this still represents
the death of several million people. Thus influenza is responsible for
more human deaths than any one other virus disease. Similarly, because
of its universal occurrence, rapid rate of dispersal in an Industrial
economy and high morbidity, influenza la responsible for more industrial
inefficiency than any other single cause, including absenteeism, strikes,
inoompetent management and nationalisation.

Xnfluensa viruses also infeet many other vertebrates of which Fowl
plague virus (FFV) is one of the most virulent. It infects nearly all
types of birds with a mortality of 30%. However, in domestic fowls
and game birds, the mortality rate oan be as high as 100% (Todd and
Aloe, 1930). After the first reported outbreak in 1878 in Italy and
the subsequent rapid spread over the rest of ths world, Fowl plague

oaU#
is now thought to be endemic ̂Ln Egypt, the last serious outbreak 
ooeurred in 1924 in America.
Structure of Fowl plaque virus

The purpose of both this section and the one following, is not to
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give an exhaustive review of the relevant literature, but to outline the 
processes of replication and the virion structure in order to facilitate 
the discussion of data presented later. The structure of FFV has 
recently been reviewed in detail by other authors (Flamand and 
Bishop, 1975; Skehel, 1974b), as has the replication cycle (Boyle,
1966; Flamand and Bishop, 1975; Burke and Russell, 1975).

FFV is an avian virus of the myxovirus group. Its genoaM consists 
of single stranded ribonucleic acid (RNA) in a ribonucleoprotein (RNF) 
complex, which is surrounded by a lipo-protein envelope, the external 
proteins of which are glycosylated.

The genome of FFV consists of single stranded RNA of total 
molecular weight of about 4.0 x 10* dal tons. There has been much 
discussion in past years over whether or not the genome is segmented, 
but for all purposes here it will be assumed to be segmented. The 
sise of the RNA pieces range from 2.0 x lo5 to 7.0 x lO5 dal tons 
although their exact number and molecular weight has not been resolved. 
However, the RUB from a related influenza virus, X-31, has been more 
closely characterised by fkehal (1973). This RNA can be resolved into 
3 distinct sise classes, each containing at least 2 distinctive species.
At present the function of any one segment is not known, nor is its sequence, 
although the terminal nucleotides have been determined, e.g. all segments 
contain a unique 5' terminal nucleotide 5'-p p p Ap (Young and Content,
1971), and uridine at the 3' terminus (Lewendowski at al., 1971). The 
RMA of the virion is not Infectious and appears to be of t w m k sirtMjf 
sequence to virus-specific RNA acting as messenger in infected cells.
In the virus particle the nucleic acid is tightly eoaplexed with the 
nucleoprotein (HP) of mol. wt. 35,000 to form a helical RNF complex.
Also associated with this RNF, but in much smaller amounts, are two
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other protein«, PI and P2 (Hoi. wts. 94,000 and 81,000 respectively). 
Surrounding the helical FNP Is a shell of matrix (or membrane) protein 
of mol. wt. 25,000. The RNA dependant RNA polymerase activity Is 
associated with this core but has not been assigned to any single pro
tein or combination of proteins.

Surrounding the shell of matrix protein is a layer of glyco
proteins embedded in a lipid bilayer. This lipid bilayer appears to 
have the same constitution as that of the host cell and is derived 
directly from it. These lipids differ from those in the host plasma 
membrane In one respect* they appear to be rather more sterically 
Inhibited In both their lateral and vertical movement, inserted in this 
membrane are 2 glycoproteins, the haamagglutinin (BA), responsible 
for the attachment of virus, particles to cell surface receptors, 
and the neuraminidase (HA), an enzyme whose function is unknown, but 
is probably Involved In the release of progeny virus from the cell. 
Recently the HA and HA of a closely relsted Influenza virus (X-31) 
has been closely characterised by Skehel et al., (1975). The HA 
spike consists of 3 subunits of mol. wt Hr. i<? arranged In a trimer,
160 X  long, having an equilateral triangular cross-section of height 
50 X. Bach of the 3 subunits consists of 2 glycopeptides of estimated 
mol. wt. 46,000 (HA1) and 29,000 (HA2). One end of the}rimer Is 
thought to be hydrophobic and is probably Inserted In the lipid bilayer. 
The other end contains the antigenic determinants. Ths neuraminidase 
consists of a tetramar of 4 ooplanar cubes of side 40 X with a tall 
of about 100 X  extending on one side from the point of oontaet of all 
4'cubes. The base of the tall is hydrophobic and Is presumably the 
point of attachment to the virus lipid bllayar, whereas the antigenic 
sites appear to be locate* on the vertices of the ooplanar cubes. Bach

• ,4:'



■ubunit of the tetramer has an identical molecular weight of 45,000 
daltons.

The replication cycle of FPV

The influenza virus particle attaches to sialic acid receptors 
on the plasma membrane of the host cell by the haemagglutinin protein 
of the virus envelope. The virus is then alrsorbed into the cell.
This mechanism of a^sorbtion is not' clearly understood and will be 
discussed more fully in Section XX of the results. On penetration 
of the host plasma membrane, recognisable virus particles are no longer 
visible by electron microscopy (KM), presumably because the particle 
is digested, although it is not known whether the RNA is released or 
it remains as an RNF complex.

The virion specific messenger RNA is transcribed from the genome 
by a virion associated RNA-dependent M A  polymerase after a lag of 
30 min. The activity of this polymerase is sensitive to inhibitors of 
DMA function such as actincmycin D (AMD) in vivo but not in vitro.
This sensitivity to AMD of the in vivo polymerase activity also correlates 
with the complete inhibition of virus replication if cells are treated 
either before or during the first 2 h of infection with many such 
inhibitors or if the cells are enucleated. This sensitivity is unique 
amongst the SNA viruses except the tumour viruses, although tumour 
viruses, unlike the influenza viruses are sensitive to inhibitors of 
DMA synthesis as trail. Some workers report that the addition of AMD late 
In infection also inhibits virus replication, but to a lesser extent.
Yrom about 1% h after infection virion RMA is synthesised preferentially. 
The mechanic of this changeover is unknown, but it is sensitive to 
cyclohex imide and therefore probably involves the synthesis of a new 
protein. Recently there has been same evidence that virus sRMA is
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synthesised In the cytoplasm and virion RNA (vRNA) in the nucleus.
This will be discussed in greater detail in Section III of the results. 
Unlike infections with poliovirus, FPV causes no sudden decrease in
ihost RNA synthesis although it does decline later in infection, i.e. 
from about 4 h post infection.

The first proteins to be synthesised are P2, NP and a virion- 
specific, non-structural protein of 23,000 mol. wt (NS1) (Skehel,
1973). Later in infection, ail virion proteins are synthesised as well 
as 2 non-structural proteins, NS1 and NS2 (11,000 mol. wt). All pro
teins are synthesised in the cytoplasm, although Pi, P2, HP, and NS1 are 
found in the nucleus, with NS1 concentrated in the nucleolus. The 
haemagglutinin is synthesised as a precursor of 70,000 dal tons on the 
rough endoplasmic reticulum (ER) along with the neuraminidase. Both 
proteins are then transferred via the smooth ER to the plasma membrane 
where the BA precursor is cleaved to form the 2 polypeptides found in 
the mature virion. The matrix protein is synthesised close to the 
plasma mesibrane where it is inserted directly into regions already 
containing BA (Bay, 1974). Nothing else is known about the location 
and mechanism of synthesis of the other virus specific polypeptides.
Again unlike poliovirus, no sudden cut-off in protein synthesis of the host 
cell is observed, although after 4 h infection, the main proteins 
synthesised are viral.

Nature virus is released from the cell after about 4 h post-infection, 
although the mechanism of virus assembly and release is virtually 
completely obscure. All that is known, is that virions appear to bud 
from the p l a m  membrane of the host cell carrying with them some host 
mmferane components, and that this process can be inhibited by block
ing neuraminidase activity.

• :
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The problems of curing Influenza

Like all other virus-induced diseases of higher vertebrates, it 
has so far proved impossible to adequately treat cases of influenza by 
chemotherapy. With every anti-viral agent tried so far the concentration 
needed to produce an anti-viral effect is very close to the toxic level 
for the host cell. This is probably because the majority of virus- 
required synthetic functions are carried out by host cell mechanisms 
(Hoyle, 1968a).

Most virus infections can be readily prevented (in theory at least) 
by immunization of the potential host. Influenza virus is an excellent 
immunogen and theoretically, immunization should produce excellent 
results (Smith et al.. 1933; Andrewes and Smith, 1939; Stuart- 
Harris et al., 1938). However even under ideal conditions, protection 
was achieved in only 80« of cases; protection lasted only a year and 
Immunization at times when no pandemic was threatened produced undesirable 
side effects resulting in more "inconvenience" than if the population 
had not been Immunized. The most important reason for this unsatisfactory 
record for anti-influenza vaccination is the remarkable frequency with 
which spontaneous antigenic variations occur. This plasticity (Smith, 
1952) far exceeds that of most animal viruses although foot-and-mouth- 
disease virus and rhinovirus also have a very broad antigenic range.
This antigen plasticity stakes it impossible therefore to stock-pile 
vaccines. Recently the MHO have established a global network to isolate 
and identify new serotypes as they arise, but the system is far from 
satisfactory as new strains spread very fast in a highly industralised 
world.

This process of change is that of "antigenic drift" whereby the 
antigenic properties of the virus slowly change between pandemics, pro
bably due to the selection, under immunological pressure, of spontaneous
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virus mutants (Burnet, 1960). The second process, that of "antigenic 
shift", is the sudden large change of antigenicity, which causes the 
pandemics. Two of the theories which attempt to explain this phenomenon, 
involve an extension of the antigenic drift mechanism or the participation 
of influenza viruses from other species. The latter mechanism is given 
considerable support from two areas of research. Firstly, high genetic 
recombination rates are observed from mixed infections of influenza 
virus (Burnet and Lind, 1949; Hirst, 1962). nils high recombination 
rate is thought to result from the fact that the genome is segmented 
into several (5-9) pieces of single-stranded RNA (Pons and Hirst,
1968; Deusberg, 1968; Bishop et al.. 1971; Skehel, 1971). This 
enables the virus genes to re-assort during a mixed infection without 
going through the less efficient classical recombination machinery. 
Secondarily, Laver and Webster (1973) have shown that tryptic peptide 
maps of the surface glycoproteins of human influenza viruses isolated 
before and after a pandemic show absolutely no similarities. However 
the peptide map of the glycoproteins from virus isolated after the pandemic 
show considerable similarities to animal viruses in current circulation. 
This cross-infection Is thought to occur in mainland China where humans, 
pigs and birds live in close proximity.

One of the most promising attempts at circumventing the problem
of antigenic change is the production of subunit vaccine,i.e.vaccine 

tOP«.against the virus^proteins which do not undergo antigenic .change.
This may make it possible to produce a non-toxic vaccine against all 
major types of influenza virus (Davenport et al., 1959; Hannassy and 
Davenport, 1966). However these studies have not been significantly 
extended, probably due to the difficulties of producing large amounts of 
vaccine.
Influenza virus infection as a model for cellular control mechanisms

The understanding of control mechanisms in eukaryotic cells is
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probably the most stimulating, demanding and potentially rewarding 
task facing modern molecular biology. However the complexity of a typical 
mammalian cell with a coding capacity for approximately 10^ proteins' 
provides an almost insurmountable obstacle to such a study. The study 
of virus Infection should simplify these problems as they contain very 
much less genetic Information - only about seven genes In the case of 
Influenza. Because of this.simple structure the virus relies almost 
completely on the synthetic and metabolic processes of the host cell. 
Therefore the virus has to ensure that these host processes are

*efficiently used for the production of progeny virus. Thus virus 
Infection offers an excellent system for the study of the control 
machanimns of these processes. Furthermore Hoyle (1968c) has suggested 
that Influenza virus is not a parasite In the classical sense, but an 
escaped cellular gene that has evolved a mechanism for rapidly transmitting 
. information in an emergency to large sections of the population. If this 
were true, the evaluation of the nature of this information and its 
■node of transport would be of prime Importance.

Influenza virus offers many advantages over other systems in the 
study of both virus multiplication and the control of cellular metabolism. 
Although influenza virus has a high morbidity rate, the mortality rate 
is very low ( 0.1%) and usually only the aged and infirm are fatalities. 
(Hopefully this does not. therefore include many of the active scientific 
coonunity!) If workers restrict themselves to working with recently 
derived strains, both they and the population at large will already be 
immune, due to 'wild' Infections. Even if extremely virulent strains 
(such as the aviqn influenza virus FFV) are used, the chances of them 
escaping from the laboratory are very small as most are very heat 
sensitive (Horsfall, 19SS) and labile to dehydration or exposure to sun
light (Edward, 1941). Large quantities of virus can be conveniently
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grown in the allantoic sac of fertile hena eggs (Miller, 1944) and FFV 
can be conveniently grown in CEF monolayers (Stulberg and Schapira,
1953). Both FPV and WSN can be easily assayed for infectivity in CEF 
monolayers and all influenza viruses are easily and quickly assayed 
by haemagglutination of erythrocytes (Salk, 1944). Purification of 
influenza virus is readily achieved without loss of biological activity, 
by differential centrifugation, adsorption and elution from erythrocytes 
or less satisfactorily by many other methods (see Hoyle, 1968b for 
details).

Unlike most other RNA viruses, influenza does not cause cut-off 
of host cell RNA, DNA api protein synthesis completely. It is therefore 
more likely to reflect the true host cell control mechanisms, than 
viruses with a more abrupt effect such as poliovirus, Semliki Forest virus 
etc. Furthermore, the virus genome is in several distinct pieces which 
can be easily separated and therefore it should be possible to identify 
single virus induced proteins corresponding to each of these pieces of 
RNA. Recently several pieces of evidence have shown that viral protein 
synthesis is under some form of temporal control. Skehel (1973) 
has shown that only some viral proteins are synthesised early in infec
tion whereas later on in infection all proteins are synthesised.
The synthesis of these early proteins also appears to be less sensitive 
to AMD (P.D. Minor - personal communication). Also some types of 
virus-specific inRNA (i.e. RNA complementsry to the virion) appear in 
infected cells, before other species (Avery, R.J. and Dlmmock, N.J. - 
personal communication). Therefore the study of expression of genetic 
information and its control in influenza virus Infection may give insight 
into control mechanisms in the host cell. Probably the most significant 
feature of influenza virus multiplication is its dependance on the host 
cell nucleusi this is discussed further in the following section.
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Possible functions for the nuclear phase of Influenza virus replication

The nuclear phase in influenza virus infection is unique in its
.

mechanism. Both the nuclear requiring DNA and RNA tumour viruses appear
to require the host DNA polymerases for the production of progeny virus■. ' i1 ?mp3 .-infectious paxticlee- when the
or provirus and, unlike influenza virus, are sensitive to inhibitors
of DNA synthesis as well as DNA function. The details of the previously

t i. at; th*
published data in this field will be dealt with at greater length in

-*•. •' . u-t'i i « .r a tio n  o f  WHA a n d  a a e iim h iy ,

succeeding chapters; but here only the possible roles for the nuclear
of transcriptio*»al and

phase and its relevance to the understanding of host cell control will be
:0 m ,. t raneppe*. and *gmb**ne assembly faced by the

discussed.
■ : processes.-«««Id be the key tt. aartet-

After entry into the host cell, there are several problems that a'
virus must overcome in order to achieve a productive infection.'
1) Influenza virus is thought to be a negative stranded virus (i.e.
with a genome of opposite sense to mRNA) with a virion associated

'
polymerase, which synthesises RNA complementary to vRNA (cRNA)

■

(Bishop and Obijeski, 1971; Chow and Simpson, 1971). This cRNA is
.

found on host cell polysomes (Nayak, 1970; Pons, 1970) and is assumed
■

to be mRNA. However the situation is more complex than .with other similar
M*W» been implicated • ■(Bradbury, et >1... 19741 , but

RNA viruses, like NDV and VSV. Unlike these viruses, influenza v I tu s;> U  y« •• aval ' la. .» ?*< r.ger ‘ sp-e"i*ss are Conjee! 
vRNA is found on infected cell polysomes (Nayak, 1970; Scholtissek
by t!ie  ( t w  atfleif w le e  cfC dha to  lo r *  * heterugm iieous p o p u la tio n  .«£ n a c le a t
and Rott, 1970) and also stimulates seme in vitro translation systems

.

(Siegert et al., 1973) but not others (Kingsbury and Webster, 1973).
'

Further, as mentioned above seme virus proteins ere synthesised before 
others. Therefore, upon uncoating, either the correct vRNA segments
must be recognised and transcribed by the polymerase or only certainu» the pBpeeim ef hetemogeneooe nuclvtuc SNA- t.hroughemfc,*he life cyel*
vRNA segments are recognised as messengers and translated.*
o f  th e  tijtaim appear t h a t  ¡..recur swes t o  a l l  WRNA spec, la s  are
2) At some time during infection the virus multiplication machinery

-

must stop producing cRNA to use as mRNA and start using it for an entirely

■

.



different function, ie, that of a template for progeny vRNA.
3) The final problem of virus multiplication is that of correctly 
controlling the assembly of vRNA and virus proteins into the cell mem
brane in such a way as to produce complete infectious particles when the 
virus buds from the plasma membrane.

It will be realized therefore, that the problems of transcriptional 
and translational control,' correct utilization of RNA and assesibly, 
faced by the virus are similar to the problems of transcriptional and 
translational control, mRNA transport and membrane assembly faced by the 
host cell. The evaluation of these processes could be the key to under
standing the long term management of eukaryotic cellular functions as 
well as understanding the control of virus multiplication.

Control mechanisms in eukaryotic cells are at best poorly understood 
at present. Most information at present is available on translational 
.control mechanisms, and as these are cytoplasmic and also appear to be of 
little importance in influenza virus multiplication, they will not be 
dealt with here. Transcriptional control is poorly understood at the 
moment. Histones have been Implicated (Bradbury at al., 1974), but 
no definite evidence is yet available. Messenger RNA species are formed 
by the transcription of DNA to form a heterogeneous population of nuclear 
RNA (Williamson et al. , 1973). The heterogeneous nuclear RNA (hnRNA) 
is synthesised very rapidly but has a short half life of only about 
5-15 min (Darnell, 1968). Messenger RNA is formed by sequential cleavage 
of hnRNA (MacNaughton et al., 1974). As there appears to be no change 
in the pattern of heterogeneous nuclear RNA throughout the life cycle 
of the cell, it would appear that precursors to all mRNA species are 
synthesised at all times, and broken down if they are not immediately

018



needed. Therefore transcriptional control may not in fact exist, but
.

the Important controls may occur at the level of the destruction of the' u*e ceil macro -
presumptive messenger species before they sure exported to the cytoplasm.'
This control of mRNA export has been the postulated role for the post-
transcriptional addition of poly A sequences to hnRNA observed in all

■ -

eukaryotic cells so far studied (Edmonds et al.. 1971). The notable 
exception to this rule is histone mRNA which does not contain any poly A 
tracts. Recently, Jelinek et al.. (1974) have shown that virtually all 
poly A synthesis occurs in the nucleus (with the exception of certain 
viral messengers e.g. VSV and poliovirus). Influenza virus mRNA has 
now been shown to contain poly A (M. MacNaughton - personal communication; 
R. Krug - manuscript in preparation). If influenza virus RNA does not 
contain short tracts of poly 0 which would enable the cytoplasmic virion 
polymerase to form poly A tracts when transcribing the vRNA, as is the 
case with VSV (see discussion in Bannerjee et al., 1974) then the virus 
may have to enter the nucleus to have its mRNA charged with poly A to 
enable it to be correctly translated. '

The packaging of new host mRNA into RNP complexes-informosomes, 
occurs in the nucleus (Georgiev et al., 1972). The virus could make use 
of this same process for the assesibly of its own RNP cores. In fact 
it has been known for some time that the proteins of the RNP complex 
along with NS1 appear in the nucleus of influenza virus infected cells 
(Breitenfeld and Schaf er, 1957; Krug and Etkind, 1973; Taylor et al.. 
1970). This complex then moves into the cytoplasm to finally arrive at 
the plasma membrane where virus assembly occurs (Bay and Skehel, 1974).

Therefore it i^ easy to justify the existence of a nuclear phase 
in influenza virus replication and it is not difficult to see that study



of this nuclear phase, will not only give an Insight into the replica
tion of the virus but into the nature of the control of host cell macro- 
molecular synthesis in general. It is with these facts and postulates 
in mind that the data in this thesis is presented. The only mystery 
that remains is how do so many RNA viruses manage to replicate at all 
without a nucleus as demonstrated by their multiplication in enucleate 
cells (Follett et al., 1974» Pollack and Goldman, 1973» Kelly et al., 
1974).
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Radlolabclled compounds

These were obtained from the Radiochemical Centre, Amersham, u.K.<r " ' . ' . ' , '
and had the following specific activities.

(198 i 3Au] colloidal gold, 2-6 mCi/mg Au; L-[4,5- h ] leucine,
30 Cl/mmol; (methyl-^n] L-methionine,>5 Ci/mmol; L- [ 33s] methionine,

>100 Ci/mmol; ( p] orthophosphate, 121 Ci/mg P; [2- c] uridine, 60 mCi/
mmol; [5'-3h ] uridine, 24 Ci/mmol, (2-14cJ thymidine,>50 mCi/nmol,
|methyl-3h] thymidine, 15-30 Ci/mmol.

Stains
Coriophosphlne 0 and Azure C (Macneal) were obtained from George 

T.Gurr, Searie Scientific Services, Sigh Wycombe, Bucks.
Electrophoresis components

Acrylamide, N-N*-methylene bisacrylamide and N,N,N',N',-tetra- 
methylenediamine (TEMED) were obtained from Kodak Ltd., Liverpool. 
Sclntlllants

2,5-Diphenyloxazole (PPO); 1,4-*lt(2(5-phenyl-oxazolyl^)-benzene
(POPOP) and naphthalene (all scintillation grade), were obtained from 
Nuclear Enterprises (G.B.) Ltd., Edinburgh.
Enzymes and substrates

Ribonuclease (Grade III), pancroatlc ribonuclease A and 
deoxyribonuclease, Type I were obtained from the Sigma Chemical Co.,
St Louis, Missouri, 0.8.A. Fetuin was prepared as follows. Saturated 
(**4) 2S°4 ^  litoe) at 5° was added slowly to foetal calf serum (1 litre)
•t 5° with gentle stirring. The precipitate was redissolved in 200 ml 
of water at 5° and reprecipitated with saturated (NH4)2S04. The precipita
tion ««as repeated twice and the final precipitate ««as dissolved in no 
■ore than 200 ml of distilled ««ater and dialysed at 4° for 16 h against 
flowing distilled water. Any precipitate formed ««as rmsoved and the 
solution allotted to stand 5-7 days in the cold room, after which any

Mil* ▼  A U  ixrs



additional precipitate was removed. Final solution (12 mg/ml) was 
sterilized by filtration.
Metabolic inhibitors

Cycloheximide was obtained from the Sigma Chemical Co., and 
Actinomycin D was a gift from Merck , Sharpe and Dohme (U.K.), Hoddesdon, 
Berts.
Tissue culture media

199 and Eagle's BHK media were obtained from Wellcome Research 
Laboratories, Beckenham, Kent. 199 also contained 75 units/ml of 
crystamycin (Glaxo, U.K) and 50 units/ml of Mycostatin (E.R. Squibb 
and Sons, London). The tryptose phosphate broth was emitted from 
Eaglefe BHK medium. Earle6 solution was obtained from Oxoid Ltd., London 
S.E.l. and HEPES buffer from the Sigma Chemical Co. Calf serum (membrane 
filtered) was obtained from Tissue Culture Services, Slough, Bucks, U.K. 
Viruses

A/FPV/Rostock/34 (H^l H^l) (referred to in future as FFV) was
grown by inoculating 11 day embryonated chicken's eggs with 104 p.f.u.
per egg and harvesting the allantoic fluid after 24 h growth at 37°.
Allantoic fluid was clarified by centrifugation at 1,500 g for 20 min
at 4°. Virus stocks were snap frozen at -70°.

The recombinant, having the HA of A/FPV/Dutch/27 (H I N I )  virusav eq
and the neuraminidase of A/BEL/42 (BO Nl) (designated hereafter as 
FPV/BEL) was a gift from Dr D. McCahon. The virus was plaque uurified 
3 times and stocks grown as for the above Rostock strain.

Samliki Forest virus (ts +) (SFV), grown in the brains of suckling 
mice was a gift from Dr S.X.T. Kennedy. Sendai virus was a gift from 
Dr R.J. Avery. Poliovirus type I (LSc 2ab) was a gift from Dr S.X.
Xoliais.
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B u ffe r s

L y sin g  b u f f e r s -  Na2 EDTA (0.001 M), Na a c e t a t e  (0 .0 1 M), NaCl 

(0.05 M). pH a d ju ste d  t o  4 .6  w ith  a c e t i c  a c id ,  s t e r i l i s e d  and th en  

s a tu r a te d  w ith  d ie th y lp y r o c a r b o n a te  (L B u f f e r ) .

F r a c t io n a t io n  b u ffe r  1 :  T r is  (0 .0 1 M), MgCl2 (0.001 H) pH a d ju s te d  

t o  7 . 4 ,  s t e r i l i s e d  and s a tu r a te d  w ith  d ie th y lp y r o c a r b o n a te .

»F r a c t io n a t io n  b u ffe r  2 : a s  above b u t in c lu d in g  su c ro se  (0 .25 M).

P h o sp h a te -b u ffe re d  s a l in e  (PBS): NaCl (0 .139  M ), HCl (0.028 M), 

Na2HP04 (2H20) (0.0075 M), K H2P04 (0.00147 N ).

DNase b u f f e r :  T r is  (0 .0 1 M), NaCl (0.05 M), MgCl2 (0.002 M ), pH 

a d ju s t e d .t o  7 . 5 ,  and s t e r i l i s e d .

y S tandard  S a lin e  C i t r a t e  (SSC) : NaCl (0 .15  M), Na ( t r i )  c i t r a t e  

(0 .0 15 M). pH a d ju ste d  t o  7 .0  w ith  HCl and s t e r i l i s e d .

A c e ta te  b u f fe r  (AB)s Na a c e t a t e  (0 .0 1 M), pH a d ju ste d  to  4 .6 ,  

s t e r i l i s e d  and s a tu r a te d  w ith  d ie t h y l  p y ro c a rb o n a te .

Membrane ly s in g  b u f f e r :  S u crose (0 .2 5  M), T r is  (0.05 M), Mg 

a c e ta t e  (0.001 M), pH a d ju s te d  t o  7 .4 .

Membrane g r a d ie n t  b u f f e r :  T r is  (0.001 M), Mg a c e t a t e  (0.0005 M) 

pH a d ju s te d  t o  8 .6 .

RNA g r a d ie n t  b u f f e r :  NaCl (0 .0 1 M), T r is  (0.02 M) , Na2 EDTA 

(0.001 M) pH a d ju ste d  to  7 .0 ,  s t e r i l i s e d  and s a tu r a te d  w ith  d ie t h y l  

p y ro ca rb o n a te .

Where in d ic a t e d , b u f fe r s  were s t e r i l i s e d  b y  a u to c la v in g  a t  15  p . s . i .  

fo r  20 m ins.

P re p a ra tio n  o f  prim ary c h ic k  embryo f i b r o b l a s t  c e l l s  (CEF c e l l s )

The method used was t h a t  o f  M orser e t  a l . ,  (19 7 3 ). Embryos 

from 1 1  d ay  h e n 's  eg gs were rem oved, d e c a p ita te d , and chopped by 

hand. A su sp en sion  o f  c e l l s  was p rep ared  by re p e a te d  in c u b a tio n s
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w ith  0 .1 *  t r y p s in  in  PBS a t  37° f o r  20 m in. The c e l l  su sp en sion s 

were com bined, f i l t e r e d  through 40 mesh s t a in le s s  s t e e l  g u a ze , 

p e l le t e d  b y  c e n t r i f u g a t io n ,  resuspended in  199 medium (w ith  5% v / v  

c a l f  serum , lo o  u n its/ m l p e n i c i l l i n  and lOO u n its/m l strep tom ycin ) 

and f i n a l l y  p a ssed  through a  grad e O and then  a grad e 1 s in te r e d  

g la s s  f i l t e r .  Suspen sion s were d i lu t e d  in  199 medium to  th e  d e s ir e d  

c o n c e n tr a t io n , seeded on p l a s t i c  p e t r i  d is h e s  and in cu b ated  o v e r n ig h t 

a t  37° in  95* a ir / 5 *  CO  ̂ b e fo r e  u s e ..

P re p a ra tio n  o f  HeLa c e l l s

The method employed was t h a t  o f  K o l ia is  and Dlmmock (19 7 3 ).

C e l l s  were grown t o  c o n flu e n c e  a t  37° in  1  l i t r e  g la s s  b o t t le s  (5 x  lo7 
c e l l s  p e r  b o t t le )  and p a ssed  e v e ry  se v e n th  day by t r y p s in iz a t io n  to  

form s u b c u ltu re s  a t  a 1  in  6 d i l u t i o n .  C u ltu r e s  were tr e a te d  e v e ry  

2-3 months w ith  Kanamycin t o  p re v e n t fo rm atio n  o f  c o lo n ie s  o f  myco

plasm a.

P re p a ra tio n  o f  e n u c le a te  BSC-1 c e l l s

These were p rep ared  by Dr E .A .C . F o l l e t t  a s  d e sc r ib e d  p r e v io u s ly  

( F o l l e t t  e t  a l . , 19 7 4 ).

32
Growth and p u r i f i c a t io n  o f  P la b e l le d  FFV/BEL v ir u s

B atch es o f  16 tw e lv e  d ay o ld  de-em bryonated eggs were prep ared  

a s  d e s c r ib e d  by BernXopf (19 4 9 ). S tandard  medium (Fazekas de S t  G roth  

and W h ite, 1958) ««as added and each  egg  was in o c u la te d  w ith  0 .1  ml o f  

FPV/BEL v i r u s  su sp en sion  c o n ta in in g  a p p ro x im a te ly  104 p . f . u .  The 

open end o f  th e  egg was s e a le d  w ith  aluminium f o i l  and wax. Eggs 

were la b e l le d  o v e r n ig h t by in c u b a tio n  w ith  0 .5  mCi o f  32P a t  3 7 ° .

Medium from  th e  eg gs was c l a r i f i e d  b y  c e n t r i fu g a t io n  a t  1500 g  f o r  

10 min a t  4 ° and v ir u s  was p r e c ip i t a t e d  b y  s t i r r i n g  a t  4° fo r  30 min in  

60* s a tu r a te d  (NH^)2S04 in  phosphate b u ffe r e d  E a r le 's  s a l in e .  A f t e r  

c e n t r i fu g a t io n  a t  20,000 g f o r  15 m in, th e  v ir u s  p e l le t  was resusp ended  

in  4 ml o f  ph osphate b u ffe r e d  s a l in e  c o n ta in in g  0 .5  mM MgCl^ and
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0 .5  mM CaClg (PBS/Ca/Mg). The su sp en sion  was loaded  ontoiw* 60 ml 

15-40% l in e a r  su cro se  g r a d ie n ts  c o n ta in in g  0.1% BSA and c e n tr ifu g e d  

a t  90,000 g fo r  l*j h a t  2 0 °. The g r a d ie n t  was fr a c t io n a t e d  in to  2 ml 

a liq u o ts  and assayed  fo r  HA and t o t a l  r a d i o a c t i v i t y .  Where th e se  

a c t i v i t i e s  formed a c o - in c id e n t  p e ak , th e  f r a c t io n s  were p o o le d .

A t y p ic a l  g r a d ie n t i s  shown in  F ig .  1 .  The v ir u s  was p r e c ip it a t e d  

w ith  (NH^)2S04 and d ia ly s e d  o v e r n ig h t a t  4 °  a g a in s t  PBS/Ca/Mg. T a b le  

1  shows th e  p u r i f ic a t io n  and r e c o v e r y  from  a  t y p i c a l  p r e p a r a tio n .

The v ir u s  RNA had a s p e c i f i c  a c t i v i t y ,  on a v e ra g e  o f  abou t 5 .0  x l o 5 

d.p.m .^ug.

32Growth and purification of P-labelled Semliki Forest virus (SFV)
32SFV was grown in  a su sp en sion  o f  CEF c e l l s ,  la b e l le d  w ith  P 

(20ykCi/ml) in  p h o sp h a te -fre e  E a r le 's  s a l i n e ,  b u ffe r e d  w ith  HEPES, 

and p u r i f ie d  on su cro se g r a d ie n t s  c o n ta in in g  0.1% c a l f  serum a s

d escrib ed  by Kennedy (19 7 4 ).

32Growth and purification of P labelled Sendai virus
0 -1  ml o f  a 10 "3 d i lu t io n  o f  in f e c t io u s  a l la n t o i c  f l u i d  in  PBS/Ca/Mg

(Uv«A
«ms in je c te d  in to  each o f  24 \d a y  embryonated e g g s . A f t e r  24 h 

in cu b atio n  a t  3 7 °, each egg was in je c t e d  w ith  0 .3  mCi 33p o rth o 

phosphate and incubated f o r  a fu r th e r  24 h .  The a l la n t o i c  f l u i d  was 

h a rv e ste d , c l a r i f i e d  by c e n t r i fu g a t io n  a t  1500 g  f o r  10 min a t  4 ° and 

th e  v ir u s  p e l le te d  by c e n t r i fu g a t io n  a t  75,000 g  fo r  45 min a t  4 ° .

The p e lle te d ' v ir u s  was p u r i f ie d  a s  fo llo w s  a f t e r  th e  method o f  

Moore and Burke (1974). The p e l l e t  «ms resusp ended  by v ig o ro u s  

shaking and s o n ic a tio n  in  3 ml o f  PBS/Ca/Mg and loaded  on to  a  l in e a r  

g r a d ie n t prepared a s  fo l lo w s . Equal volum es o f  60% su c ro se  Cw/v) in  

0 .1  M t r i s  (pH 7 .3 ) ,  45% (w/w) sodium, p o ta ssiu m  t a r t r a t e  in  0 ,1  M t r i s  

(pH 7 .3 ) and g ly c e r o l ,  were m ixed to  form th e  heavy component.

1  in  2 d i lu t io n  o f  th e  heavy component in  0 .1  M t r i s  (pH 7 .3 )  

formed th e  l i g h t  component. A l in e a r  g r a d ie n t  «ms formed from th e se



L P u r i f ic a t io n  o f  FPV/BEL v ir u s  b y  c e n t r i fu g a t io n  a t  90,000 g 

f o r  l*i h a t  20° on a 15-4 0 * su c ro se  g r a d ie n t  c o n ta in in g  0 .1 *  BSA. The 

g r a d ie n t  was then  f r a c t io n a t e d  in t o  2 ml a l iq u o t s .  S ed im en tation  i s  

from r i g h t  to  l e f t  and th e  shaded a re a  shows th e  f r a c t io n s  p o o led . 

0 - 0  H.A.U,. p e r  f r a c t i o n ,  •  -  •  r a d i o a c t i v i t y  p e r  10 ^*1 sample from

each f r a c t i o n .





two s o lu t io n s  and th e  v i r u s  loaded o n to  th e  g r a d ie n t .  The g r a d ie n t  

was c e n tr ifu g e d  a t  90,000 g  fo r  12 h a t  4 ° . The band was h a rv e ste d  

and d ia ly s e d  a g a in s t  PBS/Ca/Mg. The v i r u s  su sp en sion  was p e l le t e d  

a s  b e fo r e  and resuspended in  5 ail o f  PBS/Ca/Mg.

H aem agglutinln a ssa y

H aem agglutinin (HA) was t i t r a t e d  in  0 .2 5  ail a l iq u o t s  b y  d o u b lin g  

d i lu t io n s  in  PBS/Ca/Mg. The end p o in t was determ in ed  b y e s t la ia t in g  

th e  in t e r p o la t io n  betw een f u l l  a g g lu t in a t io n  and no a g g lu t in a t io n  o f  

a 0.5% susp en sion  o f  c h ic k e n  e r y th r o c y te s .

V iru s  i n f e c t l v i t y  a s s a y s

I n f  a c t i v i t y  was a ssa y e d  b y p la t in g  0 .1  ml a l iq u o t s  o f  a  s e r i a l  

d i lu t io n  o f  v ir u s  su sp en sio n  on CEF m on olayers on 5 cm p l a s t i c  p e t r i  

d is h e s . The aionolayers (9 x  106 c e l l s )  were o v e r la y e d  w ith  199 

medium c o n ta in in g  a g a r  and in cub ated  a t  37° f o r  2-3 d a y s . P la q u es 

were counted a f t e r  s t a in in g  th e  m onolayers f o r  1  h  a t  3 7 ° w ith  n e u tr a l  

r e d .

neuram inidase a ssa y

0 .1  ml o f  s u i t a b ly  d i lu t e d  v ir u s  in  PBS/Ca/Mg a t  4° was added t o  

0 .1  ml o f  c a l f  f e t u in  in  0 .2  M phosphate b u f f e r ,  pH 5 .9 .  The r e a c t io n  

was s ta r te d  by in c u b a tin g  th e  m ixture a t  3 5 ° . A f t e r  30 min th e  

r e a c t io n  was stopped by p la c in g  th e  m ix tu re  in  an ic e d  w ater b a th .

0 .1  ml o f  p e r io d a te  r e a g e n t  (4.3% sodium p e r io d a t e ,  62% o rth o p h o sp h o ric  

a c id )  was added, mixed w e l l ,  and l e f t  a t  room tem p eratu re f o r  20 min. 

A r s e n ite  rea g e n t (10% sodium a r s e n it e ,  7.1%  anhydrous sodium s u lp h a te , 

0.28% con e, su lp h u ric  a c id )  (1 ml) was added, m ixed w e ll  and th e n  2 .5  

ml o f  t h io b a r b itu r ic  a c id  re a g e n t (0.6% sodium t h io b a r b i t u r a t e , 7% 

anhydrous sodium su lp h a te ) was added. The m ix tu re  was b o ile d  f o r  

15 min and co o led  r a p id ly  t o  room te m p eratu re . The pin k  c o lo u r  

which developed was e x tr a c te d  in  4 ml o f  5% (v/v) BC1 in  n -b u ta n o l and 

th e  ph ases c l a r i f i e d  b y  c e n t r i fu g a t io n  a t  1,0 0 0  g  f o r  lO min. The 0 .0 .

0 3 0
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o f  th e  o r g a n ic  ph ase was rea d  a t  459 ran Im m ediately.

P re p a ra tio n  o f  a n t is e r a

New Z ealan d  w h ite  r a b b it s  were b le d  from  th e  e a r  v e in  t o  produce

pre-im nune serum and then  Im m ediately in o c u la te d  in tra v e n o u s ly  w ith  
4

5 x  10 HAU o f  A/FPV/Ro8tock/34 in  PBS/Ca/Mg. Twenty one d ays l a t e r  

th e  anim al was in o c u la te d  a g a in  and b le d  d a i l y ,  commencing 5 days 

a f t e r  th e  second in o c u la t io n . The HAS o f  th e  R ostock and Dutch 

s t r a in s  o f  FPV a re  id e n t ic a l  (H oyle, 19 6 8 d ), so t h i s  antiserum  was 

used e x p e r im e n ta lly  t o  n e u t r a l iz e  th e  FPV/BEL recom bin an t.

S ta in in g  o f  s u b c e l lu la r  f r a c t io n s

C e l ls 'w e r e  s ta in e d  w ith  co rio p h o sp h in e  a s  fo l lo w s .  C e l l s  o r  su b - 

c e l l u l a r  f r a c t io n s  were suspended in  PBS, smeared on to  a  c o v e r s l ip  

and a llo w e d  t o  d r y . Then th e y  were f ix e d  f o r  10 min in  C a rn o y 's  

f l u i d  (60% a b s o lu te  e th a n o l, 30% c h lo ro fo rm , 10% a c e t ic  a c i d ) , 

r in s e d  in  0.2% (v/v) ph enol in  PBS and s ta in e d  f o r  5 min in  0.05% 

co rio p h o sp h in e  in  PBS/phenol. P re p a ra tio n s  were r in s e d  th o ro u g h ly  

in  PBS/phenol and mounted in  th e  same s o lu t io n .  When examined by 

U .V . i l lu m in a t io n , DNA and d ou b le stran d ed  RNA flu o r e s c e d  green  

and s in g le  stran d ed  RNA, b r ic k - r e d .

For a z u re  c s t a in in g ,  sam ples were p rep ared  a s  b e fo r e ,  f ix e d  fo r  

3 min in  50% a c e t ic  a c id ,  r in s e d  fo r  3 min in  a b s o lu te  e th a n o l, th en  

3 tim es f o r  3 min in  3 :1  e th a n o l/ a c e t ic  a c id  and s ta in e d  f o r  1 min in  

a s o lu t io n  c o n ta in in g  7 p a r t s  sodium c i t r a t e  (10%) and 3 p a r ts  0.1% 

a zu re  C in  0 .2 5  H su c ro s e . Samples were washed in  sodium c i t r a t e  (10%) 

and mounted. N u c le o li  p r e f e r e n t i a l ly  ta k e  up th e  s ta in ?  a lth ou gh  

nucleoplasm  may have some c o lo u r ,  cytop lasm  i s  u n sta in e d .

N uclear f r a c t io n a t io n

For f r a c t io n a t io n  in to  c y to p la sm ic  and n u c le a r  f r a c t i o n s ,  c e l l  

m onolayers were washed once w ith  c o ld  PBS/Ca/Hg and scraped  in to  th e
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■ ane s o lu t io n , then h a rv e ste d  by c e n tr ifu g a t io n  a t  1 ,0 0 0  g f o r  5

m in. The c e l l  p e l l e t  was resuspended in  fr a c t io n a t io n  b u ffe r  (1 ml 

8
p e r  10 c e l l s )  and d is ru p te d  by 5 s tr o k e s  o f  a s t a i n l e s s  s t e e l  Dounce 

hom ogenizer havin g a c le a r a n c e  o f  0.002 in s  fo r  4 in s  o f  th e  b a r r e l  

le n g th . The susp en sion  was p e l le t e d  by c e n tr i fu g a t io n  a t  1,000 g 

f o r  5 min. The p e l l e t  was resuspended in  fr a c t io n a t io n  b u ffe r  

c o n ta in in g  0 .2 5  M s u c ro s e , rehom ogenized by 5 s tr o k e s  o f  th e  Dounce 

hom ogenizer and p e l le t e d  a t  1,0 0 0  g  fo r  5 m in. T h is  p e l l e t  was 

resuspended in  f r a c t io n a t io n  b u ffe r  c o n ta in in g  0 .2 5  M s u c ro s e  and 0.1% 

(v/v) N onidet P40 (B .D .H ., P o o le , D o r s e t) ,  g iv e n  3 s t r o k e s  w ith  th e 

hcm ogenizer and p e l le t e d  a t  1,0 0 0  g  fo r  5 min. T h is  l a s t  s te p  was 

r e p e a te d  and th e  f i n a l  p e l l e t  was d e s ig n a te d  th e n u c le a r  f r a c t io n .  

N u c le i  h a rv este d  from c e l l s  6 h or more a f t e r  in f e c t io n  tended to  

b e  f r a g i l e ,  so o n ly  3 s tr o k e s  o f  th e  homogenizer were u se d  in  th e  

f i r s t  2 resu sp en sio n s and d u rin g  th e  d e te rg e n t washes t h e  n u cle a r  

p e l l e t  was resuspended w ith  a  m echanical m ixer f o r  30 s .

For th e  c y to p la sm ic  f r a c t i o n ,  o n ly  th e  super n a te s  from  th e  f i r s t  

2 s ta g e s  were used a s  d e te r g e n t  treatm en t b reaks lyso so m es and r e le a s e s  

n u c le a s e s  and p r o te a s e s . T h ese su p em a tes  were p o o le d , c e n tr ifu g e d  

a t  1,000 g  fo r  5 min and th e  p e l l e t  d isc a r d e d .

A l l  p roced u res in  t h i s  f r a c t io n a t io n  scheme were c a r r ie d  o u t a t  

4 ° o r  in  an i c e  b a th .

C r i t e r i a  fo r  p u r ity  o f  th e  n u c le a r  f r a c t io n

When assayed  by phase c o n t r a s t  m icro sco p y, th e  p r o p o rtio n  o f  un

broken c e l l s  o r  n u c le i  w ith  v i s i b l e  cyto p la sm ic  ta g s  o r  o th e r  non

n u c le a r  p a r t i c l e s ,  to  v i s i b l e ,  c le a n , d is c r e t e  n u c le i  w as le s s  than 

1«.

In fe c te d  n u c le i  were c o n v e n ie n tly  assayed  fo r  c y to p la s m ic  contam ina

t io n  by measuring.HA in  a s o n ic a l ly  d isru p te d  sam ple. T h is  provided  a
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s tr in g e n t  t e s t  s in c e  th e  HA a n tig e n  i s  c o n c e n tra te d  in  th e  p e r i 

n u cle a r  c y to p la sm  (B r e ite n fe ld  and S ch af e r ,  1 9 5 7 ) . T a b le  2 shows 

a  t y p i c a l  r e s u l t ,  a lth o u g h  l e v e l s  o f  up to  1*  HA in  th e  n u cle a r  

f r a c t io n  w ere t o le r a t e d .

The p u r i t y  o f  th e  n u c le a r  f r a c t io n  was fu r th e r  checked  by sedim enta-

8t io n  th ro u g h  a su cro se  c u sh io n , a s  fo l lo w s .  N u cle i from 7 .5  x  lO  CEF 

c e l l s  w ere resuspended in  0 .9  ml o f  f r a c t io n a t io n  b u f fe r  c o n ta in in g  

su cro se  and d e te rg e n t and m ixed w ith  1 .7  ml o f  b u f fe r  c o n ta in in g  > 

s u c ro s e . T h is  was loaded  o n to  a cu sh io n  o f  2 .3  M su c ro se  in  f r a c t io n a 

t io n  b u f f e r  and c e n tr ifu g e d  a t  125,000 g  f o r  30 min a t  4 ° .  The 

n u c le i  form ed-a p e l l e t  and no m a te r ia l was l e f t  a t  th e  in t e r f a c e .  

However, a  v e r y  f a i n t  band c o u ld  be seen about 1/4  o f  th e  way in to  

th e  s u c r o s e  cu sh ion  and t h i s  was removed and d ia ly s e d  a g a in s t  PBS a t  

4 ° .  The d i a l y s a t e  was e x tr a c te d  f o r  n u c le ic  a c id s  a s  d e s c r ib e d  below 

and run f o r  4 h on 2.4% P .A .G .E . A sm a ll peak o f  o p t i c a l  d e n s ity  

a t  260 nm was ob served  in  th e  re g io n  where f r e e  degraded DNA n orm ally  

m ig ra te s ; no rRNA co u ld  be seen a t  a l l .  The band in  th e  su cro se  

cu sh ion  w as judged to  be from  fr e e  DNA o r  chrom atin  r e le a s e d  when 

seme n u c le i  were broken d u rin g  th e  f r a c t io n a t io n  p ro ced u re .

E x tr a c t io n  o f  n u c le ic  a c id s

N u cle i w ere suspended in  lOO volum es o f  L b u f f e r ;  c y to p la sm ic  

f r a c t io n s  w ere a d ju ste d  to. th e  same m o la r ity  o f  L b u f f e r  b y  th e 

a d d itio n  o f  c o n cen tra ted  b u f f e r ;  and v i r u s  su sp en sio n s w ere mixed 

w ith  a p p ro x im a te ly  200ft. g o f  t o t a l  CEF n u c le ic  a c id  a f t e r  d i a l y s i s  

a g a in s t  L b u f f e r  a t  4 ° . The s o lu t io n  was made 2% w ith  r e s p e c t  to  

8DS ( S p e c ia l ly  Pure Grade -  B .D .H ., P o o le , D orset) and added to  an 

eq u al volum e o f  w a te r -s a tu ra te d  r e d i s t i l l e d  p h en o l. The phenol 

co n tain ed  0 .1%  (w/v) 8 -h y d ro x y -q u in o lin e  t o  a c t  a s  an a n t i- o x id e n t .

The m ix tu re  was then  shaken a t  rocm tem peratu re f o r  5 min and th e  

aqueous p h a se  sep a ra ted  by c e n t r i fu g a t io n  a t  3,400 g  a t  4 ° fo r 'I O  min.
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The aqueous phase was removed and k e p t  on i c e .  The p h e n o lic  la y e r  and 

in t e r f a c e  w ere e x tr a c te d  w ith  20% o f  th e  o r ig in a l  volume o f  L b u f f e r ,  

shaken and c e n tr ifu g e d  a s  b e fo r e . The aqueous la y e r s  were p o o le d , 

shaken w ith  an eq u a l volume o f  u n sa tu ra te d  phenol and 8 -h yd ro x y- 

q u in o lin e  a t  room tem perature f o r  5 m in and c e n tr ifu g e d  a t  3,400 g fo r  

5 min a t  4 ° .

Sodium p e r c h lo r a t e  was added t o  t h e  aqueous phase to  a  f i n a l  

c o n c e n tr a t io n  o f  1  M and th e  m ixtu re shaken b r i e f l y  w ith  an eq u al 

volume o f  4% (v/v) n -o cto n a l in  ch lo ro fo rm  a t  room te m p era tu re .

The m ixtu re  was c e n tr ifu g e d  a t  3,400 g  f o r  2*j min a t  4 ° . The aqueous 

la y e r  was rem oved, e x tr a c te d  tw ic e  w ith  a  eq u a l volume o f  c o ld  

'A n a la r ' d ie t h y l  e th e r  and p r e c ip i t a t e d  o v e r n ig h t a t  -20 ° by th e  

a d d it io n  o f  two volum es o f  r e d i s t i l l e d  e th a n o l. The n u c le ic  a c id  

was c o l le c t e d  by c e n tr ifu g a t io n  a t  20,000 g  f o r  1  h a t  4 ° and 

d is s o lv e d  in  th e  r e q u ire d  b u ffe r .

A l l  r e a g e n ts  e x c e p t th e  phenol w ere p reco o le d  and a l l  m a n ip u la tio n s , 

e x c e p t where in d ic a te d  were c a r r ie d  o u t  a t  4 ° .  T h is  p roced u re 

r e s u lt e d  in  th e  r e c o v e ry  o f  75-80% o f  th e  TCA p r e c ip i t a b le  RNA 

from c e l l s  and 90-95% o f  th e  RNA from  p u r i f ie d  v i r i o n s .  The p u r ity  

o f  th e  n u c le ic  a c id  p re p a ra tio n s  were estim a te d  by th e  r a t i o  o f  a b so rb - 

t io n  a t  260 nm: 280 nm and a t  260 nm:230 nm b e in g  2 .0  and 2 .3  

r e s p e c t iv e ly .

Preparation of [ ̂ c} -labelled RNA from poliovirus-infected HeLa cells
7

A m onolayer o f  5 x  10 HeLa c e l l s  was la b e l le d  b y  th e  a d d it io n  o f  

25̂ 1. C i  o f  [ 14C) - u r id in e  in  10 ml o f  E a g le s  BHK medium w ith  10% 

d ia ly s e d  c a l f  serum. A f t e r  2 h in c u b a tio n  a t  3 7 ° , th e  medium was 

rem oved, th e  c e l l s  washed once w ith  PBS and then  in fe c t e d  w ith  101Q 

p . f . u .  p o lio v ir u s  ty p e  1 (prepared a s  d e s c r ib e d  b y  K o l ia is  and Dimmock,



r i g .  2a . E le c tro p h o r e s is  o f  RNA o f  14C u r id in e  la b e l le d  HeLa c e l l s  In fe c te d  

w ith  p o lio v ir u s  on 2 .4 *  PAGE fo r  4 h . The numbered arrow s I n d ic a te  th e  p o s it io n s  

o f  th e 4 5 s, 3 2 s, 28S and 18 S  c e l l u la r  RNA s p e c ie s ,  co rresp o n d in g  t o  m o lecu lar  

w eig h ts  o f  4 .1  x  106 , 2 .1  x  106 , 1 .6 5  x 106 and 0 .6 5  x  lO6 

r e s p e c t iv e ly ,  'd s '  in d ic a t e s  th e p o s it io n  o f  a d o u b le-stra n d ed  v i r a l  RNA 

s p e c ie s  o f  unknown m o le c u la r  w eigh t and 'a s '  in d ic a t e s  th e  p o s i t io n  o f  th e  

s in g le  stranded v i r a l  RNA (m olecu lar w eigh t 2 .6  x  10®) (Weinberg and Penman,

19 7 0 ).

F ig .  2b. E le c tro p h o re s is  o f  RNA o f  14C u r id in e  la b e l le d  HeLa c e l l s  t r e a t e d  

f o r  1 h a t  37 w ith  2^ig/ml AMD b e fo r e  in fe c t io n  w ith  p o l io v i r u s .  E le c t r o 

p h o re s is  and c a p tio n s  as f o r  F ig . 2a.



1-5 037

20 40o
i A ....
60 80 100



0 3 8

1973) f o r  1  h a t  room tem perature. Unadsorbed v i r u s  was removed, 

th e  m onolayer washed once in  PBS and th e  o r ig in a l  la b e l le d  medium 

r e tu rn e d . C e l ls  were incubated a t  3 7 °  u n t i l  c y to p a th ic  e f f e c t s  were 

ob served  a t  about 10 h p o s t - in f e c t io n .  RNA was e x tr a c te d  a s  d e sc r ib e d  

above and shown by e le c tr o p h o r e s is  t o  co n ta in  v i r a l  r e p l i c a t i v e  form 

and s in g le -s tr a n d e d  36S RNA, to g e th e r  w ith  c e l l u la r  rRNAs and t h e i r  

p r e c u r s o rs  (F ig . 2 a ) . The v ir u s  s p e c i f i c  s p e c ie s  w ere id e n t i f ie d  

by p r e t r e a t in g  an id e i^ c a l  monolayer o f  c e l l s  w ith  AMD (F ig . 2b) 

to  c u t  down h o st c e l l  RNA s y n th e s is . I t  i s  noted t h a t  th e re  a r e  two 

s p e c ie s  o f  d ou b le-stran d ed  v i r a l  s p e c i f i c  RNA i . e .  r e p l i c a t i v e  form : 

th e  rea so n  fo r  t h i s  i s  unknown b u t h a s  been ob served  b e fo re  in  t h i s  

system  ( S . I .  K o lia is  -  p erso n al com m unication).

Polyacrylamide gel electrophoresis (P.A.G.E) of RNA
A crylam ide and b isacry la m id e  monomers were r e c r y s t a l l i z e d  

by th e  method o f  Loaning (19 6 7). G el s o lu tio n s  were degassed and 

p o lym erized  in  persp ex tu b es by th e  a d d it io n  of- 0.075% (v/v) TEMED 
and 0.075% (w/v) ammonium p e rsu lp h a te  in  th e  p rese n ce  o f  e le c t r o 

p h o re s is  b u f fe r  (T r is  40 mM, Na PO^ 2 ^ 0  30 mM, EDTA 1 mM, pH 

7 .8 ,  b u f fe r  was s t e r i l i z e d  by a u to c la v in g  a s  d e sc r ib e d  a b o v e).

P erspex tu b e s  were sto re d  in  0.2% SDS in  s t e r i l e  d i s t i l l e d  w ater and 

washed w e l l  w ith  s t e r i l e  d i s t i l l e d  w a te r  in  ord er t o  m inim ize RN 'ase 

con tam in atio n . The e le c tr o p h o re s is  b u f f e r  in  th e  b u f fe r  r e s e r v o ir s  

co n ta in ed  0.2% (w/v) SDS.

G e ls  were e lectro p h o re sed  fo r  a t  l e a s t  30 min a t  room tem perature 

b e fo re  th e  sample was loaded; and p rev en ted  from o v e r -h e a tin g  a t  a l l  

tim es by p a ss in g  a c u rr e n t o f  a i r  a c r o s s  th e  s e c t io n  o f  th e  g e l  n ot 

immersed in  b u f fe r .  When th e  e le c tr o p h o r e s is  exceeded 5 h in  d u ra 

t io n ,  th e  e le c tr o p h o r e s is  b u ffe r  was r e c y c le d  from th e  anode t o  th e  

cathode through a c o o lin g  c o i l  immersed in  m eltin g  i c e .  C are was



taken a t  a l l  tim es to  en sure freedom from  RN 'ase con tam in atio n  by 

w earing g lo v e s  and e i t h e r  s t e r i l i s i n g  a l l  equipment and b u ffe r s  o r 

t r e a t in g  w ith  SDS.

FNA sam ples were prep ared  a s  f o l lo w s ,  50yu_l sam ples, c o n ta in in g  

10-SOyn.g RNA d is s o lv e d  in  A b u f fe r ,  were mixed w ith  su cro se  to  a f i n a l  

c o n c e n tra tio n  o f  5% and bromophenal b lu e  dye t o  a f i n a l  c o n c e n tra tio n  

o f  0.01% and loaded onto th e  to p  o f  th e  g e l  under th e  l e v e l  o f  e le c t r o 

p h o re s is  b u f fe r .

A f t e r  e le c t r o p h o r e s is ,  g e ls  were extru d ed  and scanned a t  260 nm

in  a G il fo r d  sp ectrophotom eter f i t t e d  w ith  a l in e a r  tr a n s p o r t  mechanism.

Subsequen tly  th e g e ls  were fr o z e n , c u t  in to  1  mm s l i c e s  and d is s o lv e d  in

0 .2  ml o f  lo o  volume HjO  ̂ by h e a tin g  t o  90° f o r  2-4 h . Upon c o o lin g

th e  sam ples were mixed w ith  a to lu e n e  based s c i n t i l l a n t  (PPO 0.6%

(w/v),POPOP 0.073%(w /v), t r i t o n  X-100 33.3% (v/v))an d  r a d io a c t iv i t y

estim ated  w ith  a Packard 'T r ic a r b ' l iq u id  s c i n t i l l a t i o n  sp ectro m eter.

3 14When sam ples co n tain ed  b o th  B and C , r a d i o a c t i v i t y  was determ ined 

by th e  c h a n n e l-r a t io  method o f  Hendler (19 6 4 ), u s in g  a computer pro

gramme fo r  th e  c a lc u la t io n s .

PAGE o f  p r o te in s

The method employed was th a t  o f  O rn ste in  (19 6 4 ), and D av is  (1964).

Samples fo r  e le c tr o p h o r e s is  were prep ared  a s  fo l lo w s .  V iru s  o r sub-

c e l l u la r  f r a c t io n s  were suspended in  PBS and made 5% w ith  r e s p e c t  to

SDS, 5% w ith  r e s p e c t  to f t  -m ercaptoeth an ol and 5 M w ith  r e s p e c t  to  u re a .

N uclear sam ples co n ta in ed  250 1̂. g  p r o te in  (estim ated  by th e  method o f
lam ^ cj

Lowry e t  a l . , 1951) in  140 /»I and virusV  co n ta in ed  10 /t q p r o te in  in  10/uJ.. 

The samples were b o ile d  f o r  5 m in, made 5% w ith  r e s p e c t  to  su cro se  and 

0.01% w ith  r e s p e c t  to  bromophenol b lu e  and th en  loaded  on to p  o f  th e  

g e l ,  under th e  l e v e l  o f  e le c tr o p h o r e s is  b u f fe r .
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(¡•Is  c o n ta in in g  10% acry la m id e and 0.275% b isa cry la m id e  were p o ly 

mer iz e d  in  p ersp ex  tu b es by th e  a d d it io n  o f  0.075% ammonium p e rs u lp h a te  

in  th e  p resen ce  o f  3 .3  M u r e a , 0.15% (w/v) SDS, 0.075% TEMED and 36.3% 

(w/v) t r i s  b u ffe r e d  to  pH 8 .4  w ith  HC1. G els  were prerun a t  1  m a/gel 

o v e rn ig h t w ith  a  b u ffe r  c o n ta in in g  0.3% (w/v) t r i s ,  1.45% (w/v) g ly c in e ,  

0.1% (w/v) SDS, 20% (w/v) u rea  and 0.1% (v/v) Na m ercap toacetate  in  

th e  b u ffe r  r e s e r v o ir s .  The sample was then  boaded and run in  th e  same 

b u ffe r  a t  10 m a/gel fo r  th e  re q u ire d  tim e . A ft e r  e le c tr o p h o r e s is  th e  

g e ls  were s l i c e d  and assayed  fo r  r a d i o a c t i v i t y  a s  d escrib ed  above f o r  

RNA.

P re p a ra tio n  o f  plasma membranes from CEF c e l l s

The method employed was based on t h a t  d e sc r ib e d  by Bingham and

Burke (19 7 2 ). A l l  o p e ra tio n s  were perform ed a t  4 ° . C e l ls  were washed

once in  PBS/Ca/Mg and scraped in t o  25 ml a liq u o t s  o f  membrane ly s in g
0

b u f f e r ,  each c o n ta in in g  6 x lO  c e l l s .  The c e l l  suspension was p e l le t e d  

by c e n t r i fu g a t io n  a t  1500 g fo r  5 m in, resuspended in  5 ml o f  fr e s h  

b u ffe r  and homogenized w ith  a s t a in le s s  s t e e l  dounceV ( id e n t ic a l  t o  t h a t  

used in  th e  n u cle a r  p re p a ra tio n s)  te n  t im e s . Under th e se  c o n d it io n s  99% 

o f  th e  c e l l s  appeared d is r u p te d , w ith o u t v i s i b l e  deunage to  th e  n u c le i  

when examined b y phase m icroscop y. The homogenate was c e n tr ifu g e d  a t  

4,000 g  fo r  10 min and rehom ogenized a s  b e fo r e  in  a fu r th e r  5 ml o f  

membrane ly s in g  b u ffe r  and sedim ented a s  ab ove. The su p ern atan t f r a c t io n s  

were pooled  a n d .r e c e n tr ifu g e d  a t  4,000 g  fo r  lO  m in. T h is p roced u re 

r e s u lte d  in  92% o f  th e  m itochon dria  b e in g  p e l le t e d  but o n ly  29% o f  th e  

endoplasm ic re tic u lu m  (ER) sedim ent act (Bingham and Burke, 19 7 2 ).

The pooled  su p ern atan t f r a c t io n s  were p e l le t e d  by c e n tr i fu g a t io n  

a t  104,000 g and 4° fo r  2 h and g e n t ly  resuspended in  4 ml o f  membrane 

g r a d ie n t  b u f f e r .  The susp en sion  was d ia ly s e d  fo r  2 h a g a in s t  two 1  l i t r e  

changes o f  membrane g ra d ie n t b u ffe r  a t  4 °  and loaded onto a l in e a r  15  ml

I I



5-25% (w/v) d extran  T40 g r a d ie n t  in  membrane g r a d ie n t b u ffe r  w ith  a 3 ml 

cush ion  o f  40% d e x tra n  T40 a t  th e  bottom . The g r a d ie n ts  were c e n tr ifu g e d  

a t  82,000 g fo r  12 h .

The ER formed a sharp band between th e  25% and 40% d e x tra n  and th e  

plasm a membrane formed a sh arp  band between th e  sample la y e r  and th e  5% 

d e x tra n . By phase c o n t r a s t  m icro sco p y, th e s e  bands were seen  to  con

s i s t  o f  s m a ll, h ig h ly  r e f r a c t i l e  v e s i c l e s  ab ou t 1.5yum in  d ia m e ter . 

U n fo rtu n a te ly  when th e s e  exp erim ents were perform ed, no e le c tr o n  m icroscop y 

f a c i l i t i e s  were a v a i la b le  t o  s tu d y  th e  f r a c t io n s  fu r th e r .

TCA p r e c ip it a t io n

A ft e r  th e  f i n a l  e th a n o l p r e c ip i t a t io n  o f  th e  RNA e x tr a c t io n  p ro 

c e d u re , th e  samples were d r ie d ,  d is s o lv e d  in  0.02 x SSC and mixed w ith  

an equal volume o f  10% (w/v) TCA in  s t e r i l e  d i s t i l l e d  w a te r . The 

sam ples were a llow ed  to  stan d f o r  30 min on i c e  b e fo r e  b e in g  p r e c ip it a t e d  

onto 25 mm ( 0 . 4 5 por e  s iz e )  p la in  w h ite  c e l lu lo s e  a c e ta t e  f i l t e r s  by 

s u c tio n . The f i l t e r s  were washed by s u c tio n  3 tim es w ith  1  ml volumes o f  

c o ld  5%' (w/v) TCA and tw ic e  w ith  1 ml volum es o f  c o ld  e th e r  and f i n a l l y  

d r ie d . R a d io a c t iv ity  was estim a te d  by th e  a d d itio n  o f  5 ml o f  a to lu e n e  

based s c i n t i l l a n t  (0.6% (w/v) PPO, 0.073% (w/v) POPOP).

R ib on u cléase d ig e s t io n

Samples were p rep ared  in  2 x  SSC and in cu b ated  fo r  20 min a t  37°

w ith  170 un its/m l T , RN 'ase and 50^ig/ml p a n c r e a tic  R N 'ase. The r e a c t io n
. (

was stopped by th e a d d it io n  o f  an equal volume o f  ic e - c o ld  10% TCA. TCA 

p r é c ip it a b le  s p e c ie s  were a ssa ye d  as d e s c r ib e d  ab ove. The procedure 

d ig e s te d  a t  l e a s t  99% o f  v i r io n  RNA b u t caused  o n ly  2% d e g ra d a tio n  o f  

d ou b le stranded RNA (A very, 1 9 7 4 ).

DN'ase d ig e s t io n

Samples were shaken fo r  1  h a t  room tem peratu re K ith  lO^ig/m l 

o f  DN'ase in  DN'ase b u f fe r  and im m ediately loaded  on to  g e ls .
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RNA-RNA annealing

S an d ies were prep ared  in  0 .0 2 x SSC, b o ile d  in  se a le d  c o n ta in e r s  

fo r  5 min and in cu b ated  a t  65° f o r  2 h in  6 x  SSC. T h is trea tm en t 

caused maximum r e a s s o c ia t io n  betw een v ir io n  RNA and RNA complementary 

to  v ir io n  RNA from in fe c te d  c e l l s  (A very, 19 7 4 ).

DNA-RNA an n ea lin g
q

DNA from CEF c e l l s  was prep ared  a s  fo l lo w s .  5 x 10 c e l l s  were

p e l le t e d  by c e n tr ifu g a t io n  a t  1500 g and resuspended in  20 ml o f

e x tr a c t io n  b u ffe r  (NaCl 0 .4  M, NaEDTA o . l  M, pH 8.0) c o n ta in in g  4%

(w/v) Na 4 -a m in o s a ly c ila te  and 2% (w/v) SDS. An eq ual volume o f  w a ter-

s a tu r a te d  r e d i s t i l l e d  phenol c o n ta in in g  0.1% (w/v) 8-OH q u in o lin e

was added and shaken a t  room tem peratu re fo r  5 min. The m ixtu re was

o
c e n tr ifu g e d  a t  3,400 g and 4 f o r  10 min. The p h e n o lic  la y e r  was r e 

e x tr a c te d  w ith  4 ml o f  e x tr a c t io n  b u f f e r ,  c e n tr ifu g e d  as b e fo r e  and th e 

su p ern atan t f r a c t io n s  p o o led . The pooled  su p ern a tes were r e - e x tr a c te d  

once more w ith  an eq u al volume o f  phenol/8-0H q u in o lin e . An equal 

volume o f  r e d i s t i l l e d  eth an ol a t  -20 ° was added s lo w ly  to  form an upper 

p h ase . The DNA p r e c ip ita te d  a t  th e  in t e r fa c e  and was spooled  o u t on 

a  g la s s  ro d . The DNA was r e d is s o lv e d  b y s t i r r i n g  g e n t ly  o v e rn ig h t a t  

room tem perature in  10 ml o f  s t e r i l e  d i s t i l l e d  w a te r . The s o lu t io n  was 

made up to  0 .1  x SSC and in cu b ated  fo r  1 h a t  37° w ith  50^Lg/ml o f  

p a n c r e a tic  RN 'ase (th e  RN'ase was p reh eated  f o r  i  h a t  90° in  0 .2  M NaCl 

t o  remove any con tam in atin g D N 'a se ). The s o lu t io n  was made 0 .4  M w ith  

r e s p e c t  to  NaCl and 4% w ith  r e s p e c t  to  sodium 4-am inosalit^  l a t e  and 

e x tr a c te d  once w ith  phenol/8-OH q u in o lin e  a s  b e fo r e .  E thanol was 

added a s  b e fo r e  and th e  DNA sp ooled  out and d is s o lv e d  in  5 ml o f  s t e r i l e

distilled water as described above. The DNA solution was fractured by
4

p a ss in g  i t  through a  French p r e s s  tw ic e  a t  2 x  10 p . s . i .  T h is  procedure



g iv e s  p ie c e s  o f  DNA ap p roxim ately  500 n u c le o tid e s  lo n g  a t  a co n c e n tra 

t io n  o f  3 mg/ml which com plied w ith  th e c r i t e r i a  o f  p u r ity  s ta te d  fo r  

th e  e x tr a c t io n  o f  RNA.

KNA was prepared from p u r i f ie d  v ir io n s  a s  d e s c r ib e d  a b o v e , excep t 

t h a t  200ytlg o f  h ig h ly  polym erized  y e a s t  tRNA (from Sigma C hem ical C o .) 

was used a s  c a r r i e r .

1  ml o f  th e  DNA s o lu t io n  was added to  0 .1  ml o f  th e  v i r io n  RNA 

s o lu t io n  in  0.02 x  SSC and b o ile d  fo r  5 min. Then 1 . 1  ml o f  12 x SSC 

was added and th e m ixtu re in cub ated  a t  65° fo r  21 h . The TCA p r e -  

c i p i t a b l e  RNA was assayed  a s  p r e v io u s ly  d e sc r ib e d  b oth  b e fo r e  and 

a f t e r  RN 'ase d ig e s t io n .

These c o n d itio n s  were more than adequate to  g u aran tee  50% r e 

a n n e a lin g  o f  th e  h o st DNA, assum ing th a t  c h ic k  DNA has a k in e t ic  

c o m p le x ity 'n o  g r e a te r  than  th a t  o f  c a l f  thymus DNA (B r itte n  and Kohne,

19 6 6 ).
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SECTION I

EFFECTS OF INFLUENZA VIRUS INFECTION ON THE SYNTHESIS
OF HOST CELL rRNA



045
INTRODUCTION

In this section, current data on the synthesis of nuclear RNA 
in the eukaryotic cell will be reviewed, along with the effect of 
influenza virus infection on these processes. The rationale for 
undertaking the investigation described in this section will be 
explained, and after a description of the experimental results, the 
data will be discussed in the light of present knowledge. Finally 
further possible investigations will be described.
Synthesis of aRNA

The initial precursor of the mRNA species in the uninfected cell 
is thought to be a species of heterogeneous RNA molecules found in 
the non-nucleolar fraction of the nucleus, the nucleoplasm (Penman,
19 6 6 ). This heterogeneous nuclear RNA (hnRNA) has been studied for 
over a decade (Georgiev, 1964) and is characterized by its rapid 
synthesis and heterogeneity of size, having a distribution of mol. 
wt. from lO5 to 2 x 107 dal tons (Yoshikawa et al., 1964; Attardi 
et al., 1966; Scherrer et al., Warner et al.. 19 6 6 ). HnRNA is produced 
by transcription of the host DNA, by a DNA dependant RNA polymerase
w hich i s  s e n s i t iv e  t o  AMD (Goldberg and R a b in o w itr , 1962; H urw itz

\l ■
e t  a l . ,  1962) and « .-am an itin  (W einberg, 19 7 3 ). I t  h as few  m ethyl 

groups o r  r a r e  b ase s  and i s  v e ry  l a b i l e ,  w ith  a t  iu.^t l o t  o f  th e  

p o p u la tio n  d e st in e d  fo r  ex p o rt to  th e  cyto p la sm  (S o e iro  e t  a l . ,  1963; 

D a r n e ll,  19 6 8 ).

It has been difficult to conclusively prove the precursor product 
relationship between hnRNA and mRNA as pulse chase experiments are 
impossible in eukaryotic systems. Treating cells with an AMD "chase" 
after a pulse label has been tried, but AMD interferes with the process
ing and transport of RNA molecules as well as stopping transcription 
(Warner et al.., 19 6 6 ). However hnRNA is probably the precursor to
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mRNA since mRNA is synthesised in the nucleus, they are both hetero
geneous in size, have the same base composition, contain poly A 
sequences and recent work has shown that haemoglobin mRNA sequences 
are found in hnRNA from anaemic duck erythrocytes (Melli and Pemberton,
19 7 2 ).

The p r o c e ss in g  o f  hnRNA to  mRNA i s  a t  p r e s e n t i l l  u n d e rsto o d , but. 

c le a v a g e  appears to  occur a t  d ou b le-stran d ed  r e g io n s  (MacNaughton 

e t  a l . , 1974) and a d e n y lic  a c id  re s id u e s  a r e  added s e q u e n t ia lly  a t  th e  

3 ' end o f  th e  m olecu le  to  form a t a i l  o f  150-200 n u c le o tid e s  in  le n g th . 

A lthough most mRNA m olecu les have a p o ly  A t a i l  (Adesnik e t  a l . ,

1972) which is necessary for their efficient translation (Lee et al., 
19 7 1; Mendecki et al., 19 7 2 ), there are exceptions. Histone messenger, 
for example, is synthesised in the nucleus, but has no poly A and 
appears to be transported and translated normally (Adesnik and Darnell, 
19 7 2 ). At present, little is known about the transport of mRNA 
to the cytoplasm, or even if processing of hnRNA has been completed 
before it is transported to the cytoplasm.
Synthesis of rRNA

Like mRNA synthesis, the synthesis of rRNA in eukaryotic cells 
originates by the transcription of a large, precursor molecule from 
DNA. This DNA is located exclusively in the nucleolus (Brachet,
1942; Bogoroch and Siegel, 19 6 1; Perry et al., 1961) and its trans
cription is sensitive to AMD, although at a much lower concentration 
than that of hnRNA (Perry, 19 6 4 ). However, unlike hnRNA, this initial 
transcript is recognisable as a discrete species and is cleaved via 
discrete intermediates to the mature rRNA molecules. The initial 
transcript is a molecule of 45S, which is rapidly methylated (Perry, 
1962) and then cleaved to form a 41S molecule. Ibis is split to form a

_ T 1 . L £ \  ..
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32S and a  20S m o lecu le  which form th e  m ature 28S rRNA m o lecu le , a lo n g  w ith  a 

7S m o le c u le , and th e  m ature 18S rRNA m o lecu le  r e s p e c t iv e ly  (Weinberg 

and Penman, 19 7 0 ). The d isca rd ed  p o r t io n s  o f  th e  p re c u rso r  a re  

unm ethylated (Weinberg e t  a l . , 1967) and th e  m eth ylated  b ases a re  

con served  throughout th e  p ro c e ss in g  p ro ced u re  (Weinberg and Penman,

19 7 0 ). The enzymes r e s p o n s ib le  f o r  th e s e  c le a v a g e s  a re  unknown in  

e u k a ry o tic  c e l l s .  A lth ough  r e c e n t ly  i t  w a s shown th a t  p ro k a ry o tic  rRNA 

i s  sy n th e s is e d  from a s in g le  p re c u rso r  m o lecu le  which i s  c le a v e d  by 

RNase I I I  which i s  s p e c i f i c  fo r  d o u b le -stra n d e d  RNA (S ch le ss in g e r  e t  a l . ,

19 7 3 ).

The above scheme was determ ined from  in v e s t ig a t io n s  o f  HeLa c e l l s ,  

b u t s im ila r  schemes f o r  many p roto zoan  and m etazoan eu k a ryo tes have bean  

r e c e n t ly  d e s c r ib e d , a lth o u g h  h o t in  so much d e t a i l  (G rierson  e t  a l . , 1970» 
lo a n in g , 1968» Maden, 1971» P e rry  e t  a l . , 1970). In  a d d itio n  i t  has been 

shown th a t  in  L c e l l s  th e r e  a r e  two p r e c u r s o rs  o f  th e  45 S s p e c ie s ,  i . e .  

one o f  th e  sequence 47S - 46S - 45S. So in  mammalian c e l l s ,  th e  r e a l  

p re c u rso r  may be a v e r y  sh o rt l iv e d  47s m o le c u le , or one even la r g e r  

( T i o l l a i s ,  1971).
S y n th e s is  o f  o th er n u c le a r  RNA s p e c ie s

The s y n th e s is  o f  7 S , 5S and t r a n s fe r  RNA w i l l  n ot be d isc u sse d  a s  

e i t h e r  t h e i r  fu n c tio n  i s  u n c e rta in  o r th e  e f f e c t  o f  v ir u s  in fe c t io n  

on t h e i r  s y n th e s is  i s  n o t known.

R o le  o f  rRNA in  th e s y n th e s is  and tr a n s p o r t  o f  mRNA

S tu d ie s  w ith  h yb rid  c e l l s  have shown t h a t  th e  ex p ressio n  o f  g e n e tic  

in fo rm a tio n  to  form b o th  s u r fa c e  a n tig e n s  and s o lu b le  enzymes i s  dependent 

on an in t a c t  n u cle o lu s  (H arris e t  a l . , 1969» H a rris  and Cook, 1969»

R in g e rtz  and Bolund, 19 6 9 ). A ls o  i t  has been shown th a t  th a t  both 

h etero k aryo n s and o r d iiia ry  c e l l s  w ith  ir r a d ia t e d  n u c le o li  ( i . e .  in a c t iv e



nucleoli) are incapable of expressing new genetic information (Sidebottom 
and Harris, 1969; Harris, 19 7 0 ). Therefore it appears that a functional 
nucleolus is essential for the expression of genetic information.

I t  would b e a t t r a c t i v e  to  s u g g e s t  th e r e fo r e ,  t h a t  n ascen t mRNA 

m olecu les must a t ta c h  to  n ascen t ribosom es b e fo r e  th e y  a re  exp orted  to  

th e  cytop lasm . Such charged ribosom es o r polysom es c o u ld  form , o r 

be c o n s t itu e n ts  o f ,  th e  "inform osom es" d e sc r ib e d  by G eo rg iev  (1964).

E f f e c t  o f  In flu e n za  v ir u s  in f e c t io n  on h o st RNA s y n th e s is

S keh el and Burke (1969) found th a t  th e  u r id in e  p o o ls  in  in fe c te d  

c e l l s  ro se  by 50% d u rin g th e  f i r s t  4 h o f  in f e c t io n  and then d e c lin e d  to  

50% o f  th e  o r ig in a l  l e v e l .  The I n i t i a l  r i s e ,  b u t n ot th e  subsequent d e c lin e  

was found in tw d ln fe c te d  c e l l s  and was p ro b ab ly  an a r t e f a c t .  The u r id in e  

in c o rp o ra tio n  in t o  m acrom olecular s p e c ie s  fo llo w e d  a s im ila r  p a t t e r n , 

b u t th e  f i n a l  l e v e l  was o n ly  30% o f  th e  o r i g i n a l .  B orland and Mahy 

(1968) found a s im ila r  phenomenon, b u t t h e ir  peak l e v e l  was reached 

a f t e r  o n ly  2 h p o s t - in fe c t io n .  However Mahy and h is  c o lle a g u e s  (1972) 

found th a t  t h i s  r i s e  in  RNA s y n t h e s is  cou ld  b e  d iv id e d  in to  2 p h a se s , 

th e  f i r s t  re a ch in g  a maximum a t  l 1] h p o s t - in fe c t io n  and th e  second a t  

3 h p o s t - in f e c t io n .  As th e  f i r s t  phase was s e n s i t iv e  to  o i -a m a n itin , th e y  

concluded  th a t  th e  h o st DNA-dependent RNA polym erase was in v o lv e d .

As th e  second phase was in s e n s it iv e  to  ot-am an itin , th e y  concluded th a t  

t h i s  was caused b y  th e  a c t i v i t y  o f  a  v ir u s  s p e c i f i c  RNA-dependent RNA 

p o lym erase. Armstrong and B arry (1974) have r e c e n t ly  shown by a u to r a d io -  

graph y th a t  both  th e se  phases o f  RNA s y n th e s is  a r e  c o n fin e d  t o  th e 

n u c le u s .

O ther RNA v ir u s e s  have s im ila r  e f f e c t s  on h o s t  RNA s y n t h e s is . NDV 
c a u se s  a c u t - o f f  o f  RNA sy n th e s is  r e la t e d  to  th e  v ir u le n c e  o f  th e  s t r a in  

u s e d , but t h i s  i s  ev id en t o n ly  5 h a f t e r  in f e c t io n  and s y n th e s is  drops 

t o  o n ly  50% o f  th e  o r ig in a l  v a lu e  a t  most (W ilson , 1968; Alexander

0 4 8
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e t  a l . , 19 7 3 ). I n fe c t io n  w ith  SFV a ls o  has l i t t l e  e f f e c t  w ith  a  50* 

re d u ctio n  In h o s t  RNA s y n th e s is  b e in g  reach ed  3 h a f t e r  I n fe c t io n  

(T a y lo r , 19 6 5 ). S im ila r  r e s u l t s  have been o b ta in ed  w ith  a  v a r i e t y  o f  

o th e r  v ir u s e s  (M artin and K e r r , 196 8 ).

However the picornavlruses cause profound alterations in the pattern 
of RNA synthesis in infected cells. infection with poliovirus causes 
a rapid drop in the synthesis of the 45 S rRNA precursor (Darnell et al., 
1967) and Weinberg et al., (1967) have shown that aberrant processing 
of the 45S species occurs/ causing a build up of intermediates. The 
aberrant processing is not due to faulty methylation and occurs in the 
presence of guanidine indicating that it is mediated by the input virus. 
However virus infection has no effect on the synthesis of hnRNA and some
times causes a slight stimulation (Willems and Penman, 19 6 6 ). This may be 
a similar phenomenon to that reported by Mahy and his colleagues 
observed during influenza virus infection.
Effect of virus infection on host DNA-dependent RNA polymerase

In  in f lu e n z a  v ir u s  in fe c t e d  c e l l s ,  th e r e  i s  a r i s e  in  DNA-dependent 

RNA polym erase a c t i v i t y  which corresp on d s t o  th e  r i s e  in  RNA s y n th e s is  

rep o rted  above (Borland and Mahy, 1968; Mahy e t  a l . ,  19 7 2 ). The l a t t e r  

au th ors have shown th a t  th e  in c re a se d  a c t i v i t y  o f  th e  n u cleo p lasm ic 

polym erase i s  r e s p o n s ib le  fo r  th e  i n i t i a l  r i s e  in  RNA s y n t h e s is ,  but 

t h is  enzyme a c t i v i t y  drops back t o  normal 8 h a f t e r  in f e c t io n .  The f a l l  

in  RNA s y n th e s is  ob served  i s  p ro b a b ly  due t o  th e  drop  in  a c t i v i t y  o f  th e  

n u c le o la r  RNA p o lym erase. The l e v e l  o f  t h i s  enzyme rem ains c o n s ta n t 

fo r  th e  f i r s t  3 h o f  in fe c t io n  and then d ro p s r a p id ly  to  20* o f  i t s  

i n i t i a l  a c t i v i t y  by 9 h p o s t - in f e c t io n .

The effect of virus infection on host protein synthesis
In fe c t io n  w ith  FPV v ir u s  c a u se s  a d e p re ss io n  in  h o s t c e l l  p r o te in  

s y n th e s is , but r e l a t i v e l y  s lo w ly , w ith  th e  l e v e l  o f  s y n th e s is  a f t e r  8 h



Infection 30-40% of the original value (Scholtissek, 19 6 5 ). This effect 
was inhibited by cycloheximide and puromycin, but not AMD or UV 
irradiation. Therefore it was concluded that this inhibition of host 
protein synthesis is dependent on virus protein synthesis but can make 
use of the RNA from the infecting virion. One curious aspect of this 
effect is that although it is sensitive to cycloheximide and purcmycin, 
it is not sensitive to another protein synthesis inhibitor p-fluro- 
phenylalanine (Long and Burke, 19 7 0 ).

S im ila r  e f f e c t s  a r e  found in  many o th e r  v ir u s  in fe c t io n s  (M artin  and 

K e r r , 19 6 8 ). NDV in f e c t io n  c a u se s  a  slow  c u t - o f f  o f  p r o te in  s y n t h e s is ,  

r e la t e d  t o  th e  v ir u le n c e  o f  th e  s t r a in  s tu d ie d , rea ch in g  about 50-60% 

o f  th e  o r ig in a l  l e v e l  o f  s y n th e s is  a f t e r  6-8 h o f  in fe c t io n  (W ilso n ,

1968» Reeve e t  a l . , 1 9 7 1 ) .  SFV in fe c t io n  a ls o  c a u se s  a slow  r e d u c t io n  in  

h o s t  p r o te in  s y n t h e s is ,  re a ch in g  a l e v e l  o f  10% 7 h a f t e r  i n f e c t io n  (M orser, 

19 7 2 ). V a c c in ia  v ir u s  may be an e x c e p tio n  a s  th e  fa c t o r  r e s p o n s ib le  fo r  

in h ib i t in g  h o st p r o te in  s y n th e s is  ap p ears to  be a-component o f  t h e  

in f e c t in g  v ir u s  p a r t i c l e  (Moss, 19 6 8 ). I n fe c t io n  w ith  p o lio v ir u s  appears 

t o  cau se  a  much more d ram atic  e f f e c t .  There i s  a r a p id  d e c lin e  i n  

p r o te in  s y n t h e s is ,  w ith  o n ly  10% o f  th e  o r ig in a l  l e v e l  rem ain ing a f t e r  5 h 

i n f e c t io n .  T h is e f f e c t  appears to  be caused b y a d is a g g r e g a t io n  o f  

ribosom es and a s p e c i f i c  r e lo a d in g  w ith  v i r a l  m essengers (D a rn ell e t  a l . , 

1 9 6 7 ). Mengo v ir u s  in f e c t io n  c a u se s  v e r y  s im ila r  e f f e c t s  to  t h a t  o f  

p o lio v ir u s  (Fenwick, 19 6 3 ).

V iru s  p r o te in s  a s s o c ia te d  w ith  th e  n u cleu s in  In flu e n za  v ir u s  in f e c t io n s

The most obvious way fo r  in f lu e n z a  v ir u s  to  m ediate th e  above 

e f f e c t s  on m acrom olecular s y n th e s is  i s  fo r  a v ir io n  p r o te in  to  e n t e r  th e 

n u cleu s and in t e r f e r e  w ith  e ith e r  th e  a c t io n  o f  th e  h o s t DNA dependent 

RMA polym erase o r w ith  th e  tr a n s p o r t  o f  th e  RNA s p e c ie s  o u t o f  t h e  

n u c le u s . B oyle  and F in t e r  (1957) have shown b y  u s in g  35S - la b e l le d  v i r u s .



th a t  in p u t v ir io n  p r o te in  does n o t e n te r  th e  n u cleu s o f  th e  c e l l .

T h e re fo re  th e se  e f f e c t s  must be due t o  new ly sy n th e s ise d  p r o te in s  and 

t h i s  would c e r t a in ly  c o r r e la t e  more c lo s e l y  w ith  th e  tim e c o u rs e  o f  th e  

in h ib it io n  o f  m acrom olecular s y n th e s is .

B r e ite n fe ld  and S c h a f  e r  (1957) showed t h a t  th e  r ib o n u c le o p r o te in

a n tig e n  was found in  th e  n u cleu s o f  th e in fe c t e d  c e l l .  U sing f lu o r e s c e n t

a n tib o d y , Dimmock (1969) d isc o v e re d  a v ir u s  s p e c i f i c  a n t ig e n , n ot
*

p re se n t in  p u r i f ie d  v i r i o n s ,  co n cen trated  in  th e  n u c le o lu s  o f  th e  in fe c te d  

c e l l s .  Both th e  n u c le o c a p s id  p r o te in  (NP) and th e  n o n -s tr u c tu r a l p r o te in  

(N S.)have been found i n  th e  n u cle a r  f r a c t io n  o f  in fe c te d  c e l l s  by o th erA s,

w orkers (T aylor e t  a l . ,  1969; L aza ro w itz  e t  a l . , 1 9 7 1 ) . The NP i s  

co n cen trated  in  th e  n ucleoplasm  (Krug, 1972) and NS  ̂ in . th e  n u c le o la r  

f r a c t io n  (T aylor e t  a l . , 19 7 0 ). As NS  ̂ i s  a ls o  found in  th e  polysom e 

f r a c t io n  from in fe c t e d  c e l l s  (Pons, 1972; Compans, 1973) i t  has been 

su ggested  th a t  NS  ̂ i s  in c o rp o ra te d  in to  n ew ly sy n th e s ise d  r ib o so m es, 

b u t Krug (1972) showed t h a t  NS  ̂ i s  lo o s e ly  bound t o  th e  ribosom es and 

i s  n o t a s t r u c tu r a l  com ponent. Krug and E tk in d  (1973) found a t o t a l  

o f  4 v ir io n  s p e c i f i c  p e p t id e s  in  th e  n u cleu s o f  in fe c te d  c e l l s .  Along 

w ith  NP and NS  ̂ th e y  found another n o n -s tr u c tu r a l  p r o te in  (NS^) and 

th e  la r g e s t  v ir io n  p r o te in  P , th o u gh t to  b e  th e  polym erase.

Gross u l t r a s t r u c t u r a l  ch an ges in  th e  n u c le o lu s  o f  th e in fe c t e d  c e l l

Concom itant w ith  t h e  appearance o f  v i r i o n  p r o te in s  in  th e  n u c le u s , 

g r o ss  u l t r a s t r u c t u r a l  ch an ges can be seen b y  e le c tr o n  m icroscop y (Compans 

and Dinanock, 196 9). T h ese  au th ors ob served  d en se  a re a s  in  th e  n u c le o lu s  

4 h a f t e r  in f e c t io n ,  fo llo w e d  by an exp an sion  to  g iv e  r i s e  to  numerous 

d is c r e t e  masses by 12 h .  I t  i s  in t e r e s t in g  t o  compare th e se  chan ges in  

s tr u c tu r e  w ith  th o se o b served  a f t e r  t r e a t in g  th e  c e l l 3  w ith  v a r io u s  

in h ib i t o r s .  Treatm ent w ith  AMD produces s e g r e g a tio n  o f  th e  n u c le o lu s  

in to  l i g h t  and dark  a r e a s  (Reynolds and Montgomery, 1963) w ith  th e  form a
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t io n  o f  dense s p o ts . A f la to x in  and o th e r  r e la t e d  in h ib i t o r s  have s im ila r  

e f f e c t s  ( S i r t o r i  and B o s i s i o - B e s t e t t i , 19 6 7). Herpes and v a c c in ia  v ir u s  

in fe c t io n s  a ls o  c a u se  n u c le o la r  s e g r e g a tio n . Thus, th e  p rese n ce  o f  

v i r u s  p r o te in s  in  th e  n u cleu s i s  a s s o c ia te d  w ith  chan ges in  n u c le o la r  s tr u c  

t u r e ,  s im ila r  t o  th o s e  ob served  f o r  m etab o lic  in h ib i t o r s ,  th e r e fo r e

virus proteins could be acting in a manner analogous to metabolic
»

inhibitors.
No structural changes in the nucleoplasm of influenza virus infected 

cells have been recorded, although late in infection, nuclei do become 
more fragile (see methods section for details).

The data presented above has shown that the cut-off in host cell 
RNA and protein synthesis during influenza virus infection is associated 
with the presence of virus specific proteins in the nucleus, one of 
which (NŜ ) is found in both the nucleolus and on polysomes. This 
association may be related to the appearance of gross ultrastructural 
changes in the nucleolus. Further, as virus multiplication is not only 
dependent on an intact nucleus, but is completely inhibited by concentra
tions of AMD too low to affect the nucleoplasmic DNA-dependent poly
merase, it seemed likely that the nucleolus had an important role in 
virus replication. Therefore it was decided to investigate the pattern 
of rRNA synthesis in influenza virus infected cells.
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RESULTS

P rep a ra tio n  o f  s u b c e l lu la r  f r a c t io n s

C yto p la sm ic  f r a c t io n s  were prepared a s  d e s c r ib e d  in  th e  "Methods"

s e c t io n . As has a lr e a d y  been d isc u sse d  ab ove, i t  was p o s s ib le  t h a t  v ir u s

m u lt ip l ic a t io n  m ight have an e f f e c t  on n u c le o la r  RNA m etabolism  a s  a

v ir u s  s p e c if ie d  a n tig e n  i s  found th e re  and v ir u s  m u lt ip l ic a t io n  i s

s e n s it iv e  to  low  d o ses o f  AMD (B arry e t  a l . , 1962) which c h a r a c t e r i s t i c a l ly

in h ib i t  o n ly  n u c le o la r  RNA s y n th e s is . T h erefo re  a ttem p ts to  p rep are

p u r if ie d  n u c le o li  were made a s  fo llo w s .

N u cle i from in fe c te d  o r  u n in fe c te d  c e l l s  were o b ta in ed  a s  d e sc r ib e d

in  'M ethods' and resuspended in  a h igh  s a l t  b u f f e r  w ith  a h igh  Mg++

c o n c e n tra tio n  (NaCl 0.5M, MgCl2 0.05 M, T r is  0 .0 1  M pH 7 .4 )  a t  1 ml p e r  

8
lO c e l l s  in  o rd er t o  p rev en t a g g re g a tio n . (T h is method was n ever a s  

s u c c e s s fu l f o r  CEF c e l l s  a s  th a t  rep o rte d  w ith  HeLa c e l l s  -  Penman, 19 6 9 ). 

The n u clea r  su sp en sion  was homogenized r a p id ly  in  a  s t a in le s s  s t e e l  

Dounce hom ogeniser (c le a ra n c e  0.0005") te n  tim es and then  in cu b ated  a t  

37° w ith  lO  ug/ml o f  DN 'ase fo r  1 h . The s o lu t io n  was c o o le d , made 

0.85M w ith  r e s p e c t  to  su cro se  and c e n tr ifu g e d  a t  1 ,5 0 0  g fo r  5 min 

a t  4 ° . T h is  y i e ld s  a p e l l e t  d e sig n a te d  "n u clea r  membranes". The su p er- 

n ate n t f r a c t io n  was then  spun a t  3,300 g f o r  20 m in . The p e l l e t  was 

termed th e  " n u c le o la r  p e l l e t ” and th e  sup ern ate t h e  "nucleop lasm ic 

f r a c t io n " .  A l l  th e  f r a c t io n s  were examined by p h a s e -c o n tr a s t  m icro

sco p y, and l i g h t  m icroscop y a f t e r  s ta in in g  w ith  a z u r e  C and co rio p h o sp h in e  0 

Under p h a s e -c o n tr a s t  c o n d itio n s  th e  n u cle a r  membrane f r a c t io n  

appeared a s  la r g e  clumps o f  dense f ib r o u s  m a te r ia l packed c lo s e  to g e th e r  

w ith  many unbroken n u c le i  p r e s e n t; th e  n u c le o la r  p e l l e t  con tain ed  

sm all h ig h ly  r e f r a c t i l e  p a r t i c le s  and lon g th in  f i b r e s  o f  i r r e g u la r  

shape and s i z e ;  and th e  n u cleo p lasm ic f r a c t io n  c o n ta in e d  th e  same 

r e f r a c t i l e  p a r t i c l e s  and f i b r e s ,  but in  few er numbers than in  th e  

n u c le o la r  p e l l e t .

1«
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When s ta in e d  by a zu re  C th e  n u cle a r  membrane f r a c t io n  was n ot s ta in e d  

e x c e p t  in  th e  n u c le o l i  o f  th e  unbroken n u c le i .  In th e  n u c le o la r  p e l l e t  

and th e  n u cleo p lasm ic  f r a c t io n  o n ly  th e  r e f r a c t i l e  p a r t i c l e s  were s ta in e d , 

b u t many o f  th e  f i b r e s  in  b oth  f r a c t io n s  had one o r two d a rk  s t a in in g  

a r e a s  s im ila r  in  s i z e  to  th e  r e f r a c t i l e  p a r t i c l e s .  When s ta in e d  w ith  

c o rio p h o sp h in e  O, th e  n u cle a r  membrane f r a c t io n  was u n s ta in e d , ex c e p t 

f o r  th e  whole n u c le i ,  th e  nucleoplasm  o f  w hich was a b r ig h t  g re e n . The 

n u c le o l i  w ere m o stly  u n sta in e d , a lth o u g h  a  few  had a f a i n t  b r ic k - r e d  

c o lo u r a t io n . In  th e  n u c le o la r  p e l l e t ,  th e  r e f r a c t i l e  p a r t i c l e s  d id  

n o t  s t a i n ,  b u t th e  f i b r e s  s ta in e d  b r ig h t  g r e e n . The a r e a s  p r e v io u s ly  

s ta in e d  w ith  a zu re  C e i t h e r  d id  n o t s t a in  o r  w ere a v e r y  f a i n t  b r ic k - r e d .  

The s t a in in g  p a tte r n  in  th e n u cleo p lasm ic  f r a c t io n  was s im ila r  to  t h a t  o f  

th e  n u c le o la r  p e l l e t .

T h e re fo re  we can assume th a t  th e  r e f r a c t i l e  p a r t i c l e s  a re  n u c le o li  

a s  th e y  s t a in  c h a r a c t e r i s t i c a l ly  o f  RNA and th e  f i b r e s  in  th e  n u c le o la r  

p e l l e t  and th e  n u cleo p lasm ic f r a c t io n  a re  chrom atin  f i b r e s  w ith  n u c le o l i  

s t i l l  embedded, a s  th e y  s ta in e d  c h a r a c t e r i s t i c a l l y  o f  DNA. The f i b r e s  

in  th e  n u c le a r  membrane f r a c t io n  were assumed t o  be s h e e ts  o f  membranous 

m a te r ia l  a s  th e y  d id  n o t s t a in  w ith  e i t h e r  n u c le ic  a c id  d y e s .

A ttem p ts were made to  im prove th e  f r a c t io n a t io n  by b re a k in g  th e  

ch ro m atin  s tra n d s  w ith  prolon ged  hom ogenization  (30-50 s tro k e s)  and 

v ig o u ro u s  s o n ic a t io n . E ith e r  o f  th e  methods (or b oth  used to g e th e r)  

in c r e a s e d  th e  number o f  broken n u c le i ,  b u t made no s i g n i f i c a n t  change to  

e i t h e r  th e  i n t e g r i t y  o f  th e  chrom atin  s tra n d s  o r  t h e i r  d is t r ib u t io n  in  

th e  su b -n u c le a r  f r a c t io n s .  S im ila r ly  changes in  th e  c o n d it io n s  o f  

c e n t r i fu g a t io n  had l i t t l e  e f f e c t  on im proving th e  s e p a ra tio n  o f  n u c le o l i  

from  ch ro m atin . In c re a s in g  th e  c o n c e n tra t io n  o f  DNase and th e  in c u b a tio n  

tim e gave no s ig n i f i c a n t  improvement in  th e  d e g re e  o f  d ig e s t io n  o f  th e

1 * .iTR'JJ'Y'*/. jf*r \
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chrom atin .

RNA in  th e  th re e  f r a c t io n s  was prepared and an alysed  by PAGE 

(F ig . 3 ) .  I t  i s  ob viou s from th e s e  p r o f i le s  t h a t  th e  n u c le o la r  p e l l e t  

i s  s t i l l  h e a v ily  contam inated w ith  chrom atin a s  t h e  background on th e se  

g e ls  i s  v e r y  h ig h , in d ic a t iv e  o f  la r g e  amounts o f  hnRNA p re se n t in  t h i s  

f r a c t io n .  In f a c t  th e  o v e r a l l  fe a tu r e s  o f  th e  p r o f i l e  from th e  n u c le o la r  

p e l l e t  a r e  in d is t in g u is h a b le  from th o se  o f  th e  n u c le a r  membrane f r a c t io n  

which in c lu d e s  unbroken n u c le i  and la r g e  p ie c e s  o f  chrom atin . The 

n u c le o la r  su p ern aten t (nucleoplasm ) would be e x p e c te d  to  c o n ta in  a l l  th e 

hnRNA a s  t h is  should be r e le a s e d  on DN'ase d ig e s t io n  o f  th e  chrom atin . 

However th e re  i s  l e s s  hnRNA in  t h i s  f r a c t io n  th a n  in  th e  n u c le o la r  

f r a c t i o n ,  in d ic a t in g  th a t  most o f  th e  chrom atin h a s  been u n d ig ested  and 

has p e l le t e d  w ith  e ith e r  th e  n u cle a r  membrane f r a c t i o n  o r  th e  n u c le o la r  

p e l l e t .  The rRNA s p e c ie s  p re se n t in  th e  n u c le o la r  sup ern ate a re  presumed 

t o  come from f r e e  ribosom es in  th e  n u cleu s .

T h e r e fo re , a s  su b -n u clear f r a c t io n a t io n  was u n su c c e s s fu l in  

y ie ld in g  a good re c o v e ry  o f  pure n u c le o l i ,  i t  was d ecid ed  t o  co n tin u e 

th e  in v e s t ig a t io n  u sin g  h ig h ly  p u r i f ie d  n u cle a r  f r a c t io n s .

Time course of single cycle infection of FPV in CEF cells
In  o rd er to  determ ine th e  tim e co u rse  o f  in f e c t io n  under th e  

c o n d itio n s  u sed , th e  HA t i t r e  from in fe c te d  c e l l s  was measured a t  v a r io u s  

tim es a f t e r  in fe c t io n  (F ig . 4 ) .  T here i s  an i n i t i a l  la g  o f  1 -2  h 

b e fo r e  HA i s  d e te c te d . The HA t i t r e  then r i s e s  e x p o n e n tia lly  to  rea ch  a 

p la te a u  b y 6 h and rem ains a t  th a t  l e v e l  f o r  up t o  9 h , which i s  th e  

p e rio d  under in v e s t ig a t io n .

Effects on host cell cytoplasmic rRNA
The e f f e c t  o f  in flu e n z a  v ir u s  in fe c t io n  on rRNA sy n th e s is  was 

examined by p u ls in g  th e  c e l l s  fo r  2 h a t  v a r io u s  tim e s  a f t e r  in fe c t io n

I *





F ig . 3 . E le c tro p h o r e s is  o f  RNA from su b -n u clea r  f r a c t io n s  from 3 x  lO
3

CEF c e l l s .  C e l ls  w ere seeded a t  1 .5  x 10 per 11  cm p e t r i  d is h  and 

la b e l le d  fo r  2 h w ith  iOO^iCt 5 -3h u r id in e  in  Eagle's BHK medium w ith  10% 

c a l f  serum d ia ly s e d  a g a in s t  PBS (3 ml p e r  p l a t e ) . Subn uclear f r a c t io n s  

were prepared and RNA e x t r a c t e d . 50yul o f  RNA was e le c tro p h o re se d  on 2.4% 

g e ls  fo r  4 h a t  6 m a/gel and 50 v .  Arrows r e p re se n t th e  p o s it io n s  where 

DNA and rRNA (26s and 18S) were d e te c te d  by absorbance a t  260 nm. E le c t r o 

p h o re sis  i s  from l e f t  to  r i g h t ,  a) RNA from th e  n u cle a r  membrane f r a c t i o n ,

b) RNA from th e  n u c le o la r  su p e rn a ta n t, c) RNA from th e  n u c le o la r  p e l l e t .

9
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F ig .  4 . S y n th e sis  o f  FPV c e l l  a s s o c ia te d  h a em a gg lu tin in . 1 .5  *  10 

c e l l s  seeded onto 11  cm p e t r l  d is h  w ere In fe c te d  w ith  5 P FU /cell 

a t  room tem perature fo r  45 min and th en  in cu b ated  a t  37° fo r  th e  

s p e c if ie d  tim e. C e l l  s h e e ts  were washed tw ic e  in  c o ld  PBS/Ca/Mg, 

scraped in to  1  ml o f  PBS/Ca/Mg, so n ic a te d  and a ssa ye d  fo r  HA.



V ]

F ig . 5 . E le c tro p h o r e s is  o f  RNA e x tr a c te d  from th e  cytop lasm  o f  u n in fe c te d  and
Q

in fe c t e d  c e l l s .  F iv e  1 1  cm p e t r i  d is h e s ,  each c o n ta in in g  1 .5  x 10 c e l l s  

were in fe c t e d  a t  room tem perature fo r  45 min w ith  5 P F U /cell in  5 ml PBS/Ca/Mg. 

They w ere each in cu b ated  a f t e r  th e  replacem en t o f  th e  inoculum  w ith  20 ml 

o f  199 medium c o n ta in in g  5% c a l f  serum fo r  th e  r e q u ir e d  tim e. The m onolayers 

were th e n  la b e l le d  f o r  2 h w ith  20 y u C i 5 -3H u r id in e  in  3 ml o f  E a g le t  BHK 

medium c o n ta in in g  10% c a l f  serum d ia ly s e d  a g a in s t  PBS/Ca/Mg. C e l l s  were 

f r a c t io n a t e d ,  RNA e x tr a c te d  and 50y u l sam ples run fo r  4 h on 9 cm 2.4% PAGE 

a t  6 ma/g e l  and 50 v .  G els  were scanned a t  260 nm and a ssa yed  f o r  r a d io 

a c t i v i t y  a s  d e sc r ib e d  in  'm e th o d s ', a) RNA from c u lt u r e s  mock in fe c t e d  w ith  

PBS/Ca/Mg. b) RNA from c u lt u r e s  in fe c t e d  w ith  FFV and p u lsed  4-6  h a f t e r  

I n fe c t io n ,  c) RNA from in fe c t e d  c u lt u r e s  p u lsed  8 -10  h a f t e r  i n f e c t io n .

Arrows show p o s it io n s  o f  absorban ce a t  260 nm.
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and comparing th e  sy n th e s is  w ith  th a t  o f  u n in fe c te d  c e l l s .  F ig .  5a shows 

e le c tr o p h o r e t ic  p r o f i l e s  o f  RNA e x tr a c te d  from  th e  cytoplasm  o f  a  t y p i c a l  

b a tch  o f  u n in fe c te d  c e l l s  and F ig s .  5b and 5c show t h a t  from a  b a tc h  o f  

c e l l s  p u lsed  between 4 and 6 h and 8 and lO  h  a f t e r  in fe c t io n  r e s p e c t i v e ly .  

The arrow s show th e  p o s it io n s  o f  peaks o f  ab so rb an ce a t  260 nm. On th e  

r a d io a c t iv i t y  p r o f i l e  o f  th e  sample from in f e c t e d  c e l l s  p u lsed  f o r  4 -6  h , 

a sm all peak i s  n oted where i t  would be e x p e c te d  t o  f in d  th e  la r g e s t  

s p e c ie s  o f  v ir io n  RNA. T h is  peak i s  n ot o b serv e d  when RNA i s  p rep ared  

from c e l l s  p u lse d  p r io r  to  4 h a f t e r  i n f e c t i o n ,  b u t s t e a d i ly  in c r e a s e s  in  

s i z e  and i s  jo in e d  by o th e r  peaks c o rresp o n d in g  t o  th e  o th e r  v i r i o n  

RNA s p e c ie s  in  c e l l s  p u lsed  up to  10 h a f t e r  in fe c t io n  (F ig . 5 c ) . The 

q u a n tity  o f  la b e l  in  rRNA from th e  in fe c t e d  c u lt u r e  i s  low er th an  t h a t  o f  

th e  u n in fe c te d  c u lt u r e ;  a com plete tim e c o u r s e  o f  t h i s  phenomenon i s  

shown in  F ig .  6. To ensure th a t  each p o in t  was com parable, th e  a c t i v i t i e s  

were norm alized a s  fo llo w s . For each ex p erim e n t, RNA was prep ared  from  

u n in fe c te d  and in fe c t e d  c e l l s  from a common c u lt u r e  and th e  sam ples 

a n a lysed  on p a r a l l e l  g e l s .  The o p t ic a l  d e n s i t y  scan  a f t e r  PAGE o f  th e  

RNA from th e  u n in fe c te d  c e l l s  was compared w ith  th a t  from th e  in fe c t e d  

c u lt u r e  by in t e g r a t in g  th e  a re a  under th e  r e s p e c t iv e  RNA p e a k s . T h is  

procedure gave a v a lu e  f o r  th e  r e l a t iv e  s p e c i f i c  a c t i v i t y  o f  th e  rRNA which 

avoided  any sp u rio u s r e s u l t  due to  in c o n s is t e n c ie s  in  any o f  th e  te ch n iq u e s  

employed. F ig .  6 shows th a t  th e  s y n th e s is  o f  both  s p e c ie s  o f  c y to p la sm ic  

rRNA drops r a p id ly  a f t e r  in fe c t io n  w ith  FFV t o  rea ch  a minimum 6 h a f t e r  

in fe c t io n .  T h is procedure o n ly  g iv e s  us a  v a lu e  f o r  RNA s y n th e s is  and 

th e n o rm a liza tio n  c o r r e c ts  fo r  any change i n  th e  t o t a l  amount o f  RNA 

present^ however, i f  th e c o ld  rRNA le v e l  w as f a l l i n g  t h i s  would r a i s e  th e  >< 

r e l a t iv e  s p e c i f i c  a c t i v i t y  o f  th e  RNA. Thus th e  e f f e c t  we see  i s  th e  

minimum d ecre a se  in  rRNA s y n th e s is .

.' _ _ " 2. ' *  v >  ■

i
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F ig .  6 . D ecrease in  th e  s y n th e s is  o f  c y to p la sm ic  rRNA in  FFV 

in fe c t e d  c e l l s .  Each p o in t r e p r e s e n ts  th e  m idpoin t o f  a 2 h p u ls e ,  

th e  p o in t o f  ze ro  tim e r e p r e s e n ts  th e  le v e l  from u n iiife c te d  c e l l s  

p u lse d  fo r  2 h . 0 - 0  1 .5 5  x lO® s p e c ie s ,  •  -  ■  0 .6 5  x  10®

s p e c ie s .



O ther c y to p la sm ic  s p e c ie s  such a s  tRNA a re  n o t re so lv e d  under 

th e  c o n d itio n s  o f  e le c tr o p h o r e s is  used in  t h i s  s tu d y . As th e  o b je c t  

o f  t h i s  stu d y was to  in v e s t ig a t e  RNA p ro d u cts from th e  n u cle o lu s  no 

attem p t was made to  in v e s t ig a t e  th e  e f f e c t  o f  FPV in fe c t io n  o f  tRNA 

s y n t h e s is .  O ther RNA s p e c ie s  o f  a s i z e  s im ila r  t o  tRNA sure e ith e r  

sy n th e sise d  in  th e  n u c le o lu s  o r  a s s o c ia te d  w ith  m ature ribosom es, but 

u n fo rtu n a te ly  th e re  was I n s u f f i c ie n t  o p p o rtu n ity  to  examine th e  e f f e c t  o f  

v ir u s  in fe c t io n  on th e s e  s p e c ie s .

C h a r a c te r iz a t io n  o f  n u cle a r  RNA s p e c ie s  from u n in fe c te d  CEF c e l l s

RNA e x tr a c te d  from th e  n u c le i  o f  u n in fe c te d  c e l l s  was an alysed  by

e le c tr o p h o r e s is  a s  shown in  F ig .  7 . The m olecu lar w eig h ts o f  th e  major

14RNA s p e c ie s  were determ ined by c a l ib r a t in g  th e  g e l  w ith  C la b e l le d  

RNA m arkers. The r e la t io n s h ip  o f  th e  m o b ility  o f  th e s e  m arkers t o  t h e ir  

m o lecu lar  w eig h ts in  t h i s  system  i s  shown in  F ig .  8 by th e  sem i-lo g arith m ic  

p l o t  d e sc r ib e d  by Loaning e t  a l . ,  (19 6 7 ). The m ajor n u clea r  RNA s p e c ie s  

had m o lecu lar w eig h ts o f  3 .5 5  (* 0 .1 )  x  lo®, 2 .9  (* 0 .0 1 ) ,  1 .7 5  ( -  0.05) 

x  lO6 , 1 .5 5  (± 0 .0 1) x  lO6 , 1 . 1  ( -  0 .02) x lO6 and 0 .6 5  (± 0.05) x  106 

d a lt o n s . Standard e r r o r s  from a t  l e a s t  5 exp erim ents a re  shown in  

p a r e n th e s is . The 1 .5 5  x  10® and 0 .6 5  x  10® s p e c ie s  had th e  same m olecu lar 

w e ig h ts  a s  th e  s p e c ie s  found in  th e  cytop lasm .

The RNA s p e c ie s  d e sc r ib e d  above were assumed t o  be rRNAs and t h e ir  

p r e c u rso rs  fo r  th e  fo llo w in g  re a so n s . The v a lu e s  shown correspond 

re a so n a b ly  w e ll  to  th o se  o b ta in ed  from a v ia n  c e l l s  b y  P erry  e t  a l . ,

(1970) and correspond to  an o v e r a l l  scheme fo r  rRNA tr a n s c r ip t io n  and 

p r o c e s s in g  s im ila r  to  t h a t  d e sc r ib e d  fo r  HeLa c e l l s  by Weinberg and Penman 

(1970 )j  e x c e p t  th a t  o n ly  th e  1 .7 5  x  10®, 1 .5 5  x  10® and 0 .65 x  lo® 

s p e c ie s  were d e te c te d  by o p t ic a l  d e n s ity  measurem ents. A lthough i t  i s  • 

^ p o s s ib le  to  p rove t h i s  scheme by p u ls e  chase exp erim en ts, because o f

0 6 5
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F ig . 7 . E le c tro p h o r e s is  o f  RNA from  n u c le i  o f  u n in fe c te d  CEF c e l l s  

prep ared  a s  d e sc r ib e d  in  F ig .  5 . 14C - la b e l le d  RNA from p o lio v ir u s -  

in fe c t e d  HeLa c e l l s  was co-ru n  on th e  same g e l .  The m o b ili t y  o f  

t h i s  RNA i s  in d ic a te d  by arrow s surmounted by th e  r e s p e c t iv e  

sed im en ta tio n  c o e f f i c i e n t .
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F ig .  8 . C a l ib r a t io n  o f  th e  e le c tr o p h o r e s is  o f  s in g le -s tr a n d e d  RNA

14
on 2 .4  % PAGE by p lo t t in g  th e  m o b ili t y  o f  C -u r id in e  la b e l le d  RNA 

from p o lio v ir u s  in fe c t e d  HeLa c e l l s  a g a in s t  £oglQ o f  t h e ir  m ol. w ts. 

E le c tr o p h o r e s is  was fo r  4 h a t  6 m a/gel and 50 v .
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T a b le  3 . P ercen ta g e  o f  r a d io a c t iv i t y  in  n u cle a r  rRNA and i t s  

p re c u r s o rs  a f t e r  p u ls in g  CEF c e l l s  w ith  3H u r id in e .

C e l l s  were p rep a red , n u c le i  f r a c t io n a t e d  and RNA e x tr a c te d  

a s  d e sc r ib e d  in  F ig .  S a f t e r  l a b e l l i n g  fo r  th e  req u ired  

tim e .

M ol. Wt. x  lO~6
¿ou.se
(Min) 3 .5 5 2 .9 1 .7 5 1 .5 5 1 . 1 0 .6 5

15 59 26 10 5 O O

30 29 16 31 8 io 6

45 21 18 28 13 i o i o

120 13 8 22 31 7 18



th e  la r g e  u r id in e  p o o ls  in  e u k a r y o tic  c e l l s ,  i t  was p o s s ib le  to  p u lse  

th e  c e l l s  fo r  d i f f e r e n t  tim es in  o rd er  t o  d is c o v e r  which s p e c ie s  were 

la b e l le d  f i r s t .  T h is  d a ta  i s  shown in  T a b le  3 . L ab el ap p ears p r e f e r e n t i a l ly

i s  c o n s is te n t  w ith  a system  ( s im ila r  t o  t h a t  ob served  in  HeLa c e l l s )  in

t h a t  o f  com parable RNA from th e cyto p la sm  and th a t  a c o n s id e ra b le  amount

o f  l a b e l  i s  lo c a te d  a t  th e  top  o f  th e  g e l .  I t  was attem p ted  to  r e s o lv e
«

t h i s  heterogenous background and t h e  RNA a t  th e  o r ig in  by runn ing on 

20 cm g e ls  a t  6 m a/gel and 100 v  f o r  8 h o r  b y  runn ing on 9 cm 2.0% 

g e ls  fo r  4 h a t  6 m a/gel and 50 v .

On th e  20 cm 2.4% g e ls  no im proved r e s o lu t io n  was o b serv e d , 

a lth o u g h  on th e  2.0% g e ls  a l l  o f  t h e  la b e l  moved in to  th e  g e l  b u t s t i l l  

formed a heterogenous p r o f i l e .  T h e r e fo re  i t  was assumed t h a t  t h is  RNA 

corresp on ded  to  th e  hnRNA which i s  thought t o  be th e  p re c u rso r  o f  mRNA. 

E f f e c t  o f  FPV in fe c t io n  on n u cle a r  rRNA s y n th e s is

In  ord er to  determ ine th e o r i g i n  o f  th e  e f f e c t  o f  FPV in fe c t io n  

on th e  d e c re a se  o f  newly sy n th e s is e d  rRNA in  th e  cyto p la sm ,

in  th e  3 .5 5  x  lO6 and 2 .9  x 10® s p e c ie s  a f t e r  15  m in. The r e l a t i v e  amount 

o f  la b e l  in  th e  1 .7 5  x  lO® s p e c ie s  rea ch e s a maximum a f t e r  30 mins and 

th en  d e c l in e s .  The p ro p o rtio n  o f  la b e l  in  th e  1 .5 5  x  lO® and th e  0 .6 5  x 

lO6 s p e c ie s  r i s e s  throughout th e  d u ra tio n  o f  th e  exp erim en t. T h is  p a tte r n

w hich th e  3 .5 5  x  10® s p e c ie s  i s  t h e  i n i t i a l  p r e c u rso r  which i s  then 

c le a v e d  t o  form th e  2 .9  x  10® s p e c ie s .  The l a t t e r  s p e c ie s  i s  d iv id e d  

in t o  th e  1 .7 5  x 10® s p e c ie s  which forms th e  p r e c u rso r  to  th e  m ature r lb o -

somal 1 .5 5  x  lO® s p e c ie s ;  and t h e  1 . 1  x  10® s p e c ie s  which form s th e  

p re c u rso r  to  th e  m ature r ib o  social 0 .6 5  x  10® s p e c ie s .  R e s u lts  from

l a t e r  experim ents w ith  m eth ion in e la b e l le d  RNA »*'■ * a ls o  1 c o n s is te n t

w ith  t h i s  m atu ration  scheme
i j  « « d u r  A /M

I t  i s  n o tic e d  th a t h ig h e r  than

th e  m atu ration
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o f  rRNA in  th e  n u cleu s was examined d u rin g  th e  f i r s t  lo  h o f  in f e c t io n .  

E le c tr o p h o r e t ic  p r o f i l e s  o b ta in ed  by p u ls in g  c e l l s  w ith  3H u r id in e  a t  

v a r io u s  tim es a f t e r  in fe c t io n  a re  shown in  F ig .  9 . T here i s  a  d e c l in e  

in  th e  s y n th e s is  o f  rRNA and i t s  p r e c u r s o r s , b u t th e  d e c l in e  o f  th e  

s y n th e s is  o f  th e  i n i t i a l  t r a n s c r ip t  and i t s  immediate p ro d u ct o c c u rs  l a t e r  

and t o  a le s s e r  e x te n t  than th a t  o f  th e  mature rRNA s p e c ie s  and t h e i r  

immediate p r e c u r s o rs . T h is  e f f e c t  i s  c l a r i f i e d  in  F ig .  lO  where th e  

s y n th e s is  i s  compared to  th a t  in  p a r a l l e l  u n in fe c te d  c u l t u r e s . Un

fo r tu n a te ly  i t  was d i f f i c u l t  t o  o b ta in  r e l i a b l e  d a ta  on th e  1 . 1  x  l o 6 

s p e c ie s  due t o  th e  sm all amounts p r e s e n t , b u t where i t  was d e te c te d  i t s  

a c t i v i t y  fo llo w e d  th a t  o f  th e  1 .7 5  x  106 s p e c ie s .  T h is  p r e f e r e n t ia l  d e c r e a s e  

o f  th e  mature rRNAs and t h e ir  Immediate p re c u rso rs  can be ex p la in e d  by 

an a l t e r a t io n  in  th e  p ro c e ss in g  mechanism o f  th e  c e l l  so th a t  n o n - s p e c if ic  

breakdown o f  th e  i n i t i a l  t r a n s c r ip t  o c c u rs  in s te a d  o f  a s p e c i f i c  

c le a v a g e . T h is  a b e rra n t p ro c e ss in g  i s  th ought to  in v o lv e  th e  d e g ra d a tio n  

o f  th e  t r a n s c r ip t  to  s p e c ie s  o f  m ol. w t. l e s s  than 0 .5  x  10^ o r  t o  cau se  

a  random c le a v a g e  a s  no d is c r e t e  new s p e c ie s  were ob served  a t  any one 

tim e d u rin g  in f e c t io n .

The slow  d e c l in e  in  s y n th e s is  o f  th e  c r i t i c a l  p re c u r s o rs  co u ld

have been due to  th e  d e c re a se  in  th e  s i z e  o f  s o lu b le  u r id in e  p o o ls  a s

d e s c r ib e d  by Skehel and Burke (1969). T h is  p o s s i b i l i t y  was t e s t e d  as 
g

f o l lo w s .  1 . 5  x 10 c e l l s  were in fe c t e d  and la b e l le d  a s  d e sc r ib e d  in  

F ig .  5 . M onolayers were washed 3 tim es in  PBS/Ca/Mg and then  scraped  

in to  5 ml o f  PBS/Ca/Mg and s o n ic a te d . 5 ml o f  10« TCA was added, th e  

c e l l s  l e f t  to  stand on i c e  fo r  45 min and th en  c e n tr ifu g e d  a t  1,000 g 

fo r  5 min a t  4 ° . The sup ern ate was removed and 1 ml o f  5« TCA added.

The p r e c ip i t a t e  was removed by c e n tr ifu g a t io n  a s  b e fo r e . The su p ern a tes 

were pooled  and 100^ i l  a liq u o ts  assayed  fo r  r a d io a c t iv i t y  in  a t r i t o n -





Electrophoresis of nuclear SNA from FFV-infected CEE c e lls
p u lse d  w ith  u r id in e  a t  v a r io u s  tim es a f t e r  in f e c t io n .  C o n d itio n s  o f  

I n f e c t io n ,  f r a c t io n a t io n ,  RNA e x tr a c t io n  and e le c tr o p h o r e s is  were a s  

d e sc r ib e d  in  F ig .  5 . a) c e l l s  pulsed  0-2 h a f t e r  i n f e c t io n ,  b) 2-4 h ,  c) 

4-6  h , d) 6-8 h , e) 8-10  h. V e r t ic a l  a rro w s show th e  p o s it io n s  o f   ̂ C 

u r id in e  la b e l le d  RNA from p o lio v ir u s  in fe c t e d  HeLa c e l l s  w hich were c o 

e le c  troph oresed







F ig . 10 . D ecrease  in  n u cle a r  rRNA and i t s  p re c u r s o rs  in  FPV in fe c t e d  

CEF c e l l s .  The data  was o b ta in ed  from F ig .  9 , n orm alised  a s  in
. C

F ig .  6 and p lo t t e d  a s  a m idpoin t o f  a 2 h p u ls e .  •  -  •  3 .5 5  x l o 6 

s p e c ie s ,  ^  2.9  x  106 s p e c ie s ,  ■  - ■  1 .7 5  x  l o 6 s p e c ie s ,

0 -0 1.5 5  x lO 6 s p e c ie s ,  □  -  □  0 .6 5  x  l o 6 s p e c ie s .
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to lu e n e  b ased  s c i n t i l l a n t .  F ig .  1 1  shows th a t  th e  s o lu b le  u r id in e  p o o ls  

in  th e s e  c e l l s  f a l l  a t  about th e  same tim e and to  th e  same e x te n t a s  th e  

s y n t h e s is  o f  th e  i n i t i a l  rRNA t r a n s c r ip t .

The s y n th e s is  o f  th e  hnRNA undergoes a s te a d y  d e c l in e  a s  w e ll  from 

4 h a f t e r  in f e c t io n  onwards, b u t because o f  i t s  heterogen ou s n a tu re  and 

th e  absence o f  any method o f  s ta n d a r d iz in g  i t s  q u a n t ita t io n  no attem pt 

was made t o  q u a n tita te  t h i s  d e c r e a s e . I t  i s  in t e r e s t in g  to  n ote th a t  a t  

no tim e c o u ld  any new ly sy n th e s is e d  v ir u s  RNA be d e te c te d  in  th e  n u cleu s 

a lth o u g h  i t  was found in  th e  cytop lasm  from 4 h a f t e r  in fe c t io n .  However 

t h e  h igh  background o f  hnRNA p r e s e n t e a r ly  on in  in f e c t io n  would mask 

a n y  sm all amount p r e s e n t .

Méthylation of rRNA and its precursors in FPV infected cells
As m é th y la tio n  o f  th e  i n i t i a l  t r a n s c r ip t  i s  one o f  th e  f a c t o r s

controlling its processing, (Vaughan et al. ,  1967) experiments were
performed to examine the méthylation of rRNA in infected cells. The
electrophoretic profiles of RNA extracted from the nuclei of cells labelled 

32 3
w ith  P and H m ethyl m ethionin e i s  shown in  F ig .  1 2 .  These p r o f i l e s

show that only the rRNA and its precursors are methylated. In order to
d eterm in e i f  th e  m é th y la tio n  had d ecreased  d u rin g  i n f e c t i o n ,  th e  s p e c i f i c

a c t i v i t y  o f  th e  m éth y la tio n  was measured b y summing th e  counts in  each

32 3o f  th e  p e a k s , c o r r e c t in g  f o r  s p i l la g e  o f  P in t o  th e  H channel (4.5%)

3 32and m easuring th e  r a t i o  o f  H: P . The r e s u l t s  from  c e l l s  la b e l le d
k

a t  4 -6 ^ p o s t- in fe c t io n  (T able 4) show th a t  no change in  m éth yla tio n

occurred at a time when the effect of virus infection of rRNA processing
was w e ll  e s t a b lis h e d . T h e o r e t ic a l ly  th e  m u lt ip le s  o f  th e  m olecu lar w eigh t 

3 32
and th e  H/ P r a t i o  o f  th e  p r e c u rso rs  should eq ual th e  sum o f  th e  m u lti

p le s  from th e  immediate p ro d u cts (Weinberg and Penman, 19 7 0 ), in d ic a t in g



tim e of incubation a t 3 7 * (h)

rifl« . 1 1 » E f f e c t  o f  FFV in fe c t io n  on th e  s o lu b le  u r id in e  p o o ls  in  

CEF c e l l s .  Each p o in t r e p r e s e n ts  th e  m idpoin t o f  a  2 h p u ls e , 

ih e  v a lu e  a t  zero  tim e a f t e r  in f e c t io n  r e p r e s e n ts  th e  v a lu e  

O btain ed  from C e l l s  m o ck -in fected  w ith  PBS/ca/Mg.





---------- 1

F ig . 1 2 . M éth ylatio n  o f  rRNA from c e l l s  in fe c t e d  w ith  FPV. C e l le  w ere

6
___  04

.5»
—  LL

3 32 < 
la b e l le d  w ith  1 mCi m eth yl-  H m ethionine and 1 mCi P orth o p h o sp h ate  In —

phosphate f r e e  199 medium a t  th e  d e s ir e d  tim e a f t e r  in f e c t io n .  C e l l s  w ere ___
p rep ared , in cu b ated , f r a c t io n a t e d ,  RNA e x tr a c te d  and a n a lyse d  by PAGE a s  in

F ig . 5 . Arrows in d ic a t e  p o s it io n s  o f  peaks o f  absorban ce a t  260 nm.

a) c e l l s  m o ck-in fected  w ith  PBS/Ca/mg and la b e l le d  4-6  h p o s t - i n f e c t io n .

b) c e l l s  in fe c te d  w ith  FPV and la b e l le d  4-6 h p o s t - in f e c t io n ,  c) c e l l s

mock in fe c t e d  w ith  PBS/Ca/Mg and c o n tin u o u s ly  la b e l le d  f o r  24 h.
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a tr u e  p recu rso r-p ro d u ct r e la t io n s h ip .  T h is  was n o t th e  c a s e .  How

e v e r ,  i f  th e  c e l l s  a re  la b e l le d  to  eq u ilib riu m  in  t h i s  c a s e  24 h ,

(T able 4 -  l a s t  column) th e  p roduct from th e  i n i t i a l  t r a n s c r ip t  (5 .0  x  103 4 *) 

i s  a p p ro x im ately  eq u al to  th e  sum o f  th e  p ro d u cts from th e  mature rRNA 

s p e c ie s  (4 .1  + 1 .4  x  104 . A lso  th e  p roduct from th e  la r g e  rRNA (4 .1  x  104) 

approxim ates to  t h a t  from i t s  immediate p re c u rso r  (3.8  x  l o 4) . U n fo rtu n a te ly  

i t  was d i f f i c u l t  t o  o b ta in  r e l i a b l e  d a ta  on th e  2 .9  x lo® s p e c ie s  

and t h e  1 . 1  x  10® s p e c ie s .  The above d a ta  a r e  c o n s is t e n t  w ith  a rRNA 

m a tu ra tio n  scheme s im ila r  t o  t h a t  o u tlin e d  f o r  HeLa c e l l s  in  which 

m eth ylated  b ase s  a r e  con served  th rou gh ou t. T h is  ty p e  o f  experim ent p ro v id e s  

no in fo rm a tio n  on th e  a cc u ra c y  o f  m e th y la tio n , b u t s in c e  th e  p ro c e ss in g  

o f  th e  i n i t i a l  t r a n s c r ip t  (3 .5 5  x 106) to  i t s  imm ediate p rod u ct (2 .9  x  10®) 

p ro cee d s n orm ally  in  in fe c t e d  c e l l s ,  i t  i s  u n l ik e ly  t h a t  f a u l t y  m eth yla tio n  

i s  r e s p o n s ib le  fo r  d e f e c t iv e  p ro c e ss in g  t o  sm a lle r  s p e c ie s .

Iffect on host cell RNA synthesis of infection with U.V. irradiated FPV
In  v a c c in ia  v ir u s  in fe c t e d  c e l l s  th e  in h ib i t io n  o f  h o st c e l l  p ro 

t e in  s y n th e s is  i s  m ediated by a  p r o te in  from th e  in p u t v i r i o n .  I f  a  

s im ila r  mechanism i s  p re se n t in  FPV in fe c t e d  c e l l s ,  th e  d e c re a s e  in  rRNA 

s y n th e s is  and th e  in t e r fe r e n c e  in  m atu ration  d e s c r ib e d  above should occur 

i f  th e  in fe c t in g  v ir u s  i s  in a c t iv a te d  by i r r a d ia t io n  w ith  U .V. l i g h t .

U .V . i r r a d ia te d  v ir u s  was prepared a s  f o l lo w s ,  l o  ml o f  a l la n t o ic  
g

f l u i d  (3 .0  x  10 pfu/m i) was ir r a d ia te d  in  an 1 1  cm p e t r i  d is h  w ith

3 26 .1  x  10 ergs/cm  / s  from a U .V . lamp c a l ib r a t e d  by th e  method o f  Hatehard 

and P arker (1956) a t  a d is ta n c e  o f  15 cm (F ig . 1 3 ) .  0 .1  ml a liq u o ts  were

ta k en  from th e  v ir u s  suspen sion  a t  v a r io u s  tim es and a llo w e d  t o  adsorb

fo r  45 min a t  room tem perature onto 3 cm p l a s t i c  p e t r i  d is h e s  c o n ta in in g  

9 .0  x  10® c e l l s .  The m onolayers were in cu b ated  o v e r n ig h t a t  37° in  199 - 

medium and th e  c e l l  a s s o c ia te d  HA p ro d u ctio n  a ssa y e d . U sin g th e  standard
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determ ined b y Gandhi and Burke (1970) the tim e o f  maximum in te r fe r o n  

p ro d u ctio n  was estim ated  and th e  v i r u s  sto ck  was ir r a d ia te d  fo r  t h a t  

p e rio d  (see F ig .  1 3 ) .  In te r fe r o n  p ro d u ctio n  was used a s  a stan dard  

a s  t h i s  i s  a fu n c tio n  which i s  dependent on th e  in t e g r i t y  o f  FFV a s  

in d ic a te d  by v i r io n  polym erase a c t i v i t y ,  b u t n ot on i n f e c t i v i t y ;  thus 

p a r a l le l in g  th e  s itu a t io n  w ith  v a c c in ia  v ir u s  a s  c lo s e ly  a s  p o s s ib le .

F ig .  14 shows th e  e le c tr o p h o r e t ic  p r o f i l e  o f  RNA e x tr a c te d  from th e  

cytop lasm  and n u cleu s o f  c e l l s  in fe c t e d  w ith  U .V. ir r a d ia te d  FPV.

T ab le  5 shows th e  r a t i o  o f  s y n th e s is  o f  rRNA and i t s  p re c u rso rs  in  n u c le i 

and cytoplasm  from c e l l s  in fe c te d  w ith  U.V. ir r a d ia te d  FPV to  t h a t  in  

p a r a l l e l  u n in fe c te d  c u lt u r e s .  No e f f e c t  was observed on th e  s y n th e s is  o f  

th e  rRNA p re c u r s o rs  o r on t h e ir  subsequent m aturation  to  mature rRNA in  

th e  n u cle u s . N eith e r  was any e f f e c t  on th e appearance o f  rRNA in  th e 

cytoplasm  o b serve d .

R ib o n u cléa se  r e s i s t a n t  RNA sp e c ie s  in  in fe c te d  and u n in fe c te d  CEF c e l l s

During th e  RNA e x tr a c t io n  p ro ced u res, no In cubation  w ith  DNase i s  

perform ed, so  i t  i s  p o s s ib le  th a t  a lth o u g h  th e  p re p a ra tio n s  a re  la b e l le d

w ith  u r id in e  (which i s  n ot p rese n t in  DNA), some o f  th e  la b e l  c o u ld  be
*

in co rp o ra ted  in t o  DNA v i a  in te rm e d ia te  m etab o lic  pathw ays. T r e a tin g  th e 

RNA p r e p a r a tio n s  w ith  a m ixture o f  T^ and p a n c r e a tic  R N 'ases would remove 

a l l  s in g le  stran d ed  s p e c ie s  (excep t p o ly  A t r a c t s )  and expose d o u b le- 

stran ded  RNA o r  DNA la b e l le d  w ith  u r id in e . F ig .  15 shows th e  e le c t r o 

p h o r e tic  p r o f i l e s  o f  RNase tr e a te d  RNA p re p a ra tio n s  from th e  cytoplasm  

and n u c le i  o f  u n in fe c te d  c e l l s  and c e l l s  p u lse d  8-10 h a f t e r  in fe c t io n  

w ith  FPV. In  b oth  th e  u n in fecte d  and in fe c t e d  cyto p lasm ic  f r a c t io n s  no 

s p e c ie s  o f  RNase r e s is t a n t  RNA co u ld  be d e te c te d  e ith e r  by r a d io a c t iv i t y  o r  

o p t ic a l  d e n s ity  measurements excep t a t  th e bottom  o f  th e  g e l  in  th e  reg io n  

o f  th e  marker d y e . These sp e c ie s  were thus o f  v e ry  sm all m o lecu lar 

w eigh t and assumed to  be th e breakdown p ro d u cts o f  th e  enzyme d ig e s t io n .

» .
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F ig .  1 3 . U .V .- ir r a d ia t io n  o f  FPV. (-------- ) i r r a d ia t io n  o f  FPV in

th e  system d e sc r ib e d  by Sandhi and Burke (1970) ,  ( •  -  • )  i r r a d ia t io n  

o f  FPV in  th e  system  d e sc r ib e d  in  th e  t e x t .  'A ' r e p r e s e n ts  th e  

tim e o f  i r r a d ia t io n  t o  produce th e  maximum amount o f  in t e r fe r o n  in  

th e  Gandhi and Burke system . 'B ' r e p r e s e n ts  th e  estim ated  tim e o f  

i r r a d ia t io n  t o  produce th e  maximum amount o f  in t e r fe r o n  in  th e  

system  d e s c r ib e d  in  th e  t e x t .
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F ig .  1 4 . RNA e x tr a c te d  from  c e l l s  in fe c t e d  w ith  FPV, ir r a d ia t e d  a s  d e s c r ib e d  

in  F ig .  1 3 . C e l l s  were p u lse d  8 -10  h a f t e r  in f e c t io n  w ith  u r id in e . 

L a b e l l in g ,  i n f e c t io n ,  f r a c t io n a t io n ,  RNA e x tr a c t io n  and e le c tr o p h o r e s is  

were a s  d e s c r ib e d  fo r  F ig .  5 . Arrows in d ic a t e  p o s it io n s  o f  absorb an ce 

a t  260 nm . a) RNA from cyto p la sm , b) RNA from n u c le i .
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F ig .  1 5 . E le c tro p h o r e s is  o f  RNase tr e a te d  RNA from CEP c e l l s  in fe c te d  

w ith  FFV o r  m o ck -in fected  w ith  PBS/Ca/Mg. . I n f e c t io n ,  l a b e l l i n g ,  f r a c t io n a 

t i o n ,  RNA e x tr a c t io n  and e le c tr o p h o r e s is  was c a r r ie d  o u t a s  d e s c r ib e d  in  

F ig .  5 , b u t w ith  th e  fo llo w in g  e x c e p tio n s . The RNA p e l l e t  from th e  e th a n o l 

p r e c ip i t a t io n  ste p  in  th e  RNA e x tr a c t io n  p roced u re was d is s o lv e d  in  2 x  

SSC and incubated  fo r  20 min a t  37° w ith  170 u n its/m l o f  RNase T , and SO^ug/ml 

o f  p a n c r e a tic  RNase A and im m ediately loaded onto th e  g e l .  The PAGE was 

f o r  3*s h . Arrows r e p r e s e n t th e p o s it io n s  o f  O.D.amounts o f  RNase r e s i s t a n t  

s p e c ie s .  'BPB in d ic a t e s  p o s it io n  o f  marker d ye  -  bromophenol b lu e , 

a) cytoplasm  from c e l l s  m o ck-in fected  w ith  PBS/Ca/Mg and la b e l le d  w ith  

u r id in e  from 8-10  h p o s t - in fe c t io n ,  b) n u c le i  from m o c k -in fe c te d  c e l l s ,

c )  cytoplasm  from c e l l s  in fe c te d  w ith  FPV and la b e l le d  w ith  u r id in e  from 

8 -10  h p o s t - in f e c t io n ,  d) n u c le i  from FPV in fe c t e d  c e l l s .
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In  th e  n u c le i  o f  b oth  in fe c te d  and u n in fe c te d  c e l l s ,  a g a in  most o f  th e  

m a te r ia l a b so rb in g  a t  260 nm, and th e  r a d io a c t iv e  m a te r ia l was p re se n t 

a t  th e b u f fe r  f r o n t  in  th e  reg io n  o f  th e  marker d y e . However, a sm all 

amount o f  la b e l le d  m a te r ia l  could be seen m ig ra tin g  in  th e  p o s it io n  

where O.D. amounts o f  DNA w ere. Some o f  th e  la b e l le d  m a te r ia l a t  th e 

o r ig in  o f  th e  g e l  was s t i l l  p rese n t a lth ou gh  reduced to  l e s s  th an  10% o f  

i t s  o r ig in a l  v a lu e . L a te r  experim ents w i l l  show th a t  in  t h i s  e le c tr o p h o r e s is  

system  DNA i s  p re se n t b oth  a t  the top  o f  th e  g e l  and in  t h i s  RN 'as r e 

s i s t a n t  p eak . As th e  r a d io a c t iv i t y  p re se n t in  t h i s  peak and t h a t  on to p  

o f  th e  g e l  i s  p re se n t in  th e  same amount in  both  u n in fe c te d  and in fe c t e d  

RNA p re p a ra tio n s  i t  was n o t a product o f  v i r a l  in f e c t io n .  T h e re fo re  i t s  

o r ig in  can be e ith e r  from th e  in c o rp o ra tio n  o f  la b e l  from u r id in e  

in t o  DNA v i a  d e o x y c y tid in e  (Adams, 19 6 8 ), o r  i t  r e p r e s e n ts  n a scen t RNA 

m o lecu les in  th e  p ro c e ss  o f  t r a n s c r ip t io n  and s t i l l  p ro te c te d  by t h e ir  

DNA tem plate from th e  a c t io n  o f  R N 'ases. As th e s e  c e l l s  a re  1 supercon

f l u e n t ' and v e r y  l i t t l e  DNA sy n th e s is  i s  ta k in g  p la c e ,  th e  l a t t e r  e x p la n a tio n  

i s  fa vo u red .

In c o n c lu sio n  no d ou b le-stran d ed  RNA s p e c ie s  cou ld  be seen in  e i t h e r  

I n fe c te d  o r  u n in fe c te d  c e l l s .  Experim ents perform ed a t  e a r l i e r  tim es 

d u rin g  in fe c t io n  gave id e n t ic a l  r e s u l t s .  T h is  f in d in g  appears t o  be a t  

v a r ia n c e  w ith  th o se o f  o th e r  workers and w ith  th e  concep t o f  th e  e x is te n c e  

o f  r e p l ic a t io n  com plexes in  in fe c te d  c e l l s  in v o lv in g  d o u b le-stran d ed  or 

p a r t i a l l y  d ou b le-stran d ed  v ir io n  RNA. T h is w i l l  b e d isc u sse d  fu r th e r  

in  S e c tio n  I I I .  •

, a

•  «
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DISCUSSION

HR production In FPV Infected cells
Both the kinetics of cell associated HA production and the total 

amount obtained corresponded closely with the values obtained by other 
workers in similar systems (Borland and Mahy, 1968; Long and Burke, 1 9 7 0 ) . 

Reduction in synthesis of cytoplasmic rRNA during FPV infection
The d e c re a se  in  th e  appearance o f  new ly sy n th e sise d  rRNA in  th e  c y t o 

plasm  i s  e v id e n t w ith in  th e  f i r s t  hour o f  in fe c t io n  and p a r a l l e l s  th e  

p ro d u ctio n  o f  v ir u s  HA; both  re a c h in g  a  maximum by 6-7 h a f t e r  i n f e c t i o n .  

V ir a l  RNA s p e c ie s  a r e  ob served  in  th e  cytop lasm  a f t e r  4 h and by 8 h p o s t 

in f e c t io n  th e y  dom inate. The sum o f  th e  d e c re a s e  in  h o st rRNA s y n t h e s is  

and o f  th e  in c r e a s e  in  v ir u s  RNA s y n t h e s is  can accoun t ap p ro x im ately  f o r  

th e  o v e r a l l  d e c l in e  in  RNA s y n th e s is  ob served  by Skehel and Burke (1969) .

As the primary interest of this investigation was the function of the 
nucleolus in virus infection, tRNA synthesis and its subsequent appearance 
in the cytoplasm was not investigated.

Similar effects on the appearance of newly synthesised rRNA in the 
cytoplasm have been found with poliovirus infection (Willems and 
Penman, 1966) and for herpesvirus infection (Roizman, 19 7 0 ). Both these 
authors found that the fall in cytoplasmic rRNA closely followed the 
appearance of intact virus. The latter work also showed a similar effect 
on tRNA in the cytoplasm. This effect could be due to alterations in the 
synthesis or transport of rRNA and these possibilities are discussed below. 
Synthesis of nuclear RNA in uninfected CEF cells

The p a tte r n  o f  rRNA s y n th e s is  in  a v ia n  c e l l s  has been shown to  

fo llo w  th e  o v e r a l l  p a tte r n  fo r  e u k a r y o tic  system s f i r s t  d e sc r ib e d  in  

HeLa c e l l s  (P e rry , 1962; S ch e rre r  and D a r n e ll,  1962; G reenberg and 

Penman, 1966; Zimmerman and H o lle r , 1 9 6 7 ) . The o n ly  d i f fe r e n c e s  l i e  in
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the apparent mol. wts. of some of the species.

These results compare closely with those obtained from chicken liver 
by Perry et al., (1970) except that the initial transcript in their 
system was slightly larger (3 .9 2  x lo6 daltons). It is interesting to 
insert the values for the molecular weights of rRNAs and their precursors 
into an evolutionary table, as done by Loening (1968). The size of the 
smaller rRNA is very highly conserved throughout eukaryotic evolution, 
implying that its structure is of fundamental importance. By comparing 
the sizes of both the larger rRNA species and the initial transcript,
Loening compiled a table of evolutionary hierarchies closely comparable 
to that achieved by taxonomic considerations. The values obtained here 
from embryo avian fibroblasts put birds underneath lower masmals such as 
the rabbit and above the amphibia. Similarly one could argue that embryonic 
avian fibroblasts are more 'primitive' that adult liver cells as the sizes 
of the larger rRNA and the primary transcript reported here are smaller 
than the mol. wts. of RNA from adult chicken liver (Perry et al., 1970 ). 

However no firm conclusions can be drawn until absolute molecular weights 
are determined.

Because of the polydisperse nature of hnRNA and the lack of con
venient probes in the chicken system, such as there are in the immuno
globulin and haemoglobin systems, no further characterization of hnRNA 
was attempted.
Effect of FPV infection on nuclear RNA synthesis

The synthesis of the initial rRNA transcript and that of its 
immediate product remained constant for the first 3 to 4 h of infection, 
uAiereas that of the mature rRNA species and their immediate precursors 
decreased from the outset of infection. The eventual decrease in the 
synthesis of the two primary precursors was closely paralleled by a
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d e c re a s e  in  th e  s o lu b le  i n t r a c e l lu la r  u r id in e  p o o ls . T h is  d e c re a s e  in  

p re c u rso r  p o o ls  p ro b ab ly  caused th e  f a l l - o f f  in  s y n th e s is  o f  th e  i n i t i a l  

t r a n s c r ip t .

However th e  f a l l - o f f  in  s y n th e s is  o f  th e  m ature rRNAs and t h e i r  

im n ediate p r e c u r s o rs  i s  to o  r a p id  fo r  th e  same argument t o  a p p ly . T h is  

d e c re a se  must be caused by an in t e r fe r e n c e  a t  th e  s te p  o f  s p l i t t i n g  th e  

2 .9  x  10** m o lecu le  in to  th e  immediate p r e c u rso rs  fo r  th e  mature rRNAs.

In  th e  HeLa c e l l  system  m éth y la tio n  i s  known t o  be a c o n t r o l l in g  f a c t o r  

i n  p r o c e s s in g  o f  rRNA p re c u rso rs  (Vaughan e t  a l . , 19 6 7 ), b u t no a l t e r a t io n  

in  t o t a l  m é th y la tio n  o f  rRNA p re c u rso rs  o ccu rred  in  FPV in fe c te d  c e l l s .  

However th e  d a ta  p rese n ted  gave no in fo rm a tio n  on th e  p o s s i b i l i t y  o f  

a b e rra n t m éth y la tio n  o c c u rr in g . In  E . c o l i  th e  c le a v a g e  o f  th e  rRNA 

p re c u rso r  i s  e f f e c t e d  by an en don uclease s p e c i f i c  f o r  d o u b le-stra n d ed  

r e g io n s  o f  th e  RNA (S c h le ss in g e r  e t  a l . , 19 7 3 ). I t  i s  p o s s ib le  t h a t  th e 

v ir u s  in fe c t io n  i s  a f f e c t in g  a s im ila r  enzyme fu n c tio n  in  CEF c e l l s .

No a d d it io n a l d i s c r e t e  RNA m o lecu les were ob served  in  in fe c te d  n u c le i ,  so 

i t  co u ld  be p o s tu la te d  th a t  th e  enzyme i s  t o t a l l y  d eg ra d in g  th e  2 .9  x  10^ 

m o lecu le  o r  c le a v in g  i t  randomly in s te a d  o f  a t  a  s p e c i f i c  p o in t .

I t  i s  p o s s ib le  th a t  th e  d e c lin e  in  h o s t  p r o te in  s y n th e s is  c o u ld  

c a u se  th e  above e f f e c t  o f  rRNA p r o c e s s in g  a s  th e  i n i t i a l  t r a n s c r ip t  i s  

bound to  p r o te in s  a s  i t  i s  b e in g  sy n th e s is e d  and a l l  rRNA p r e c u r s o rs  a re  

found a s  r ib o n u c le o p r o te in s  in  v iv o  (H igashi e t  a l . , 19 6 8 ). Thus th e  

o r ie n t a t io n  o f  th e  RNA in  th e  complex co u ld  make a v a i la b le  s p e c i f i c  

s i t e s  f o r  c le a v a g e . However i f  t h i s  was th e  c a s e ,  th e r e  must be a 

s p e c i f i c  e f f e c t  on c e r ta in  rib osom al p r o te in s  a s  th e  s y n th e s is  o f  th e  f i r s t  

two p r e c u rso rs  i s  u n a ffe c te d .

No e f f e c t  on rRNA tr a n s p o rt  was o b served  a s  th e  r a t e  o f  d e c l in e  o f  

s y n th e s is  o f  both th e  1 .5 5  x l o 6 s p e c ie s  and th e  0 .65 x 106 s p e c ie s  in  

th e  n u cleu s e x a c t ly  p a r a l le le d  th a t  o f  t h e i r  appearance in  th e  cyto p la sm .

!• 1 - _  ...
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The ob served  e f f e c t  on th e  p ro c e ss in g  o f  h o s t rRNA c o r r e la t e s  w e ll  

w ith  th e  appearance o f  a n o n -v ir io n , v ir u s - s p e c i f ie d  p r o te in  in  th e  

n u c le o lu s  and w ith  th e  o n s e t  o f  m orph ological changes s im ila r  to  th o se  

ob served  in  th e  p rese n ce  o f  RNA sy n th e s is  in h ib i t o r s .  T h e re fo re  i t  can 

be p o s tu la te d  th a t  th e  p resen ce  o f  th e  v ir io n  s p e c if ie d  p r o te in  c a u se s  a 

breakdown in  th e  normal rRNA m aturation  scheme by e i t h e r  a l t e r in g  th e  

t e r t i a r y  s tr u c tu r e  o f  th e  p recu rso r  o r by chan gin g th e  s p e c i f i c i t y  o f  

th e  enzyme o r  enzymes r e s p o n s ib le  fo r  c le a v a g e .

Thus in f e c t io n  w ith  FPV cau se s s im ila r  changes in  rRNA s y n th e s is  

a s  th a t  found w ith  h e r p e s v ir u s . However th e y  a re  q u it e  d i f f e r e n t  from 

th o se  changes caused b y  p o lio v ir u s .  Whereas p o lio v ir u s  does c a u se  an 

a l t e r a t io n  in  p r o c e s s in g , i t  does so by ca u sin g  a b u ild u p  o f  p r e c u r s o rs ;  

t h i s  i s  n ot found in  FPV in f e c t io n .  A lso  p o lio v ir u s  c a u se s  a d e c re a se  

in  th e  s y n th e s is  o f  th e  i n i t i a l  t r a n s c r ip t  and in t e r f e r e s  w ith  th e  tr a n s 

p o r t  o f  ribosom es from th e  n u cleu s; none o f  th e se  e f f e c t s  a re  observed 

in  FPV in f e c t io n .

Effect of FPV infection on hnRNA synthesis
No a p p r e c ia b le  e f f e c t  on hnRNA was ob served  u n t i l  4 h a f t e r  in f e c 

t io n .  A s im ila r  e f f e c t  was observed w ith  p o lio v ir u s  (Penman e t  a l . ,

1966; S o e lr o  e t  a l . ,  1966) a lth ou gh  th e se  o b se rv e rs  found a s l i g h t  

in c r e a s e  in  hnRNA s y n th e s is  w ith in  th e  f i r s t  hour o f  i n f e c t i o n .  From 

4 h p o s t - in fe c t io n  onw ards, FPV caused an o v e r a l l  d e c re a s e  in  th e  s y n th e s is  

o f  hnRNA. I t  i s  d i f f i c u l t  to  r e c o n c ile  th e  r e s u l t s  above w ith  th o se  o f  

Borland and Mahy (1968) who found an in c r e a s e  in  n u cleo p lasm ic  DNA 

dependent RNA polym erase a c t i v i t y  d u rin g th e  f i r s t  2 h o f  in fe c t io n  which 

th en  re v e rte d  to  normal b y  8 h p o s t - in fe c t io n .  However, i f  i t  i s  assumed 

t h a t  th e  polym erase i s  a c t in g  a s  normal and th e  v ir u s  i s  in d u cin g an 

in c r e a s e  in  n u cle a se  a c t i v i t y  so th a t  th e re  i s  a n e t  d e c re s e  in  th e  

s y n th e s is  o f  com plete hnRNA c h a in s , th e se  r e s u l t s  can be r e c o n c ile d .



Synthesis of v ira l RNA in the nucleus of Infected c e lls
A lth ough  th e  h ig h  l e v e l s  o f  hnRNA s y n th e s is  e a r ly  in  in f e c t io n  

(ip«ventj th e  d e te c t io n  o f  v i r a l  RNA s y n t h e s is ,  th e y  should be low  

enough a f t e r  6 h fo r  s y n th e s is  o f  v i r a l  RNA t o  be o b serv e d . T h is  was 

n o t th e  c a s e ,  a lth o u g h  by 4 h p o s t - in fe c t io n  v i r a l  RNA cou ld  be d e te c te d  

in  th e  cy to p la sm . These r e s u l t s  appear to  c o n f l i c t  w ith  th o se  o f  A very 

(1974) and Arm strong and B arry  (1974) who found new ly sy n th e s ise d  v i r io n  

RNA in  th e  n u c le u s . These d a ta  a ls o  c o n f l i c t  w ith  d a ta  p re se n t in  

S e c tio n  I I I  which shows v i r io n  RNA t r a n s c r ip t io n  in  th e  n u cle u s . I t  i s  

concluded t h a t  th e  m a jo r ity  o f  v ir u s  RNA i s  in  th e  cytoplasm  and t h a t  th e  

absence o f  o b se rv a b le  amounts o f  v i r a l  RNA in  th e  n u cle u s  r e f l e c t s  th e 

r e l a t i v e  i n s e n s i t i v i t y  o f  th e  te ch n iq u e s em ployed.

E f f e c t  o f  in f e c t io n  w ith  U .V .- I r r a d ia te d  FPV on RNA s y n th e s is  in  CEF c e l l s  

I f  a  p r o te in  from th e  in f e c t in g  v ir u s  p a r t i c l e  cau se s  th e  ob served  

in t e r fe r a n c e  o f  th e  p r o c e s s in g  o f  rRNA, v i r u s  made n o n -in fe c t io u s  by 

U .V .- in a c t iv a t io n  should have th e  same e f f e c t  a s  l i v e  p a r t i c l e s .  The d a ta  

p resen ted  above dem onstrate th a t .h o s t  rRNA s y n t h e s is ,  l i k e  h o s t p r o te in  

s y n th e s is  (Long and B urke, 1970) i s  n o t a f f e c t e d  b y in fe c t io n  w ith  U.V. 

in a c t iv a te d  v ir u s  a lth ou gh  such v ir u s  w i l l  induce in t e r fe r o n  (Gandhi 

and B urke, 19 7 0 ).

D ouble-stran ded  RNA s p e c ie s  in  FPV in fe c t e d  c e l l s

D oub le-stran ded  RNA i s  w e ll  known t o  have t o x ic  e f f e c t s  on c e l l s  

a s  w e ll  as in h ib it in g  t r a n s la t io n  (C o rd e ll-S te w a rt and T a y lo r , 1973; Lee 

e t  a l . , 1 9 7 1 ) .  T h e re fo re  an in v e s t ig a t io n  was pursued to  d is c o v e r  i f  an 

accum ulation  o f  d o u b le-stran d ed  RNA cou ld  c a u se  th e  observed e f f e c t  on 

rRNA s y n t h e s is . The d a ta  showed th a t  no such s p e c ie s  o f  RNA were found 

a t  any one tim e in  e i t h e r  th e n u c le i  o r  cytoplasm  o f  in fe c te d  c e l l s .

T h is was somewhat s u r p r is in g  a s  many w orkers have found d o u b le - 

stranded v i r u s - s p e c i f i c  RNA in  FPV in fe c t e d  c e l l s .  However, t h i s  ap p aren t

I
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in c o n s is te n c y  may be a p e c u l ia r i t y  o f  th e  d i f f e r e n t  a n a ly t ic a l  system s 

and w i l l  b e  d isc u sse d  more f u l l y  in  S e c tio n  I I I .

S u g g e stio n s  fo r  fu r th e r  in v e s t ig a t io n

In order to complete the story, the effect of FFV infection 
on tRNA synthesis could be elucidated as has been done with herpes
virus (Roizman, 19 7 0 ). However, it is unlikely that this would 
throw any light on either the mechanism of virus replication or on the 
control processes in eukaryotic cells, unless the methods developed by 
Sueoka and Tetsuo (1962) for separating 'the different tRNA species 
were used.

A t p r e s e n t  th e  ev id en ce  t h a t  th e  v ir u s  s p e c i f ie d  p r o te in  NS  ̂

c a u se s  th e  in h ib it io n  o f  rRNA p ro c e ss in g  i s  o n ly  c ir c u m s t a n t ia l .  Un

f o r t u n a t e ly  th e  experim ents done w ith  th e  p o lio v ir u s  system  to  d is t in g u is h  

w hether th e  e f f e c t  on rRNA m a tu ration  i s  dependent on v ir u s  RNA s y n th e s is , 

can n o t be perform ed a s  FPV i s  in s e n s it iv e  to  g u a n id in e . No o th e r  RNA 

s y n th e s is  in h ib i t o r s  a re  a v a i la b le  which s p e c i f i c a l l y  in h ib i t  FPV RNA 

s y n th e s is  a lth o u g h  oL-am anitin i s  a p o s s i b i l i t y  under in v e s t ig a t io n .

I t  sh o u ld  be p o s s ib le  to  p rep are  p u r i f ie d  NS  ̂ and e i t h e r  see  i f  

i t  c a u se s  th e  same e f f e c t  in  v i v o , o r  p rep are a c ru d e  n u c le o la r  p rep ara 

t io n  and a s s a y  fo r  in  v i t r o  RNA s y n th e s is  both  w ith  and w ith o u t NS^.

I t  i s  d i f f i c u l t  to  e n v isa g e  a p o s i t iv e  r a t io n a le  behind t h i s  e f f e c t  

o f  v ir u s  in f e c t io n  on rRNA s y n t h e s is .  I t  should b e in  th e  in t e r e s t  o f  th e 

v i r u s  t o  have a s  many ribosom es a v a i la b le  a s  p o s s ib le .  However, i f  new 

m essengers a r e  o n ly  tra n sp o rte d  from th e  n u cleu s on new rib oso m es, a s  

su g g ested  b y H a r r is , such a mechanism would p re v e n t th e  e x p ressio n  o f  any 

h o s t  d e fe n c e  mechanisms such a s  in t e r fe r o n . T h is  i s  even more p la u s ib le  

when i t  i s  co n sid e re d  th a t  in t e r fe r o n  i s  o n ly  produced by ir r a d ia te d  

FPV (Gandhi and B urke, 1970) and such v ir u s  does n o t cau se  any in h ib it io n  

o f  h o st rRNA s y n t h e s is .
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INTRODUCTION
S tr u c tu r a l  c h a r a c t e r i s t ic s  o f  th e  e u k a ry o tic  plasm a membrane r e la t in g  

t o  v ir u s  attach m en t

The I n i t i a l  ev en t In  a  v i r a l  I n fe c t io n  I s  th e  c o l l i s i o n  o f  th e  

v i r u s  p a r t i c l e  w ith  th e  h o st c e l l  plasma membrane. The s tr u c tu r e  o f  

t h i s  membrane must be o f  c r u c ia l  Im portance t o  th e  su c ce ss  o f  th e  i n f e c t i v e  

p r o c e s s . No attem p t w i l l  b e made h ere to  e x h a u s t iv e ly  re v ie w  th e  s tr u c tu r e  

o f  e u k a ry o tic  membranes a s  t h i s  has been done r e c e n t ly  elsew h ere (G reen, 

1 9 7 1; R a ck e r, 1970) b u t o n ly  to  r e f e r  to  th o s e  fu n c tio n s  d i r e c t ly  

r e la t e d  to  v i r u s  attach m en t.

S in g e r  and N ich olson  (1972) have v is u a l iz e d  th e  e u k a ry o tic  membrane 

a s  a  f l u i d  m osaic o f  p r o t e in ,  w ith in  a "se a "  o f  l i p i d .  These p r o te in s  

ca n  e ith e r  be in s e r te d  in to  one s id e  o f  th e  l i p i d  b i la y e r  o n ly , o r  tr a v e r s e  

th e  membrane c o m p le te ly . R ecent r e se a rc h  has shown t h a t  th e  membrane 

l i p i d s  a r e  c a p a b le  o f  v e r y  r a p id  l a t e r a l  movement (F oste  and A l l i s o n ,

1973) a t  abou t 4yum/s; a lth o u g h  v i r t u a l l y  no v e r t i c a l  movement o c c u r s . 

However most exp erim ents have been done w ith  m ic r o v e s ic le s  in  which th e  

h y d r o p h ilic  p o r t io n s  o f  th e  m olecule would be s t e r i c a l l y  in h ib it e d . I f  

th e  exp erim ents a re  rep e a ted  w ith  la r g e  membrane s h e e ts , th e  v e r t i c a l  ' f l i p -  

f l o p '  o f  th e  l i p i d  m o lecu les i s  in crea sed  by up to  f i v e  o rd e rs  o f  m agnitude. 

By u sin g  s o p h is t ic a te d  sp e c tro s c o p ic  m ethods, Linden e t  a l . ,  (1973) found 

t h a t  membrane l i p i d s  were n ot homogeneously arran ged  b u t formed a m osaic 

o f  w e ll  o rd ered  and f l u i d  r e g io n s .

The p r o te in s  in  th e  membrane appear t o  move l a t e r a l l y  about 100 

tim e s  slow er th a n  th e  l i p i d s .  N othing i s  known o f  t h e ir  v e r t i c a l  move

ment through th e  membrane a lth ou gh  i t  i s  d i f f i c u l t  to  im agine how th e  

p o la r  r e g io n s  o f  a la r g e  m olecu le  co u ld  t r a v e r s e  th e n on -p olar re g io n  

in  th e  c e n tr e  o f  th e l i p i d  b i la y e r  a s  th e  l i p i d  m o lecu les appear to  d o .

au ■



P r o te in s  which l i e  e x c lu s iv e ly  on one s id e  o f  th e  membrane, and o th e r s  

which tr a v e r s e  th e  membrane, have been d e sc r ib e d  fo r  human e r y th r o c y te s  

( T i l la c k  e t  a l . , 19 7 2 ). G lycophorin  I s  o f  p a r t ic u la r  in t e r e s t  a s  I t  

spans th e  membrane. The e x te r io r  h y d r o p h ilic  p o rtio n  i s  c o v a le n t ly  lin k e d  

to  abou t 30 o lig o s a c c h a r id e  r e s id u e s  in  a  h ig h ly  branched s tr u c tu r e  which 

forms s e v e r a l a n tig e n ic  s i t e s .  The c e n t r e  i s  hydrophobic and i s  bound 

t i g h t l y  to  membrane l i p i d  w h ile  th e  i n t e r io r  h y d ro p h ilic  p o rtio n  a p p e ars  

to  be in  c o n ta c t w ith  cyto p la sm ic  p r o t e in s . . *
The membrane s tr u c tu r e  o f  th e  en veloped  v ir u s e s  c lo s e ly  resem bled 

th a t  o f  th e  c e l l  membrane in  many w ays. The l i p i d s  a re  d e r iv e d  from 

th o se  in  the h o st plasma membrane (Froamhagen e t  a l . , 1959; K ates e t  a l . ,  

1962) a lth ou gh  t h e ir  p o s it io n  in  th e v i r u s  en velope imposes sev ere  

r e s t r i c t io n s  on t h e ir  l a t e r a l  movement (Lenard and Compans, 19 7 4 ).

S im ila r ly  a l l  o f  t h e ir  envelope p r o te in s  a r e  g ly c o s y la te d  a s  a re  th o se  

o f  o th e r  l i p i d  c o n ta in in g  anim al v ir u s e s  such a s  SFV.

T h erefo re  th e  o v e r a l l  p ic tu r e  o f  th e  e u k a ry o tic  membrane i s  one 

o f  an extrem ely  m obile s tr u c tu r e , co ve re d  on th e  o u ts id e  w ith  p r o te in s  

on which a re  v a r io u s  r e c e p to rs  o r r e c o g n it io n  s i t e s ,  some o f  which a re  

in  th e  form o f  o lig o s a c c h a r id e s . The im perm eable l i p i d  b i la y e r  i s  

p e n e tra te d  a t  s e v e r a l p o in ts  by p r o te in , seme o f  which a ls o  have a r e c e p to r  

fu n c tio n . The membrane o f  an in f e c t in g  enveloped v ir u s  has a v e r y  

s im ila r  s tr u c tu r e , a ls o  c o n ta in in g  a l i p i d  b i la y e r  o f  l i k e  c o n s is te n c y  

to  th e  c e l l  membrane and studded w ith  g ly c o p r o te in s  which in t e r a c t  w ith  

some o f  th e c e l l  re c e p to r  s i t e s .

Attachm ent o f  v ir u s  to  c e l l  re c e p to rs

P ic o rn a v iru se s  and m yxoviruses have both been stu d ie d  in t e n s iv e ly  

a s  re g a rd s  th e ir  mechanism o f  attach m ent. These two v ir u s  c la s s e s  

r e p re se n t two v e r y  d i f f e r e n t  mechanisms o f  h o s t-v ir u s  in t e r a c t io n .

1 0 0
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In  v iv o  p o lio v ir u s  h as a v e ry  narrow h o s t r a n g e , m u lt ip ly in g  o n ly  

in  th e  nervous and i n t e s t i n a l  t i s s u e s  o f  p rim ates  (H olland, 1 9 6 1 ) , C e l l s  

which support v ir u s  r e p l ic a t io n  c o n ta in  a s p e c i f i c  v ir u s  r e c e p to r  p r o te in  

on t h e ir  plasma membrane (H olland, 1962) which com bines w ith  a s p e c i f i c  

p r o te in  (VP4) on th e  v ir u s  en ve lo p e. The s p e c i f i c  v i r a l  r e c e p to r  i s  

found o n ly  in  c e l l s  which sup port in fe c t io n  (H o llan d , 1961) and a cco u n ts  

fo r  th e  narrow h o st range o f  p o lio v ir u s .

The m yxoviruses on th e  o th er hand bind t o  a v e r y  wide ran ge o f  

h o st c e l l s .  Many a tte s ip ts  have been made to  i s o l a t e  a  p r o te in  from 

s u s c e p t ib le  c e l l s  w ith  th e  c h a r a c t e r i s t ic s  o f  a  s p e c i f i c  r e c e p t o r .

Kathan e t  a l . , (1961) i s o la t e d  a g ly c o p r o te in , b u t u n lik e  th e  r e c e p to r  

o f  p o lio v ir u s  o n ly  th e  s i a l i c  a c id  r e s id u e s  and n o t th e  whole p r o te in  

a cte d  a s  th e  re c e p to r  (G o ttsch a lk  and Graham, 19 5 8 ). I f  th e  t r u e  r e c e p to r  

f o r  m yxoviruses i s  in  f a c t  s i a l i c  a c id ,  t h i s  would e x p la in  th e  broad 

h o st ran ge f o r  t h is  c la s s  o f  v ir u s .  The v ir u s  a t ta c h e s  to  th e s e  r e c e p to r s  

by th e  haem agglutinin  p r o te in  which c o n s t i t u t e s  one ty p e  o f  s p ik e  on th e  

v ir u s  c o a t  (Laver and V a le n t in e , 19 6 9 ;' W ebster and D a r lin g to n , 19 6 9 ).

B road ly  sp eakin g, th e  a d so rp tio n  b eh aviou r o f  o th e r  v i r u s  ty p e s  

fo llo w s  th a t  o f  p o lio v ir u s  fo r  th e  non-enveloped v i r u s e s ,  and t h a t  o f  

th e  m yxoviruses fo r  th e  enveloped v ir u s e s  and th e  la r g e  p o x v ir u s e s .

In g e n e r a l, th e  f i r s t  sta g e  o f  v ir u s  attach m en t to  th e  h o s t c e l l  

r e s u l t s  from Brownian m otio n , a lth ou gh  i t  ap p ears t h a t  a v ir u s  p a r t i c l e  

has to  c o l l i d e  s e v e r a l tim e s  b e fo re  i t  i s  f i r m ly  bound (A llis o n  and 

V a le n tin e , 1960). The i n i t i a l  b in d in g appears t o  be e l e c t r o s t a t i c  in  

n atu re (Tolmach, 1957; P h ilip s o n , 19 6 3 ), a lth o u g h  i t  i s  d i f f i c u l t  to  

understand how t h i s  can be a s  th e  n et ch arge on b oth  th e  v ir u s  p a r t i c l e  

and th e  c e l l  su r fa c e  i s  n e g a tiv e  (J .J . Skehel -  p e rso n a l communication) 

and la r g e  amounts o f  f r e e  en ergy  must be pumped in t o  th e  system  i f  th e  

m assive h yd ration  s h e l l s ,  which surround charged p a r t i c le s  in  aqueous 

m edia, a re  to  be removed. However, freq u en cy  o f  attach m ent r a t e s  fo r
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v i r u s - c e l l  I n te r a c t io n s  a s  h ig h  a s  3 .5  x  10 m l/ c e ll  have been 

estim ated  (O gston, 1963) .

The i n i t i a l  attachm ent o f  most v ir u s e s  appears to  be u n a ffe c te d  

b y tem perature changes from 4 ° -3 7 ° , w ith  th e  n o ta b le  e x c e p tio n  o f  rh in o - 

v ir u s e s  whose attachm ent r a t e  i s  markedly tem perature s e n s i t iv e  (Lonberg- 

Holm and K o ra n t, 19 7 2 ). During t h is  f i r s t  s ta g e  o f  attach m ent th e  v ir u s  

i s  s e n s it iv e  t o  n e u tr a liz a t io n  by a n tib o d y . Some v ir u s e s  w hich a re  a c id  

s e n s i t iv e ,  such a s  th e  m yxoviruses and h e r p e s v ir u s , can a ls o  be n e u tr a liz e d  

b y low pH d u rin g  t h i s  sta g e  o f  attach m ent. Thus th e  v ir u s  ap p ears t o  be 

s t i l l  on th e  o u ts id e  o f  th e  c e l l .  With in flu e n z a  v i r u s ,  t h i s  f i r s t  

s ta g e  o f  attach m ent i s  r e v e r s ib le  and can be t o t a l l y  a b o lish e d  by 

t r e a t in g  th e  c e l l s  w ith  a b a c t e r ia l  neuram inidase c a l le d  r e c e p to r  d e s tr o y 

in g  a n tib o d y . With in flu e n z a  v ir u s  (Ish id a  and Ackermann, 1956) and 

perhaps w ith  v a c c in ia  v ir u s  (Smith and Sharp, 1961) th e re  i s  a  second 

s ta g e  in  th e  attachm ent p r o c e s s . T h is s ta g e  i s  i r r e v e r s i b l e ,  tem perature 

independent and in s e n s it iv e  to  re c e p to r  d e stro y in g  enzyme, b u t th e  v ir u s  

s t i l l  rem ains s e n s i t iv e  to  a n tib o d y .

A ft e r  attachm ent o f  v ir u s  p a r t ic le s  to  th e c e l l ,  a  c o n s id e ra b le  

number e lu te  o f f  a t  tem peratures around 3 7 ° . With p o lio v ir u s  in fe c t io n  

t h i s  o ccu rs  by a p r o t e o ly t ic  mechanism r e s u lt in g  in  th e  lo s s  o f  VP4 

from th e  v ir u s  p a r t i c l e  ren d erin g  itn o n -in fe c tiv e . in  th e  c a s e  o f  in flu e n z a  

v ir u s  e lu t io n ,  t h i s  i s  ach ieved  by the neuram inidase on th e  o u te r  su rfa c e  

o f  th e  v ir u s  (Webster and D a rlin g to n , 1969) which c le a v e s  o f f  s i a l i c  a c id  

r e s id u e s  from th e  c e l l  s u r fa c e , but le a v e s  th e  v ir u s  p a r t i c l e  in f e c t iv e .  

P e n e tra tio n  o f  th e  c e l l  by in fe c t in g  v ir u s

The mechanism whereby anim al v ir u s e s  p e n e tra te  t h e ir  h o s t  c e l l  

a f t e r  a d so rp tio n  has been a s u b je c t  o f  c o n tro v e rsy  e v e r  s in c e  in v e s t ig a 

t io n s  were s ta r te d  o ver 15 y e a rs  ago. The reason s f o r  t h i s  a r e  many. 

A lthough we now have a rea so n a b le  con cep tion  o f  th e  g r o s s  u l t r a s t r u c t u r e  

o f  membrane system s, our knowledge o f  th e  tra n sp o rt p ro c e sse s  a c ro ss
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th e s e  membranes by sm all m olecules o r  m acrom olecular com plexes, such a s  a

v i r u s ,  I s  m inim al. A fu r th e r  problem i s  th e  speed a t  which p e n e tra tio n

ta k e s  p la c e . Thorne (1962) has shown th a t  p e n e tr a t io n  o f  $ o o t and

Mouth d is e a s e  v ir u s  (FMDV) i s  90* com plete in  3 min a t  37 » Marcus

(1959) showed th a t  th e  e n try  o f  NDV i s  com p lete  in  l e s s  th an  5 min a t

37° and Simpson e t  a l . , (1969) showed th a t  60* o f  v i r u s - l i k e  p a r t i c l e s

o
from VSV p r e p a ra tio n s  were taken  up by c e l l s  w ith in  5 min a t  37 .

A nother d i f f i c u l t y  a r i s e s  in  th e  u se  o f  th e  e le c tr o n  m icro sco p e, which 

in  th e o ry  should  be a  pow erful to o l  in  such s t u d ie s .  Whereas i t  i s  

r e l a t i v e l y  e a s y  to  v i s u a l i z e  whole v ir u s  p a r t i c l e s  by E .M ., once in s id e  

th e  c e l l  and e c l ip s e d  ( i . e .  presum ably m o d ified  in  some way) i t  i s  im p o s s ib le  

to  re c o g n ise  d is c r e t e  v ir u s  s p e c i f i c  p a r t i c l e s . The p o s s ib le  e x c e p tio n  

to  t h i s  i s  v a c c in ia  v ir u s  which un coats to  produce a d is c r e t e  c o re  b e fo r e  

DNA i s  r e le a s e d .

There a r e  two m ajor th e o r ie s  o f  v ir u s  p e n e tra tio n  which may in  

f a c t  d e s c r ib e  two p a r ts  o f  th e  same p r o c e s s , a lth o u g h  t h e i r  exponents 

seem t o  be n o t q u ite  so  compromising. One th e o r y , f i r s t  d e sc r ib e d  by 

F azekas de S t  G roth (1948) a s  'V ir o p e x is ' in v o lv e s  th e  engulfm ent o f  th e  

v ir u s  p a r t i c l e  in  a p h a g o c y to tic  v e s i c l e  and th e  subsequent breakdown o f  

b o th  v e s i c l e  and v ir u s  by c e l l  h y d ro la se s . The o th e r  m ajor th e o r y , f i r s t  

en u n ciated  b y Hoyle and F in te r  (19 5 7 ), in v o lv e s  th e  fu s io n  o f  th e  o u te r  

c o a t  o f  l ip id - c o n ta in in g  v ir u s e s  w ith  th a t  o f  th e  membrape o f  th e  c e l l ,  

th u s in je c t in g  th e  n u cleo ca p sid  in to  th e  cyto p la sm  in  a manner analogous t o  

th e  T-even phages o f  b a c t e r ia .  The second th e o r y , by d e f in i t io n  d oes n ot 

attem p t to  d e s c r ib e  th e  method o f  p e n e tra tio n  b y  v ir u s e s  which do n o t 

have a l i p i d  c o n ta in in g  o u ter  c o a t . A th ir d  method o f  e n tr y  d e sc r ib e d  fo r  

p o lio v ir u s  by Dunnebacke e t  a l . , (1969) in v o lv e s  th e  v ir u s  p a r t i c l e  p a ss in g  

r ig h t  through th e  plasma membrane a s  a com plete e n t i t y .  As v e r y  l i t t l e  

a d d it io n a l ev id en ce  i s  su p p lied  fo r  t h i s  l a s t  th e o r y , i t  w i l l  n ot be

d isc u sse d  fu r th e r .



By far the greatest amount of evidence favours the viropexis
th e o r y  and in v o lv e s  alm ost e x c lu s iv e ly  s tu d ie s  w ith  th e  e le c tr o n  m icro

s c o p e , a lth ou gh  J o k lik  (1964) c a r r ie d  o u t some b io ch em ical s tu d ie s  on th e  

f a t e  o f  p o x v iru se s  w hich, he con clu d ed , f i t t e d  o n ly  th e v ir o p e x is  concepts 

P r a c t i c a l l y  ev e ry  c la s s  o f  v ir u s  has been shown t o  be p rese n t in  p in o - 

c y t o t i c  v a c u o le s  by E.M. (see  rev ie w  by D a le s , 19 6 5 ). Simpson e t  a l . ,  

(1969) have shown by E.M. th a t  VSV i s  taken  up v e r y  r a p id ly  by p in o c y to s is  

a t  a  r a t e  which c o r r e la t e s  c lo s e ly  w ith  th e  r a t e  o f  appearance o f  tr a n s 

c r i p t i o n  o f  th e  v i r a l  genome (Flamand and B ishop, 19 7 3 ). E.M. s tu d ie s  

o f  RNA tumour v ir u s e s  b y  D ales and Hanafusa (1972) have shown th a t  v ir u s  

was adsorbed a t  4 ° and p e n e tra te d  b y  v ir o p e x is  a t  3 7 ° . The ev id en ce  by 

t h e s e  au th ors i s  more c o n v in cin g  th an  most a s  th e y  accounted fo r  a l l  th e  

v i r u s  p a r t i c le s  in  t h e i r  system . R e c e n tly  Dourmashkin and T y r r e l l  

(1974) have shown E.M. p ic tu r e s  dem on strating th a t  e le c tr o n  m icrographs 

a p p a r e n t ly  showing fu s io n  o f  in flu e n z a  v ir u s  w ith  th e  c e l l  membrane are  

a r t e f a c t s  due t o  ta n g e n t ia l  s e c t io n in g . These a u th o rs  con clu d e th a t  a l l  

v i r u s  p a r t i c le s  e n te r  th e  c e l l  by v ir o p e x is .

The th e o ry  o f  v ir u s  e n try  by fu s io n  i s  a t t r a c t i v e ,  n o t o n ly  in  

t h a t  i t  has a p reced en t in  th e  p e n e tra tio n  o f  th e  T-even p h ag es, but 

in  th a t  i t  i s  th e  e x a c t  r e v e r s a l  o f  v ir u s  assem bly and r e le a s e ,  a t  

l e a s t  fo r  in flu e n z a  v ir u s e s  (Compans and Dimmock, 19 6 9 ). I n i t i a l l y  Hoyle 

and F in te r  (1957) concluded th a t  in flu e n z a  v ir u s  became d isru p te d  so as 

t o  le a v e  v i r a l  en velo pe and HA on th e  c e l l  s u r fa c e ,  a llo w in g  p e n e tra tio n  

o f  th e  in te r n a l n u cle o ca p s id . Hoyle (1962) p rep ared  cyto p la sm ic  p a r t ic le s  

(which a re  r e le a s e d  in  v iv o  by c h o r io a l la n to ic  membrane c e l l s  -  CAM) and 

showed E.M. p ic tu r e s  o f  v ir u s  fu s in g  w ith  th e  c y to p la sm ic  p a r t i c le s  cau sin g 

d is r u p t io n  o f  th e  p a r t i c l e  in s id e  th e  c e l l .  E.M. s tu d ie s  by Morgan and 

R ose (1959) y ie ld  more co n v in cin g  p ic t u r e s  o f  in flu e n z a  v ir u s  p a r t i c le s  

m ergin g w ith  c e l l  membranes.



Some v ir u s e s  d e f i n i t e l y  do fu s e  w ith  th e  plasma membrane o f  

th e  h o st c e l l  and d isc h a r g e  t h e ir  genomes in t o  th e  c e l l  (A postolov and 

A lm eida, 1972) , b u t th e s e  a re  n o ta b ly  th e  h a em o lysin -co n ta in in g  paramyxo

v ir u s e s  and i t  i s  u n cle a r  whether t h i s  p ro c e ss  i s  r e sp o n s ib le  fo r  a p ro 

d u c tiv e  in f e c t io n .

However exponents o f  both  th e  above t h e o r ie s  do n ot a ttem p t to  

answer one im portant problem  o f  anim al v ir u s  i n f e c t io n ,  namely th a t  we 

cannot t e l l  which p a r t i c l e  o f  th e  many on th e  v i r u s  su rfa c e  a c t u a l ly  

ca u se s  th e  in f e c t io n .  The e le c tr o n  m icroscope can n o t d is t in g u is h  between 

p a r t i c l e s  w hich a re  in fe c t io u s  and th o se  which a r e  n o t, n e ith e r  can 

in f e c t in g  v ir u s  components be reco g n ized  once th e y  have passed th e  c e l l  

membrane. The ev id en ce  p resen ted  fo r  e ith e r  th e o r y  which r e l i e s  on 

e le c tr o n  m icroscop y may b e  in v a lid  o r even m is le a d in g . T h is  q u estio n  

i s  p a r t i c u la r ly  im portant fo r  anim al v ir u s e s  a s  t h e i r  p a r t i c l e  to  

i n f e c t i v i t y  r a t i o  i s  v e r y  much g r e a te r  than u n it y .  There i s  a fu r th e r  

im portant o b je c t io n  to  th e  v ir o p e x is  th e o r y . I f  th e  v ir u s  i s  taken  up 

in  a p h a g o c y to tic  v e s i c l e  i t  i s  s t i l l  o u ts id e  th e  c e l l ,  i . e .  on th e  wrong 

s id e  o f  th e  plasm a membrane. These v e s i c l e s  can  th en  fu s e  w ith  lysosom al 

v a c u o le s  (see  rev ie w  by A l l i s o n  and D a v ie s , 1974) and a re  th u s s u b je c t, 

t o  a t ta c k  by c e l l u l a r  h y d ro la se s . There i s  no ev id en ce  to  su g g est th a t  

v ir u s  components a re  in  any way r e s i s t a n t  to  th e s e  enzymes. The c e l l  

i t s e l f  i s  n ot broken down by i t s  own h y d ro la se s  a s  i t  c o n ta in s  them in  th e  

membrane b oun d 'lysosom es. T h erefo re  th e  o n ly  way a v ir u s  cou ld  p reven t 

i t s e l f  from b ein g  a tta c k e d  by th e se  h y d ro la se s  would be t o  in s e r t  i t s e l f  

a c t u a l ly  in to  th e  cytoplasm  where i t  would be a s  immune a s  th e  h o st c e l l .  

T h erefo re  c e l l u l a r  h y d ro la se s  would n ot be implemented in  th e  s p e c i f i c ,  

l im ite d  d eg ra d a tio n  o f  th e  v ir u s  p a r t i c l e  which o c c u rs  d u rin g th e  e c l ip s e  

phase o f  in f e c t io n .

105
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P r o je c t  o u t lin e

The aim o f  t h is  exp erim en tal programme was to  stu d y  th e  i n i t i a l  

e v e n ts  in  in flu e n z a  v ir u s  s y n t h e s is .  In  o rd er to  ensure t h a t  a com prehensive 

p ic t u r e  o f  t h i s  p a r t  o f  th e  r e p l ic a t io n  c y c le  was b u i l t  u p , i t  was n e c e ssa ry  

t o  c a r e f u l l y  c h a r a c te r iz e  th e  a d so rp tio n  phenomena in  our system . I t  i s  

v e r y  d i f f i c u l t  t o  a ssa y  most o f  th e  p r o c e sse s  which have been p o s tu la te d  

t o  o ccu r in  v ir u s  attachm ent and p e n e tr a t io n . However m ic r o p in o c y to s is , 

which i s  th o u gh t to  be im portant (se e  re v ie w s by A l l i s o n  and D a v ie s , 1974; 

Dlmmock, 1 9 7 4 ), i s  e a s i ly  s tu d ie d  b y  m o n ito rin g th e u ptake o f  c o l lo i d a l  

g o ld  and t h i s  p ro cess  i s  stu d ied  i n  th e  system  used f o r  v ir u s  a d so rp tio n .
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K in e t ic s  o f  attachm ent

In  ord er to  stu d y th e  i n i t i a l  even ts in  v ir u s  r e p l i c a t i o n ,  i t  i s  

im portant to  syn ch ro n ize  th e  in fe c t io u s  p r o c e s s . N orm ally t h i s  i s  done 

b y  ad sorb in g th e  v ir u s  fo r  a g iv e n  p e rio d  o f  tim e a t  a tem perature low er 

than th a t  n e c e ssa ry  fo r  m u lt ip l ic a t io n .  In  th e  p re v io u s  s e c t io n  t h is  

a d so rp tio n  was done a t  room tem perature (about 20°) and th e  k in e t ic s  • 

o f  a d so rp tio n  a t  t h i s  tem perature were in v e s t ig a te d . F ig .  16 shows th a t  

a d so rp tio n  was com plete by 45 min and had a h a l f  tim e o f  r e a c t io n  o f  25 

m in. The recom binant v ir u s  FFV/BEL was used a s  t h i s  was more s u it a b le  

th an  FPV fo r  l a t e r  experim ents d e sc r ib e d  in  S e c tio n  I I I .  O ther e x p e r i

ments (see S e c tio n  I I I )  in d ic a te d  th a t  a t  room tem p eratu re , n ot o n ly  

was v ir u s  f ir m ly  a tta ch e d  to  th e  c e l l s ,  b u t th a t  v ir io n  RNA had p e n e tra te d  

th e  n u cleu s and was p rob ab ly  on i t s  way o u t a g a in  a f t e r  1 h p o s t - in fe c t io n .

K in e t ic s  o f  a b so rp tio n  were th e r e fo r e  in v e s t ig a te d  a t  4 ° in  ah attem p t to

o
slow  down th e se  p ro c e sse s  to  f a c i l i t a t e  t h e i r  fu r th e r  a n a ly s i s .  A t 4 , 

a d so rp tio n  was com plete by 60 min and had a h a l f  tim e o f  r e a c t io n  o f  lO  min 

(F ig . 1 7 ) .  T h erefo re  attachm ent a t  4 ° i s  a s  f a s t ,  i f  n o t f a s t e r  than a t  

room tem perature.

S e n s i t i v i t y  o f  v ir u s  attachm ent to  n e u tr a l iz in g  an tib o d y

The above r e s u l t s  su ggested  th a t  v ir u s  was a tta ch e d  t o  th e  c e l l s

f ir m ly  enough n ot t o  be d is lo d g e d  by s u c c e s s iv e  w ashing; b u t th e y  do

n ot in d ic a te  whether th e  v ir u s  has p e n e tra te d  th e  c e l l  o r  i s  s t i l l  a tta ch e d

t o  th e  o u ts id e . In  ord er to  in v e s t ig a t e  t h i s  phenomenon in fe c t e d  c e l l s

were tr e a te d  w ith  n e u tr a l iz in g  a n tib o d y : o n ly  i f  v ir u s  had p e n e tra te d  th e

c e l l  would p la g u e s ap p ear. The antiserum  was t i t r a t e d  a s  d e sc r ib e d  in

T a b le  6 . Complete n e u tr a l iz a t io n  (g re a te r  than 97%) o f  th e  v ir u s  was 

-3 -2a ch ieved  a t  a 10 d i lu t io n  and 10 d i lu t io n  was used r o u t in e ly  throughout 

th e  in v e s t ig a t io n .

H l l j  ▼  A X l  i V S  MVOOM
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F ig .  1 6 . K in e t ic s  o f  attach m ent o f  FPV/BEL to  CEF c e l l s  a t  room 

tem p eratu re . 25 PFU o f  p u r i f ie d  FPV/BEL in  0 .1  ml PBS/Ca/Mg were 

a llo w ed  to  ad sorb  fo r  th e  re q u ire d  tim e to  9 x 10® c e l l s  on 5 cm 

p l a s t i c  p e t r i  d is h e s .  The c e l l s  were washed 4 tim es in  PBS/Ca/Mg 

and in cu b ated  a t  37° in  199 medium under a gar u n t i l  p la q u e s  appeared 

(about 2 d a y s ) . Each p o in t i s  an a v era g e  o f  d u p lic a te  sam ples.



1 0 9

F ig . 1 7 . K in e t ic s  o f  attach m ent o f  FPV/BEL to  CEF c e l l s  a t  4 °

9 x lO6 c e l l s  on 5 cm p l a s t i c  p e t r i  d is h e s  were precool'ed  in  a  4° 

c o ld  room fo r  30 min and then  adsorbed fo r  th e  r e q u ire d  tim e w ith  

40 PFU o f  p u r i f ie d  FPV/BEL in  0 .1  ml PBS/Ca/Mg. The c e l l s  were 

washed 4 tim es i n  c o ld  PBS/Ca/Mg and incubated  a s  in  F ig .  1 6 . Each 

p o in t i s  an a v e r a g e  o f  d u p lic a te s .
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T a b le  7 shows th e  r e s u l t s  from an experim ent to  determ in e th e

s e n s i t i v i t y  o f  FPV/BEL t o  antiserum  under c o n d itio n s  o f  p a r t i a l  or

com plete a b so rp tio n  to  CEF c e l l s .  As th e r e  was no d e c re a se  between

sam ples 'B ' and 'C ' ,  th e  v ir u s  must be e i t h e r  in s id e  th e  c e l l  a f t e r  1 h a t

4° o r  bound to  i t  in  such a way a s  to  be r e s i s t a n t  to  n e u t r a l iz a t io n  by

a n tib o d y . However a f t e r  15  min j u s t  o v er h a l f  th e  v ir u s  adsorbed i s

s e n s i t iv e  to  n e u t r a l iz a t io n  by a n tib o d y  (comparing 'A ' and 'D ') .  F u rth e r ,

i f  sam ples 'E* and 'F ' a r e  compared i t  can be seen th a t  a l l  th e  v ir u s  i s

a tta c h e d  to  th e  c e l l  a f t e r  15 m in, ( i . e .  I t  can not be washed o f f )  b u t

abou t 50% o f  i t  i s  s e n s i t iv e  to  n e u t r a l iz a t io n  by a n tib o d y , i t  would

appear th e r e fo r e  th a t  th e  i n i t i a l  attach m ent o f  v ir u s  t o  th e  c e l l  i s

v e r y  r a p id , b u t th e  n ex t s ta g e  in  which i t  i s  p r o te c te d  a g a in s t  n e u t r a l iz a -

o
t io n  b y  an tib o d y  i s  l e s s  r a p id  -  b u t b oth  s ta g e s  o ccu r r e a d i ly  a t  4 . 

N e u tr a liz a t io n  o f  adsorbed v ir u s  by lo w erin g  th e  pH

Although th e  above experim ents su g g e st th a t  th e  v ir u s  p e n e tra te s  

th e  c e l l  a t  4 ° . I t  i s  p o s s ib le  to  argue th a t  attach m en t o f  th e  v ir u s  to  

th e  c e l l  s u r fa c e  a l t e r s  i t s  morphology in  such a way th a t  i t  i s  no lo n ger 

n e u tr a l iz a b le  by a n tib o d y , a lth o u g h  i t  i s  s t i l l  o u ts id e  th e  c e l l .  Huang 

and Wagner (1964) have shown th a t  th e  i n f e c t i v i t y  o f  herpes sim plex v ir u s  

can b e r a p id ly  and e f f i c i e n t l y  in a c t iv a te d  by lo w erin g  th e  pH o f  th e  medium.

A s im ila r  phenomenon has been dem onstrated fo r  in flu e n z a  v ir u s  by T ovarm itsky 

and S h ish kin a  (1943) and used fo r  an e x te n s iv e  stu d y  o f  th e  a d so rp tio n  

k in e t ic s  o f  FMD b̂y Thorne (196 2). N .J . Dlmmock and D. P r ic e  (p erso n al 

conm unication) have shown th a t  a drop o f  a t  l e a s t  two o rd ers  o f  m agnitude 

in  th e  i n f e c t i v i t y  o f  FPV/BEL can b e a ch ie ved  by t r e a t in g  su sp en sion s o f  

th e  v ir u s  fo r  1 min a t  4 °  w ith  PBS b u ffe r e d  t o  pH 3 w ith  HC1.

T ab le  8 shows th e  r e s u l t s  o f  t r e a t in g  CEF c e l l s  t o  which FPV/BEL 

had been adsorbed, w ith  a c i d i f i e d  PBS. A gain  we se e  a v e r y  s im ila r
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T ab le 6 . T it r a t io n  o f  antiserum  a g a in s t  FFV/BEL. 0 .9  ml o f  v ir u s  in  

PBS/Ca/Mg c o n ta in in g  about 350 p . f . u .  was mixed w ith  0 .1  ml 

o f  a n tiseru m , d ilu te d  in  PBS/Ca/Mg t o  g iv e  th e  f i n a l  con

c e n tr a t io n s  shown below . The m ix tu re s  were in cu b ated  by 

g e n t le  shaking a t  4° fo r  1  h and th e n  0 .1  ml a l iq u o t s  were 

a llow ed  to  adsorb fo r  1  h a t  4 ° on p re c o o le d  5 cm p e t r i  d is h e s  

c o n ta in in g  9 x  106 CEF c e l l s .  The m on olayers were washed 

4 tim es w ith  c o ld  PBS/Ca/Mg and in cu b ated  a s  in  F ig .  16 .

F in a l  antiserum  c o n cen tra tio n  p . f . u .  p er d is h  (a v . o f  4)

lO -2

10-3

10-4

10-5

10

10-7

37

25

29



T a b le  7 . S e n s i t i v i t y  to  a n tib o d y  o f  FPV/BEL adsorbed t o  CEF. c e l l s  

a t  4 . V ir u s , c e l l s ,  antiserum  and PBS/Ca/Mg were p re c o o le d  to  4 ° .

50 p . f . u .  v ir u s  was added t o  c e l l s  in  0 .1  ml o f  PBS/Ca/Mg. A n ti

body was added in  1 ml volumes o f  a 1/100 d i l n .  in  PBS/Ca/Mg. Washes 

w ere each o f  2 m l. A- v ir u s  adsorbed fo r  15  min and 1  ml PBS/Ca/Mg 

added fo r  1 h j B - v ir u s  adsorbed fo r  1  h and 1  ml o f  PBS/Ca/Mg 

added fo r  1 h j C -  V iru s  added fo r  1  h-and antiserum  added fo r  1 h;

D- V ir u s  added f o r  15 min and antiserum  added fo r  1  h ; E- v ir u s  

added fo r  15 m in, washed tw ic e  in  c o ld  PBS/Ca/Mg and 1  ml PBS/Ca/Mg 

f o r  1  h . F - v i r u s  added f o r  15 m in, p la t e s  washed tw ic e  w ith  c o ld  

PBS/Ca/Mg and an tiseru m  added fo r  1  h . A l l  p la t e s  were washed

t w ic e  in  c o ld  PBS/Ca/Mg and in cub ated  a s  in  F ig .  16 .

Sample p . f . u .  p e r  p la t e  (a v . o f  4)

A 47

B 47

C 44

D 21

E 44

F 24



T ab le 8. S e n s i t i v i t y  t o  a c id i f ie d  PBS/Ca/Mg o f  FFV/BEL adsorbed a t  

4 to  CEF c e l l s .  9 x  10^ c e l l s  on 5 cm p e t r i  d is h e s ,  v ir u s  su sp en sion s, 

a c id  PBS/Ca/Mg and n e u tr a l PBS/Ca/Mg were a l l  p reco o le d  to  4 ° . The 

v ir u s  was adsorbed t o  th e  m onolayers fo r  th e  s ta te d  tim e, tr e a te d  fo r  1 

min a t  room tem perature w ith  1  ml o f  PBS/Ca/Mg a t  pH 3 , n e u tr a liz e d  by 

th e  a d d itio n  o f  an e q u iv a le n t amount o f  NaOH, washed tw ic e  in  co ld  

PBS/Ca/Mg and in cu b ated  a s  in  F ig .  10 . The c o n tr o l  con tain ed  0 .9  ml 

o f  a c i d i f i e d  PBS/Ca/Mg and 0 .1  ml o f  v ir u s  (2 x  l o 3 p . f . u . )  which was 

l e f t  a t  4° fo r  1 min and then  n e u tr a liz e d  w ith  NaOH. 0 .1  ml a liq u o ts  

were adsorbed onto c e l l s  f o r  1 h a t  4° and in cu b ated  a s  above.

tim e o f  a d so rp tio n  (mins) p . f . u .  p e r  d is h  (av. o f  2)

0 71

Washed o n ly i o 165

60 178

T rea ted  w ith 0 36

a c id  PBS/Ca/Mg 10 57

b e fo re  wash 60 131

C o n tro l 2
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r e s u l t  to  th a t  ob ta in ed  w ith  a n tib o d y , i . e .  th e  v ir u s  a tta c h e s  v e ry  

r a p id ly  and then becomes r e s is t a n t  t o  a c id  in a c t iv a t io n  a t  a slow er r a t e .

I t  was concluded th e r e fo r e  th a t  a s  th e  v ir u s  i s  r e s i s t a n t  to  both a n tib o d y  

and low pH when adsorbed to  CEF c e l l s  a t  4° i t  has p e n e tra te d  th e  c e l l .  

S tu d ie s  on m icro p in o cy to sls

For some tim e th e re  has been  c o n tro v e rsy  whether in flu e n z a  v ir u s  

(or any o th e r  v ir u s )  e n te rs  th e  h o s t  c e l l  by fu s io n  o f  i t s  membrane w ith  

th a t  o f  th e  h o st c e l l ,  or e n te rs  b y  an o p e ra tio n  c a l le d  v ir o p e x is ,  which 

c o u ld  be s im ila r  in  o p eratio n  t o  t h a t  o f  m ic r o p ia o c y to s is . In  th e  p re v io u s  

paragraph i t  has been shown th a t  in flu e n z a  v ir u s  can  e n te r  c e l l s  a t  4 ° . I t  

i s  d i f f i c u l t  t o  en visa ge  any en e rg y  r e q u ir in g  p r o c e s s e s  ta k in g  p la c e  a t  

t h i s  tem peratu re , so such mechanisms a s  p h a g o c y to s is  and m a cro p in o cyto sis  a re  

p ro b a b ly  n ot im portant in  in f lu e n z a  v ir u s  in f e c t io n .  However m icrop in o- 

c y t o s i s  and membrane fu s io n  a re  en e rg y  independent (A llis o n  and D a v ie s ,

1974) and cou ld  o p erate  a t  t h i s  tem p eratu re . I t  i s  d i f f i c u l t  to  a ssa y  

th e  e x te n t o f  a complex p ro cess  su ch  a s  membrane fu s io n , b u t m icrop ino- 

c y t o s is  i s  e a s i l y  assayed by th e  u p take o f  c o l lo i d a l  g o ld .

F ig . 18 shows the uptake o f  r a d io la b e lle d  c o l lo i d a l  go ld  o ver a p e rio d  

o f  24 h by CEF c e l l s .  Under th e s e  c o n d itio n s  th e  c e l l s  appear to  ta k e  up 

g o ld  f a s t e r  a t  37° than a t  4 ° , a lth o u g h  th e  f i n a l  l e v e l  reached d i f fe r e d  

b y  o n ly  tw o -fo ld . However th e s e  c o n d itio n s  were n o t th o se  used in  th e 

v ir u s  ad so rp tio n  experim ents d e s c r ib e d  above. R e s u lts  from experim ents 

done a t  4° in  0 .1  ml volumes a re  shown in  F ig .  1 9 . Under th e se  c o n d it io n s ,
i

up take i s  v e ry  ra p id  and rea ch es a  maximum a f t e r  lO  m in. The f a l l  o f f

tow ards th e  end o f  th e  in cu b atio n  i s  p rob ab ly  due t o  th e  c e l l s  d eh y d rat-
thoa* assayed in t r i t o n - t o lu e n e  based ecintilJant. 0-0 samelas . 

in g  and dyin g a s  th e  volume o f  o v e r la y  i s  v e r y  s m a ll. F ig .  19 a ls o
, P*' " 0 1 / i t ,  4 v - ’ AX X - po i

shows th a t  th e a d d itio n  o f  in f lu e n z a  v ir u s  d id  n o t s t im u la te  p in o c y to s is

a t  4 ° .
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198 8
F ig .  1 8 . Uptake o f  c o l lo i d a l  g o ld  Au by CEF c e l l s .  9 x  lo

c e l l s  were Incubated on 5 cm p e t r i  d is h e s  w ith  3 ml o f  199 medium

198
c o n ta in in g  1yu C i o f  c o l lo i d a l  Au f o r  th e  re q u ire d  tim e. The

s h e e ts  were then  washed fo u r  tim es w ith  c o ld  PBS/Ca/Mg, d is s o lv e d

in  1  ml o f  0 .2  M NaOH fo r  15 min a t  room tem perature and th e  whole
'

sample counted by th e  Cerenkov method. Samples counted a t  80% 

g a in  w ith o u t s c i n t i l l a n t  gave an e f f i c i e n c y  o f  25% a s  compared to  

th o se  assayed  in  t r ito n - to lu e n e  based s c i n t i l l a n t .  0-0 sam ples 

in cu b ated  a t  3 7 ° , •  -  •  sam ples incubated  a t  4 ° . A l l  p o in ts  a re  

th e  a v e ra g e  o f  d u p lic a te s .
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F ig .  1 9 . Uptake o f  c o l lo i d a l  go ld  198 Au by CEF c e l l s  a t  4° in

0 .1  ml volum es. O -  O .c e l l s  incubated  fo r  th e  r e q u ir e d  tim e a t  4°

198w ith  0 .1  ml PBS/Ca/Mg c o n ta in in g  1 j j C l  Au. •  -  •  c e l l s

in cu b ated  a t  4° w ith  0 .1  ml PBS/Ca/Mg c o n ta in in g  10^ PFU o f  FPV/BEL. 

C u ltu r e s  were p rep a red , h a rv e ste d  and assayed  fo r  r a d i o a c t i v i t y  a s  in  

F i g .  18 .



ion o c c u r s  by m ic r o p in o c y to s is .



I t  i s  p o s s ib le  th a t  th e  e f f e c t  ob served  i s  due to  a sp u rio u s  non

s p e c i f i c  a s s o c ia t io n  o f  th e  c o l lo i d a l  g o ld  w ith  th e  c e l l  s u r fa c e .  To 

e lim in a te  t h i s  p o s s i b i l i t y ,  c e l l  c u lt u r e s  were f ix e d  by r a p id ly  d ry in g  

in  a i r .  T h is  p ro c e ss  m a in ta in s much o f  th e  c e l l s  m o rp h o lo gica l and 

a n t ig e n ic  in t e g r i t y  w h ile  co m p lete ly  sto p p in g  most m etab o lic  p r o c e s s e s . 

A s s o c ia t io n  o f  c o l lo i d a l  g o ld  w ith  th e s e  f ix e d  c e l l s  was compared w ith  

t h a t  o f  normal c e l l s  (F ig . 2 0 ). These r e s u l t s  in d ic a t e  th a t  under th e 

c o n d itio n s  used f o r  th e  s tu d ie s  on v ir u s  a d s o rp tio n , u ptake o f  c o l lo i d a l

g o ld  a t  4 ° i s  id e n t ic a l  t o  th a t  a t  3 7 ° . Furtherm ore, a s s o c ia t io n  o f  

198Au w ith  f ix e d  c e l l s  under th e  same c o n d it io n s , i s  s i g n i f i c a n t l y  lo w er, 

and i s  independent o f  tim e.

I t  i s  concluded  th e r e fo r e  th a t  c o l lo i d a l  g o ld  i s  ta k en  up by CEF 

c e l l s  a t  4° under th e  c o n d itio n s  used fo r  s tu d ie s  in  v ir u s  in f e c t io n  and 

t h a t  t h i s  p ro c e ss  i s  s p e c i f i c  fo r  l i v i n g  c e l l s .  Assuming t h a t  c o l lo i d a l  

g o ld  i s  a  r e l i a b l e  a s s a y  in  t h i s  system  f o r  m ic r o p in o c y to s is , i t  i s  

ap paren t th a t  both  v i r u s  p e n e tra tio n  and m ic ro p in o c y to s is  can  o ccu r in  

CEF c e l l s  a t  4 ° . However th e se  r e s u l t s  g iv e  no in d ic a t io n  a s  t o  whether 

v ir u s  a d so rp tio n  o c c u rs  by m ic r o p in o c y to s is .

: I

▼ t...i ^rs s y c e s
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198 or ig « _20. U ptake o f  c o l lo i d a l  Au g o ld  a t  4 b y  f ix e d  and

v ia b le  CEF c e l l s .  C u ltu re s  were prepared, h a rv este d  and assayed  

l o r  r a d i o a c t i v i t y  a s . in  F ig .  18 . 0 - 0  c u lt u r e s  in cu b ated  a t  4°

w ith  0 .1  ml PBS/Ca/Mg c o n ta in in g  1 uCi 198 Au, •  -  •  c u lt u r e s

o 198
in cu b ated  a t  37 w ith  0 .1  ml PBS/Ca/Mg c o n ta in in g  1  u C i Au,

c u lt u r e s  f ix e d  by d ry in g  in  a c u r r e n t  o f  a i r  a t  room tem pera

tu r e  fo r  1 h , p r e c o o le d , and then in c u b a te d  a t  4 °  w ith  0 .1  ml PBS/Ca/ 

198c o n ta in in g  1 jjC i  Au.



DISCUSSION

1 1 9

P e n e tr a tio n  o f  CEF c e l l «  by FFV/BEL a t  4°

The k in e t ic s  o f  attachm ent o f  FPV/BEL t o  CEF c e l l s  showed v e ry

o
l i t t l e  dependence on tem perature s in c e  experim ents done a t  4 and 

room tem p eratu re ga v e  s im ila r  r e s u l t s .  T h is  independence o f  attach m ent 

upon tem peratu re a g r e e s  w e ll  w ith  t h a t  found fo r  o th e r  v ir u s  system s '

(see In tr o d u c tio n  t o  t h i s  s e c t io n ) .  However, u n lik e  most o th e r  v ir u s  

system s FPV/BEL p e n e tr a te s  th e  c e l l  r a p id ly  a t  4° to  become r e s i s t a n t  

to  b o th  a n tib od y  and low  pH. T h is  r a th e r  s u r p r is in g  f in d in g  a g r e e s  w ith  

th e  r e s u l t s  o b ta in ed  b y  Kato and E g g ers  (1969) who s tu d ie d  th e  in fe c t io n  

o f  CEF c e l l s  w ith  th e  R ostock s t r a in  o f  FPV. However, s tu d ie s  w ith  FMDV 

(Thorne, 1962) and h e r p e s v ir u s  (Huang and Wagner, 1964) have shown th a t  

p e n e tr a t io n , a s  judged  by i n s e n s i t i v i t y  o f  in fe c t in g  c e n tr e s  to  in a c t iv a 

t io n  b y  low pH o r a n tib o d y , o c c u rs  t o  o n ly  a v e r y  lim ite d  e x te n t a t  

tem p eratu res below  1 0 ° .  I t  must be assumed th e r e fo r e  t h a t  e i t h e r  in f lu e n z a  

v ir u s  p e n e tra te s  th e  h o s t  c e l l  by a  d i f f e r e n t  method from  FMDV and h e rp e s

v ir u s  o r  i t  i s  v e r y  much more e f f i c i e n t  in  i t s  p e n e tra tio n  p r o c e s s . The 

p e n e tr a t io n  o f  many o th e r  v ir u s e s  h as been stu d ie d  (see  rev ie w  by 

D a le s , 19 6 5 ), but th e s e  in v o lv e  a lm o st e x c lu s iv e ly  E.M. s tu d ie s  and 

s u f f e r  from th e  l im it a t io n s  m entioned above.

I f  in flu e n z a  v ir u s e s  p e n e tr a te  th e  c e l l  by fu s io n , th e  v i s c o s i t y

o f  th e  c e l l  membrane w i l l  be an im portant fa c t o r  in  t h i s  p e n e tr a t io n .

V i s c o s i t y  measurements on seme mesibranes in d ic a t e  th a t  th e y  have a

v i s c o s i t y  s im ila r  t o  o l i v e  o i l ,  i . e .  about 100 tim es t h a t  o f  w a te r .

R ed u ctio n  o f  th e  tem peratu re o f  o l i v e  o i l  from 37° to  10 ° in c r e a s e s  i t s

v i s c o s i t y  by o n ly  fo u r - f o ld  and th e  extrem e change o f  m o lecu lar s t r u c tu r e

from th e  f lu id  to  th e  c r y s t a l l in e  s t a t e  does n ot ta k e  p la c e  u n t i l  -6 °  i s

o
re a c h e d . T h erefo re  a t  4 th e r e  i s  enough f l u i d i t y  in  membrane s tr u c tu r e  

fo r  fu s io n  to  ta k e  p la c e  a t  o n ly  s l i g h t l y  reduced r a t e s .  However, c e l l



fu s io n  m ediated by Sen dai v ir u s  d o es n ot appear t o  o ccu r a t  4 ° (Okada,

1962) a lth ou gh  th e  c e l l  fu s io n  ob served  w ith  such h aem o lytic  v ir u s e s  may 

o ccu r by a d i f f e r e n t  p ro c e ss  than  th a t  used b y  in flu e n z a  v i r u s  to  e n te r  th e  

h o st c e l l .

S tu d ie s  o f  p ln o c y t o s ls
o

I f  v ir o p e x is  i s  th e  mechanism f o r  p e n e tr a t io n  o f  in flu e n z a  a t  4 

i t  i s  Im portant to  d eterm in e w hether t h i s  p r o c e s s  can ta k e  p la c e  a t  t h i s  

tem perature a s  v ir u s  attach m ent and p e n e tr a t io n  o ccu rs  r e a d i ly .  Both 

p h a g o c y to s is  and m a cro p in o c y to sis  r e q u ir e  an en ergy  sou rce and a r e  th u s 

tem perature s e n s i t i v e ,  so th e y  can n o t p la y  a  m ajor r o le  in  v ir u s  

a d so rp tio n . M ic r o p in o c y to s is , a  p ro c e ss  c a p a b le  o f  form ing v e s i c l e s  o f  

70-100 nm -  b ig  enough to  c o n ta in  a v i r u s ,  d o es  n ot r e q u ir e  en ergy and 

i s  th u s th e  most, p ro b a b le  e n d o c y to tic  p r o c e ss  employed in  v ir u s  p e n e tra 

t io n  a t  4 ° . T h is  p r o c e s s  i s  c o n v e n ie n tly  n o n ito re d  by o b se rv in g  th e  uptake 

o f  r a d io la b e lle d  c o l l o i d a l  g o ld . A d e c re a s e  in  th e  uptake o f  c o l lo i d a l  

g o ld  by CEF c e l l s  a t  4 ° was ob served  when compared to  th a t  o f  c e l l s  a t  37° 

a s  found by D avies e t  a l . ,  (1973) -. However when th e  g o ld  was adsorbed 

under th e  c o n d itio n s  used fo r  v i r u s  a d so rp tio n  exp erim en ts, an eq ual sharp 

r i s e  in  uptake was ob served  b o th  a t  37° and a t  4 ° . T h is  u ptake was n ot 

ob served  in  c e l l  s h e e ts  which had been f ix e d  b y  d ry in g  in  a i r ,  and was 

u n a ffe c te d  by th e  p re se n c e  o f . v i r u s .  T h e re fo re  m ic ro p in o c y to s is  does 

o ccu r in  t h i s  system  a t  4 ° and c o u ld  be th e  mechanism fo r  v ir u s  p e n e tra tio n  

However i t  has n ot been shown t h a t  membrane fu s io n  cannot o ccu r a t  4 ° ,  so 

th e  q u estio n  o f  th e  mechanism o f  v ir u s  p e n e tr a t io n  rem ains unanswered. 

S u g g estio n s fo r  fu r th e r  exp erim en ta tio n

These s tu d ie s  would be u s e f u l l y  complemented b y e le c tr o n  m icroscop y, 

to  compare t h i s  exp erim en ta l system  w ith  th o se  d e sc r ib e d  f o r  most v ir u s e s ,  

in  p a r t ic u la r  th e  r e c e n t  stu d y  o f  in flu e n z a  in  CAM c e l l s  b y  Dourmashkin
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and T y r r e l l  (1974): although such s tu d ie s  would o f  c o u rs e  be open t o  th e  

o b je c t io n s  to  t h is  techn ique m entioned above. I t  would be in t e r e s t in g  

to  r e p e a t  th e se  experim ents u sin g  a  range o f  in flu e n z a  v ir u s e s  and o th e r  

h o s t c e l l s  to  e s t a b lis h  i f  p e n e tr a t io n  o f  th e  h o st c e l l  a t  4° by th e  

in f lu e n z a  v ir u s e s  i s  in  f a c t  w idesp read  throughout th e  c l a s s .  T a ggin g 

th e  v i r u s  components w ith  f lu o r e s c e n t  a n tib od y  would a ls o  g iv e  an in d ic a t io n  

a s  to  th e  f i n a l  lo c a t io n  o f  v a r io u s  v i r a l  a n tig e n ic  components and a ls o  

remove many o f  th e  o b je c tio n s  to  a r t e fa c t u a l  s i tu a t io n s  w hich co u ld  a r i s e  

in  th e  experim ents d escrib ed  ab ove. Experim ents a lo n g  th e s e  l in e s  a r e  

p re se n te d  in  th e  n ex t s e c t io n .
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INTRODUCTION

The experim ents d e s c r ib e d  in  t h i s  s e c tio n  were d esign ed  t o  

in v e s t ig a t e  th e  mechanisms o f  t r a n s c r ip t io n  o f  th e  v i r a l  RNA in  in flu e n z a  

v ir u s  in fe c t e d  c e l l s .  The t r a n s c r ip t io n  o f  RNA o f  o th er v i r u s e s  w i l l  be 

b r i e f l y  d is c u s s e d  f i r s t  in  o rd e r  th a t  t h e ir  tr a n s c r ip t io n  mechanisms 

can be compared w ith  th o s e  p o s tu la te d  fo r  in flu e n z a  v ir u s .  I t  w i l l  become 

e v id e n t t h a t  i t  i s  im p o s sib le  t o  d is c u s s  th e  t r a n s c r ip t io n  o f  v i r a l  RNA 

w ith o u t a ls o  in v o lv in g  a  d is c u s s io n  o f  th e  mechanisms o f  RNA r e p l i c a 

t io n ;  th e r e fo r e  th e  s t r a t e g ie s  o f  both  ev en ts w i l l  be d is c u s s e d . O nly 

th e  mechanisms e lu c id a te d  fo r  th e  f2  RNA ph ages, p o lio v ir u s ,  rh ab d o viru seS  

and r e o v ir u s  w i l l  be d is c u s s e d  a s  th e y  re p re se n t th e  major ty p e s  o f  

t r a n s c r ip t io n a l  mechanisms which may be used d u rin g in flu e n z a  v ir u s  

m u lt ip l i c a t io n .

Throughout t h i s  s e c t io n  th e  term v ir io n  RNA (vRNA) r e f e r s  to  RNA 

which has th e  same sen se  a s  RNA found in  mature v ir io n s .  Complementary 

RNA (cRNA) r e f e r s  to  RNA which has th e o p p o site  sense to  vRNA, i . e .  has 

a b ase sequence com plem entary t o  vRNA.

M u lt ip lic a t io n  o f  RNA b a c te r io p h a g e s

The mechanisms o f  t r a n s c r ip t io n  and r e p l ic a t io n  o f  t h i s  c la s s  o f  

v ir u s  w i l l  be o n ly  b r i e f l y  d is c u s s e d  a s  th ey .appear to  have l i t t l e  re le v a n c e  

t o  p r o c e s s e s  o c c u rr in g  d u rin g  in flu e n z a  v ir u s  m u lt ip l ic a t io n :  however a 

g r e a t  d e a l i s  known abou t t h e i r  m u lt ip l ic a t io n  and i t  w i l l  b e  u s e fu l  to  

b ear in  mind some b a s ic  c o n c e p ts  which could  ap p ly  t o  in f lu e n z a  v i r u s .

These mechanisms have been review ed  elsew h ere (Sugijama e t  a l . . 19 72 »

Kozak and N athans, 1 9 7 1 ) .

Most work in  t h i s  a re a  d e a ls  w ith  th e  f2  group o f  p h a g e s . f2  Phage

6
has a genome o f  m ol. w t. 1 . 1  x  10 which codes fo r  3 p r o t e in s ,  th e  c o a t  

p r o te in  (mol. w t. 1 .5  x  lO4 ) , th e  m aturation  p r o te in  (mol. w t. 3.8  x 104) 

and th e  r e p l ic a s e  (mol. w t. 5 x  lO4) . The m aturation  p r o te in  i s  encoded
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a t  th e  5 ' end, t h e  c o a t  p r o te in ,  c e n t r a l ly  and th e  r e p l i c a s e  a t  th e  3 ' 

end. The genome a ls o  a c t s  a s  a mRNA and i s  t r a n s c r ib e d  d is p r o p o r t io n a te ly . 

The r e p l ic a s e  i s  sy n th e s is e d  e a r ly  in  in f e c t io n  and i t s  s y n th e s is  i s  

then shut o f f .  C o a t  p r o te in  i s  produced th rough out in f e c t io n  in  g r a d u a lly  

in c r e a s in g  amounts u n t i l  i t  becomes th e  m ajor p ro d u c t, l a t e  in  in f e c t io n .  

The m aturation  p r o t e in  i s  sy n th e sise d  a t  a c o n s ta n t l e v e l  a t  a l l  tim es 

b u t a t  a much lo w e r  r a t e  than th e  o th e r  two v i r u s  p r o te in s .

The v ir u s  u s e s  s e v e r a l  t r a n s c r ip t io n a l  and t r a n s la t io n a l  c o n tr o l 

p r o c e s s e s . The s h u t - o f f  o f  r e p l ic a s e  s y n th e s is  i s  caused  by th e  c o a t  

p r o te in  b in d in g  a t  th e  i n i t i a t i o n  s i t e  o f  th e  r e p l ic a s e  gene and 

p rev en tin g  rib oso m es b in d in g . T h is  o n ly  o c c u rs  when th e  c o n c e n tra tio n  

o f  c o a t  p r o te in  m o le c u le s  i s  such th a t  th e y  form a c e r t a in  c o n fig u r a tio n  

a t  th e  i n i t i a t i o n  s i t e .  Thus r e p l ic a s e  s y n th e s is  i s  o n ly  sw itched  

o f f  a t  th e  c o r r e c t  moment. T h is  i s  an example o f  t r a n s la t io n a l  c o n tr o l  

by a  messenger p r o d u c t.

The reduced s y n th e s is  o f  m atu ration  p r o te in  i s  b ecau se  th e  RNA 

a t  th e  i n i t i a t i o n  s i t e  i s  in  a c o n fig u r a tio n  which makes ribosom e 

b in d in g  a t  t h i s  s i t e  le s s  e f f i c i e n t  than a t  th e  o th e r  s i t e s .  The 

c o n fig u ra tio n  o f  th e  RNA a ls o  d e c re a s e s  th e  s y n th e s is  o f  th e  r e p l ic a s e  

*in  v i t r o ' .  However ' i n  v i v o ' th e  ribosom e unwinds th e  i n i t i a t i o n  s i t e  

o f  th e  r e p l ic a s e  gen e a s  i t  t r a n s c r ib e s  th e  i n i t i a l  segment o f  th e  

c o a t  p r o te in  g e n e . T h is  en su res th a t  th e  s y n t h e s is  o f  r e p l ic a s e  does 

n ot o u t s t r ip  t h a t  o f  c o a t  p r o te in  e a r ly  in  in f e c t io n  and v ic e - v e r s a .

As w e ll  a s  a c t in g  a s  m essage, th e  phase genome i s  th e  tem p late  

fo r  th e  s y n th e s is  o f  cRNA from which new v i r i o n  RNA i s  s y n th e s is e d . 

T h erefo re  both r e p l i c a t i o n  and t r a n s la t io n  can n o t o c c u r  a t  th e  same tim e 

a s  th e y  proceed i n  o p p o site  d ir e c t io n s .  T h is  problsm  i s  overcome in  

QH phage in f e c t io n  by th e r e p l ic a s e  p r p te in  b in d in g  to  th e  ribosom e 

b in d in g s i t e  and p r e v e n tin g  fu r th e r  ribosom es from b in d in g . Then a l l



th e  ribosom es a r e  a llo w ed  t o  run o f f  and th e  genome I s  th en  r e p l ic a t e d .  

T h e re fo re  c o n t r o l  o f  phage p r o te in  and RNA s y n th e s is  I s  ach ieved  

m ere ly  by an e le g a n t  c o n fig u r a tio n  o f  th e  RNA and th e  s p e c i f i c i t y  o f  

th e  In te r a c t io n s  between v ir u s  p r o te in s  and v ir u s  RNA.
One a s p e c t  o f  v ir u s  RNA s y n th e s is  which I s  c o m p le te ly  ob scu re I s  

t h a t  o f  how th e  r e p l lc a s e  changes I t s  s p e c i f i c i t y  from  making cRNA 

from  vRNA to  m aking vRNA from  cRNA.

Multiplication of poliovirus
The stu d y  o f  p ic o r n a v ir u s  m u lt ip l ic a t io n  has y ie ld e d  most 

In form atio n  a b o u t th e  mechanisms o f  anim al v ir u s  I n f e c t io n .  However, 

t h i s  c la s s  o f  v i r u s  i s  v e r y  d i f f e r e n t  from  in flu e n z a  v i r u s  and th e r e 

f o r e  i t s  m u lt ip l ic a t io n  p ro c e sse s  w i l l  o n ly  be d is c u s s e d  b r i e f l y  in  

o rd e r  to  h ig h l ig h t  some co n cep ts which may be u s e fu l  in  e v a lu a tin g  

th e  mechanism o f  in flu e n z a  v ir u s  in f e c t io n .

P o lio v ir u s  c o n ta in s  a  s in g le -s tr a n d e d  RNA genome o f  m ol. w t. 

a b o u t 2 .6  x  10®. The RNA i s  in fe c t io u s  and l i k e  th e  genome o f  RNA 

ph ages fu n c tio n  a s  a m essage and a s  a tem p late  {«r cRNA s y n th e s is . A 

un ique fe a tu r e  o f  p ic o r n a v ir u s  r e p l i c a t i o n . i s  th a t  th e  genome i s  tr a n s 

c r ib e d  to  form one la r g e  p o ly p e p tid e  which i s  su b se q u e n tly  c le a v e d  by 

a  s e r ie s  o f  s p e c i f i c  p r o te a s e s  to  form th e  fu n c t io n a l p r o te in s .  Thus 

a l l  v ir u s  s p e c i f i c  p r o te in s  a re  produced in  eq ual numbers a t  a l l  tim es. 

One o f  th e p ro d u c ts  o f  t r a n s la t io n  and c le a v a g e  i s  th e  r e p l i c a s e .  T h is 

enzyme may s y n th e s is e  b oth  cRNA and vRNA. Hence t h i s  enzyme may e x is t  

in  two forms o r  th e r e  may be two se p a ra te  r e p l i c a s e s .  The r e p l ic a s e  

h as n o t been p u r i f ie d .

P ic o r n a v ir u s e s  have th e  same problem  a s  th e RNA p h ag es, i . e .  

b e fo r e  th e  r e p l ic a s e  can tr a n s c r ib e  th e  in p u t RNA, i t  must ensure th a t  

a l l  ribosom es have been c le a r e d  b e fo r e  t r a n s c r ip t io n  can  s t a r t .  No 

c o n t r o l  mechanism, s im ila r  to  th a t  o f  th e  RNA p h ag es, has been d escrib ed  

y e t ,  and i f  none e x is t s  i t  may e x p la in  th e  low _ in fa c t iv i t y  to  p a r t i c le
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r a t i o  o f  these v i r u s e s .
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A gain  l i k e  th e  RNA phages cRNA i s  produced in  much sm a lle r  amounts 

than  vRNA. How t h i s  i s  a ch ie ved  i s  unknown, nor i s  i t  un derstood  how 

th e  v ir u s  knows when to  sw itch  from making cRNA t o  making vRNA. in  

g e n e ra l th e r e  a p p e ars  to  be no c o n tro l o v e r  th e  amount o f  v i r u s  s p e c i f i c  

p r o te in  o r  RNA produced a t  any one tim e ,. a lth o u g h  th e  assem b ly  o f  v ir u s  

p a r t i c l e s  i s  made q u ite  e f f i c i e n t  by com bining a l l  p r o c e s s e s  in v o lv e d  - 

in  m u lt ip l ic a t io n  in to  la r g e  " r e p l ic a t io n  com plexes” .

F u rth er d e t a i l s  o f  p ic o r n a v ir u s  r e p l i c a t i o n  can b e found in  

re v ie w s b y Brown and B u ll  (1973) and B a ltim o re  (19 6 9 ).

M u lt ip lic a t io n  o f  R habdoviruses

The m u lt ip l ic a t io n  o f  v e s ic u la r  s t o m a t i t is  v ir u s  (VSV) w i l l  be 

used a s  a  model system  a s  i t  has been e x t e n s iv e ly  s tu d ie d . The d e t a i l s  

o f  th e  r e p l i c a t i o n  c y c le  has been r e c e n t ly  review ed  e lse w h ere  by 

Flamand and B ish o p  (1974) and o n ly  th e  c o n c e p tu a l p r in c ip le s  w i l l  be 

d is c u s s e d  h e r e .

VSV i s  a  n e g a t iv e  stranded  en veloped RNA v ir u s  c o n ta in in g  a 

v i r i o n  a s s o c ia t e d  RN A-dependent RNA polym erase which s p e c i f i c a l l y  

t r a n s c r ib e s  th e  v i r io n  genome. Three p r o te in s  a s s o c ia t e  w ith  an RNA 

o f  m ol. w t. 3 .8  x  106 to  make up a r ib o n u c le o p r o te in  c o r e .  A pproxim ately  

2 x  103 m o le c u le s  o f  N p r o te in  a re  t i g h t l y  bound to  th e  RNA and p ro b ab ly  

p r o t e c t  i t  from n u cle a se  d ig e s t io n . The L p r o te in  i s  p ro b a b ly  th e  

v i r io n  t r a n s c r ip t a s e  and th e  e x a ct amount p r e s e n t  in  th e  c o r e  i s  unknown, 

a lth o u g h  i t  i s  much l e s s  than th e N p r o te in . The th ir d  c o r e  p r o te in  i s  

th e  NS p r o te in  w hich i s  ph osphorylated  and has no known fu n c t io n . The 

o u te r  en velo pe c o n ta in s  th e G g ly c o p r o te in  in  a  l i p i d  b i la y e r  beneath 

which i s  th e  M p r o t e in .

T r a n s c r ip t io n  i s  a p ro p erty  o f  th e  in n e r  c o re  and o n ly  o ccu rs  

i f  L p r o te in  i s  p r e s e n t a lthough com plete t r a n s c ip t io n  d o es n ot occur



in  th e  absen ce o f  NS p r o te in . The fu n c tio n  o f  th e  N p r o te in  i s  unknown, 

b u t i t  i s  e s s e n t ia l  fo r  t r a n s c r ip t io n .  The r o l e  a s  p r o te c to r  a g a in s t  

n u c le a se  a t t a c k  may be im portant a s  th e  RNA i s  v e r y  t i g h t l y  s tr e tc h e d  

and has no d o u b le  stran d ed  r e g io n s . Somehow th e  N p r o te in  must be 

d is p la c e d  d u rin g  t r a n s c r ip t io n  and Im m ediately re p la c e d  t o  m ain tain  

th e  i n t e g r i t y  o f  th e  t r a n s c r ip t io n  com plex. The mechanism fo r  t h i s  

p r o c e s s  i s  unknown, n e ith e r  i s  i t  known i f  th e  N p r o te in  has an 

a d d it io n a l  r o le  to  p la y ,  perhaps a s  a  c o fa c to r  f o r  th e  r e p l ic a s e .

'I n  v i t r o '  t r a n s c r ip t io n  i s  co m p lete , r e p e t i t i v e  and s e q u e n t ia l,  

a lth o u g h  v i r a l  p r o te in s  a re  made in  d is p r o p o r t io n a te  amounts. 'I n  

v i v o '  o n ly  20« o f  th e  in fe c t in g  p a r t i c l e s  a re  tr a n s c r ib e d . T r a n s c r ip t io n  

i s  a t  a l in e a r  r a t e  o f  one com plete genome e v e r y  90 s .  i n i t i a l  t r a n s 

c r ip t io n  i s  u n a ffe c te d  by p r e t r e a t in g  w ith  AMD, cyclo h e xim id e o r o th e r  

in h ib i t o r s  o f  p r o te in  s y n th e s is . The mRNA s p e c ie s  a re  tr a n s c r ib e d  

in d iv id u a l ly  in  p ie c e s  ap p roxim ately  e q u iv a le n t in  cod in g c a p a c ity  

t o  th a t  r e q u ir e d  by th e  v ir u s  p o ly p e p t id e s . The v ir u s  mRNA s p e c ie s  

c o n ta in  p o ly  A a t  th e  3 ' end (which i s  n ot d e r iv e d  from p o ly  U sequen ces 

in  th e  v i r io n  RNA) and a re  m eth ylated  on s y n th e s is  in  a manner a n alogo u s 

to  r e o v ir u s  m essengers (see paragraph b e lo w ). The VSV m essengers a re  

produced a t  d i f f e r e n t  r a t e s  and hence some t r a n s c r ip t io n a l  c o n tr o l  

mechanism must o p e r a te .

V i r a l  p r o te in s  a re  produced in  d i f f e r i n g  q u a n t it ie s  which r e f l e c t  

th e  fre q u e n c y  o f  m essenger p ro d u c tio n . The mechanism o f  c o n tr o l  i s  unknown 

b u t i t  c o u ld  r e f l e c t  a d i f fe r e n c e  in  th e  r a t e  o f  i n i t i a t i o n  o r  e lo n g a 

t io n  o f  th e  mRNAs -  p o s s ib ly  induced by th e  secon d ary s tr u c tu r e  o f  th e  

v i r i o n  RNA; o r  th e  p resen ce  o f  " t r a n s c r ip t io n  s to p "  sequences in  th e  

n a sc e n t mRNA which in h ib i t  th e fu r th e r  a c t io n  o f  th e  r e p l ic a s e  on th e  

genome a t  a s p e c i f i c  s i t e .  A l t e r n a t iv e ly  a form  o f  p roduct in h ib it io n
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c o n t r o l  c o u ld  o p e r a te , s im ila r  t o  th a t  d e sc r ib e d  above f o r  f2  t r a n s la 

t io n .  A l l  o r  any one o f  th e se  r o le s  cou ld  be performed b y  th e  NS p r o te in  

o r  th e  p o ly  A sequences o r th e  m eth ylated  b a se s .

45 min from th e  s t a r t  o f  i n f e c t io n ,  secon dary t r a n s c r ip t io n  

■ ta rts , i . e .  th e  p ro d u ctio n  o f  C.RNA from new ly sy n th e sise d  vRNA.

T h is  p ro c e ss  i s  in s e n s it iv e  t o  AND, b u t i s  s e n s i t iv e  t o  c y c lo h e x im id e .

I t  i s  assumed th e  n a scen t vRNA i s  r a p id ly  a s s im ila te d  t o  form  m ature 

v i r i o n s ,  a s  th e se  a re  r e le a s e d  from  th e  c e l l  a t  th e  same t im e . Perlman 

and Huang (1973) perform ed th e  fo llo w in g  e le g a n t experim ent to  i n v e s t i 

g a te  th e  mechanism o f  r e p l i c a t i o n .  They showed th a t  th e  a d d it io n  o f  

c yc lo h e x im id e  a t  any tim e d u rin g  in fe c t io n  t o  cu.ltM.rts a t  th e  p e r 

m is s iv e  tem perature o f  b oth  w ild  ty p e  and a tem perature s e n s i t i v e ,  RNA 

minus mutant d id  n o t a f f e c t  mRNA s y n th e s is  b u t im m ediately in h ib it e d  

th e  s y n th e s is  o f  vRNA. T h is  s u g g e s ts  th a t  th e  con tin ued  s y n t h e s is  o f  

a  p r o te in  i s  n e c e ssa ry  fo r  th e  change from t r a n s c r ip t io n  t o  r e p l ic a t io n .  

I f  th e  t s  mutant was s h i f t e d  t o  th e  n o n -p erm issive te m p era tu re , 

r e p l i c a t io n  was u n a ffe c te d  b u t t r a n s c r ip t io n  was stopped. T h e re fo re  

th e  le s io n  i s  in  th e  t r a n s c r ip t a s e  and e i t h e r  th e  r e p l ic a s e  i s  a 

d i f f e r e n t  enzyme o r  th e  t r a n s c r ip ta s e  has a se p a ra te  a c t iv e  s i t e  fo r  

r e p l ic a t io n  which i s  a c t iv a t e d  b y  th e  p r o te in  f a c t o r .  I f  cy c lo h e x im id e  

Was added a t  th e  tim e o f  th e  tem perature s h i f t ,  fu r th e r  s y n t h e s is  o f  vRNA 

was stopped b u t mRNA s y n th e s is  now r e v e r te d  to  th e  l e v e l  in  th e  w ild  

ty p e . T h is  d a ta  can b e e x p la in e d  i f  we p o s tu la te  th a t  two new p r o te in s  

a r e  needed f o r  r e p l ic a t io n ;  on e o f  which i s  a  r e p l ic a s e  w hich in  th e  

p resen ce  o f  th e  second p r o te in  form s vRNA. In  th e  absence o f  th e  

second p r o te in  th e  r e p l ic a s e  a c t s  a s  a t r a n s c r ip t a s e .  An a l t e r n a t i v e ,  

a lth o u g h  c o n c e p tu a lly  more d i f f i c u l t ,  h y p o th e sis  i s  th a t  th e  tr a n s 

c r ip t a s e  can be m o d ified  by th e  a c t iv a t io n  o f  a second a c t i v e  s i t e  by a 

new p r o te in  t o  make vRNA. In  th e  absence o f  t h i s  new p r o t e in ,  th e 

second a c t iv e  s i t e  w i l l  make mRNA. As r e p l ic a t io n  i s  s e n s i t i v e  t o
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cyclo h exim id e th e  s y n th e s is  o f  t h i s  new p r o te in  must be c o n tin u o u s.

I t  i s  p o s s ib le  t h a t  th e  a c t iv a t io n  o f  th e  new r e p l i c a s e ,  o r  th e  m o d ific a 

t io n  o f  th e  t r a n s c r ip t a s e ,  co u ld  b e  m ediated by th e  n a scen t N p r o te in  

form ing a  r e p l i c a t i o n  complex w ith  cRNA in  such a manner t h a t  i t  n ot o n ly  

a c t iv a t e s  th e  r e p l i c a t i o n  enzyme b u t c a u se s  i t  to  make com plete vRNA 

by a lig n in g  a l l  th e  cRNA s p e c ie s  in  an RNP com plex. A l t e r n a t iv e ly  th e  

NS p r o te in  in  i t s  p h o sp h o rylated  o r  p a rt-p h o sp h o ry la te d  form cou ld  

s im i la r ly  a c t i v a t e  th e  r e p l ic a t io n  enzyme and l i n e  up th e  v a r io u s  cRNA 

s p e c ie s  so t h a t  on r e p l ic a t io n  a com plete vRNA m o lecu le  was form ed. 

R e p lic a t io n  o f  r e o v ir u s

R e o v ir u s , l i k e  in flu e n z a  v i r u s  has a segmented RNA genome, a lth o u g h  

u n lik e  in f lu e n z a  v i r u s ,  r e o v ir u s  RNA i s  d oub le stra n d ed . The r e p l ic a t io n  

o f  r e o v ir u s  w i l l  be d is c u s s e d  h e re  to  compare a s p e c ts  o f  i t s  r e p l i c a t io n  

w ith  th a t  o f  in f lu e n z a  v i r u s .  F u rth e r  d e t a i l s  o f  th e  e v e n ts  o c c u rr in g  

d u rin g  r e o v ir u s  in f e c t io n  can be o b ta in ed  from re v ie w s by S h a tk in  (1971) 

and Flamand and B ishop (19 7 4 ).

The g e n e t ic  m a te r ia l  o f  r e o v ir u s  c o n s is t s  o f  10 d ou b le  stranded 

p ie c e s  o f  RNA in  equim olar am ounts. These a re  grouped in t o  3 s i z e  

c la s s e s ,  L arge (L )-3 p ie c e s ,  medium (M)-3 p ie c e s  and sm all (S)-4 

p ie c e s .  The L c la s s  o f  RNA cod es f o r  v i r io n  p r o te in s  \ 2 and \ 3 »

form th e  v i r u s  s h e l l .

T r a n s c r ip t io n  o n ly  commences when th e  o u te r  p r o te in s  a re  e ith e r  

removed o r  m o d ifie d  by h o st p r o te a s e s ,  a lth o u g h  s y n th e s is  o f  h o st p r o te in  

i s  n ot n e c e s s a r y . T r a n s c r ip t io n  ' i n  v iv o ' o c c u rs  o n ly  w ith in  th e  sub

tr a n s c r ib e d . I t  i s  th ought th a t  th e  t r a n s c r ip t a s e  accom p lish es t h i s  

by r e c o g n is in g  a m o d ified  base on th e  stra n d  o p p o s ite  th e  one t o  be t r a n s c r i

th e  N c la s s  f o r / L ^ ,^  andyu_3 and th e  S c la s s  f o r 0 ^ ,  , ® ° 3 and 6 ^ .

and form th e  n u cle o ca p sid  c o re  and th e  rem ainder

v i r a l  c o r e s  and 'o n ly  th e  n e g a tiv e  stra n d  o f  d ou b le  stran d ed  RNA i s
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The s y n th e s is  o f  mRNA i s  th e dominant even t e a r ly  in  i n f e c t io n ,  b u t d e c lin e s  

l a t e r  on . On t r a n s c r ip t io n ,  th e  mRNA i s  m ethylated  and t h i s  ap p ears to  

cau se  an in c r e a s e  in  tr a n s c r ip t io n  r a t e ,  b u t n ot t r a n s la t io n  r a t e .  There 

appears t o  be some form o f  t r a n s c r ip t io n a l  c o n tr o l ' i n  v i v o ' a s  o n ly  4 

m essengers a re  produced e a r ly  on , b u t a l l  lO  a re  produced l a t e r  on.

However ' i n  v i t r o '  a l l  10 m essengers a r e  produced a t  a l l  t im e s . T h is  

d i f f e r e n c e  in  t r a n s c r ip t io n  p a tte r n s  may r e f l e c t  th e  f a c t  t h a t  ' i n  v i t r o '  

t r a n s c r ip t io n  o c c u rs  w ith in  th e  s u b - v ir a l  c o r e s  and v i r a l  p r o te in s  may 

e f f e c t  a  c o n tr o l  w ith in  th e  com plex b u t not on th e  is o la t e d  enzyme: 

c e r t a in ly  i f 6 ^ 3  i s  added ' i n  v i t r o '  i t  c a u se s  a d e p re ss io n  in  t r a n s c r ip 

t io n .

Some form o f  t r a n s la t io n a l  c o n tr o l  a ls o  ta k e s  p la c e  a s  fx. p r o te in s  

a r e  made in  g r e a t e r  amounts th an  6 ^  p r o te in s  a lth ou gh  th e  r e v e r s e  i s  

tr u e  f o r  th e  s y n t h e s is  o f  th e  corresp on d in g M and S m essen gers.

The sw itc h  from  messenger p ro d u ctio n  to  v i r a l  RNA p ro d u c tio n  o ccu rs 

l a t e  in  in f e c t io n .  T h is p ro c e ss  i s  s e n s i t iv e  to  in h ib i t o r s  o f  p r o te in  

s y n th e s is  and t h e r e fo r e  must in v o lv e  th e  s y n th e s is  o f  a new r e p l ic a s e  o r a 

p r o te in  t o  m odify  th e  t r a n s c r ip t a s e .  R e p lic a t io n , l i k e  t r a n s c r ip t io n ,  

o p e ra te s  o n ly  in  s u b - v ir a l  c o r e s ,  b u t th e  r e p l ic a s e  a c t s  a t  f i r s t  o n ly  

on th e  s in g le  stra n d ed  p o s i t iv e  stran d  (mRNA) to  produce n e g a t iv e  s tr a n d s , 

a f t e r  which more p o s i t iv e  s tra n d s  a re  produced. However no d e t a i l s  o f  th e  

mechanism o f  t h i s  p ro c e ss  a re  known. The assem bly p ro c e ss  o f  r e o v ir u s  i s

complex a s  i t  m ust in v o lv e  th e  a c c u r a te  c o l le c t io n  o f  10 p ie c e s  o f  RNA and ,
■

4 p r o te in s  to  form a c o r e . The recom bin ation  fr e q u e n c ie s  o f  r e o v ir u s  

in d ic a t e  th a t  a t  some sta g e  in  in fe c t io n  a p o o l o f  a l l  RNA s p e c ie s  e x i s t s ,  

b u t how th e se  a r e  ga th ered  to g e th e r  in  an o r d e r ly  manner i s  n o t known.
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M u lt ip lic a t io n  o f  in flu e n z a  v ir u s

a) C h a r a c te r  o f  th e  genome? The in f lu e n z a  v i r u s  genome i s  a s in g le  

stran d ed  RNA m o lecu le  o f  t o t a l  m ol. vrt. 4 x  lo^  which i s  segmented in to  

s e v e r a l  un iq ue frag m en ts. The sen se o f  th e  in f lu e n z a  v i r i o n  genome has 

r e c e n t ly  been a  s u b je c t  o f  c o n tro v e r s y  s in c e  i t  was re p o rte d  t h a t  RNA

from p u r i f ie d  v i r io n s  s tim u la te s  an E . c o l l  ' i n  v i t r o '  p r o te in  s y n th e s is in g  

system  ( S e ig e r t  e t  a l . , 19 7 3 ). However th e  o p p o s ite  r e s u l t  has been 

re p o rte d  b y K in gsb u ry and W ebster (1973) u s in g  a  mammalian ' i n  v i t r o '  

p r o te in  s y n t h e s is in g  system . These l a t t e r  w orkers d id  n o t f in d  m essenger 

a c t i v i t y  in  vRNA b u t RNA from in fe c t e d  c e l l s  d id  have m essenger a c t i v i t y .  

However i t  was n o t determ ined whether t h i s  RNA was v i r i o n  sen se  o r  cRNA 

o r  b o th .

b) The n u c le a r  p h ase: U n like a l l  o th e r  RNA v i r u s e s , e x c e p t th e  tumour 

v i r u s e s ,  in f lu e n z a  v ir u s  m u lt ip l ic a t io n  i s  depen dent on th e  i n t e g r i t y  o f  

th e  h o s t  c e l l  n u c le u s . B r e it e n fe ld  and S ch a f e r  (1957) f i r s t  dem onstrated  

th a t  an a n tig e n  corresp on d in g to  th e  v i r i o n  r ib o n u c le o p r o te in  com plex

(RNP) was found in  th e  n u c le i  o f  in f e c t e d  c e l l s .  A t abou t th e  same tim e 

H oyle and F in t e r  (1957) showed t h a t  th e  in p u t v i r i o n  RNA en tered  th e  n u cleu s 

and th e y  su g g e s te d  i t  a s s o c ia te d  w ith  th e  h o s t  DNA, b u t th e  te ch n iq u e s  

th en  a v a i la b le  c o u ld  o n ly  g iv e  e q u iv o c a l r e s u l t s .  They a ls o  showed 

t e n t a t i v e l y  t h a t  v i r io n  p r o te in  d id  n o t  e n te r  th e  n u cle u s  im m ediately  

upon i n f e c t io n .  R e ce n tly  a s  many a s  4 v i r io n  p r o te in s  have been found 

in  a s s o c ia t io n  K ith  th e  n u cle u s , NP, P , N S^and NS2 (T a ylo r  e t  a l . ,

1970» L a z a ro w itz  e t  a l . , 1971» Dlmmock, 1969» Krug and E tk in d , 19 7 3 ).

S tu d ie s  w ith  in h ib it o r s  o f  DNA fu n c tio n  such a s  AND, m itom ycin C 

o r  U .V. i r r a d ia t io n  (B arry e t  a l . ,  1962» B a r r y , 1964» R o tt e t  a l . ,

1965» Nayak and Rosmussen, 1966) showed t h a t  v i r u s  f a i l s  to  r e p l i c a t e  in  

th e  p rese n ce  o f  th e se  compounds. However, c e l l s  t r e a te d  w ith  in h ib i t o r s  

which stopped o n ly  DNA s y n t h e s is ,  su p ported  v i r u s  in f e c t io n  (Nayak and
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Rasmussen, 19 6 6 ), u n lik e  th e  RNA tumour v ir u s e s  which a re  s e n s i t iv e  to  

t h is  in h ib i t o r .  R ecent r e s u l t s  o b ta in ed  w ith  cam ptothecin  (K e lly  e t  a l . ,  

1974b) and w ith  AMD b lo cked  c e l l s  fu se d  w ith  dormant e r y th r o c y te s  (K e lly  

and Dimmock, 1974) a ls o  dem onstrated t h i s  s e n s i t i v i t y  to  DMA in h ib i t o r s .  

In flu e n z a  v ir u s  m u lt ip l ic a t io n  i s  a ls o  s e n s it iv e  to  O tam an itin  in d ic a t in g  th a t  

th e  n u cleo p lasm ic  polym erase co u ld  be n e c e ssa ry  fo r  v ir u s  r e p l ic a t io n  

(Mahy e t  a l . ,  1 9 7 2 ). C ordycep in , an analogue o f  aden osin e does not

however in h ib i t  v i r u s  r e p l ic a t io n  (Mahy e t  a l . , 1973) in d ic a t in g  th a t  th e
'

n u cle a r  p o ly  A sy n th e ta se  i s  p o s s ib ly  n o t-n e c e ssa ry  f o r  v ir u s  m u lt ip l ie s -  

t io n .  However t h i s  l a t t e r  e f f e c t  seems to  be dependent on th e  c e l l  system  

s tu d ie d  (Rochovansky and P ons, 1 9 7 4 ) . The e x a c t  e f f e c t  o f  th e se  in h ib it o r s

o f  v i r u s  fu n c tio n  i s  u n ce rta in  a lth o u g h  Ghendon e t  a l . , (1970) have shown
’

th a t  th e  v ir io n  RNA in  th e  n u cleu s o f  th e  in fe c te d  c e l l s  i s  broken down 

by n u c le a s e s  induced by U .V. i r r a d ia t io n .  A d d it io n a lly  Borland and Mahy

(1968) dem onstrated th a t  th e  n u cleo p lasm ic  DNA dependent RNA polym erase
'

i s  s t im u la te d  in  in fe c te d  c e l l s  and t h i s  i s  an o b vio u s t a r g e t  fo r  DNA
.

in h ib i t o r s .  A lth ough  v ir u s  in f e c t io n  i s  most s e n s i t iv e  to  AMD e a r ly  in
■

i n f e c t io n ,  G reg o ria d es (1970)^ S c h o lt is s e k  and R o tt (1970) and Skehel
‘

(1973) have shown th a t  th e  drug c a u se s  a d e c re a se  in  v ir u s  p rod u ction  and 

RNA and p o ly p e p tid e  sy n th e s is  th rough out in f e c t io n .  Bean and Simpson 

(1973) have shown th a t  AMD in h ib i t s  th e  t r a n s c r ip t io n  o f  in p u t v ir u s  

genomes.
*

The f a i lu r e  o f  in flu e n z a  v i r u s  to  grow in  n on -n u cleated  c e l l  fragm ents
.

(Cheyne and W h ite, 1969) o r  e n u c le a te  c e l l s  ( F o l le t t  e t  a l . ,  1974» K e lly  

e t  a l . , 1974a) has c o n c lu s iv e ly  dem onstrated th e  n e c e s s i t y  o f  a h o st 

n u cleu s fo r  s u c c e s s fu l  v ir u s  m u lt ip l ic a t io n .

D e sp ite  th e  p le th o ra  o f  d a ta  p rese n ted  ab ove, th e  r o le  o f  th e  n ucleus

in  v ir u s  in fe c t io n  i s  s t i l l  unknown. The s e n s i t i v i t y  to  DNA in h ib ito r s
.

can not be e x p la in e d ' s o le ly  by th e  in d u c tio n  o f  h o st n u cle a se s  a s  th e  v ir u s
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RNA appears to  be in  an RNP com plex. Prim ary t r a n s c r ip t io n  o f  th e  v ir u s  

RNA i s  s e n s i t iv e  to  AMD b u t n ot cy c lo h e x im id e  (Bean and Sim pson, 1973) , 

th e r e fo r e  new ly sy n th e s ise d  h o st RNA i s  n ot needed in  a  m essenger c a p a c i t y .  

A p o s s ib le  e x p la n a tio n  i s  th a t  th e  h o s t  RNA s y n th e s is  i s  n e c e s s a r y  to  

p ro v id e  p rim ers f o r  th e  t r a n s c r ip t io n  o f  v i r a l  RNA to  cRNA.

th o u gh t to  be a ch ie v e d  by th e  v i r i o n  a s s o c ia t e d  t r a n s c r ip t a s e .  T h is

e s p e c ia l ly  ATP (Bishop e t  a l . , 1 9 7 1 ) .  95t o f  th e  p rod u ct form ed ' i n

v i t r o '  i s  com plem entary t o  vRNA and 80% o f  th e  genome i s  t r a n s c r ib e d  

(Bishop e t  a l . , 19 7 2 ). A p e c u l i a r i t y  o f  th e  ' in  v i t r o ' r e a c t io n  i s  th a t  

a  h ig h  p ro p o rtio n  o f  th e  p ro d u ct i s  d ou b le stran d ed  and th e  s p e c ie s  ga in ed  

on m eltin g  th e  RNA have a low er o v e r a l l  s i z e  th an  vRNA; in  f a c t  resem b lin g  

RNA ob ta in ed  from  v ir io n s  produced l a t e  in  in f e c t io n  which h a ve  a low er 

i n f e c t i v i t y  th an  normal v ir u s  p a r t i c le s .  (B arry and D a v ie s , 19 6 8 ). T h ere

f o r e  i t  appears th a t  th e  ' i n  v i t r o '  r e a c t io n  la c k s  some u n s p e c if ie d  

f a c t o r .  The v i r i o n  t r a n s c r ip ta s e  a c t i v i t y  has been shown t o  b e a p ro 

p e r t y  o f  a com plex c o n ta in in g  a l l  s p e c ie s  o f  v i r a l  RNA a lo n g  w ith  th e  NP,

P I and P2 p r o te in s  o n ly  (Schwartz and S c h o lt is s e k , 1973; H e f t i  e t  a l . ,  

19 7 4 ).

'I n  v iv o ' prim ary t r a n s c r ip t io n  has s e v e r a l  im portant d i f f e r e n c e s  

from th a t  ob served  ' i n  v i t r o ' .  V ery  few  (about 3%) o f  th e  in f e c t in g  

p a r t i c l e s  a re  tr a n s c r ib e d  (Bean and Sim pson, 19 7 3 ). A lso  t h e r e  appears 

to  be a la g  p h ase o f  abou t 45 min betw een in fe c t io n  and th e  s t a r t  o f  

t r a n s c r ip t io n  w hich i s  n o t due t o  th e  tim e ta k en  fo r  th e  a b s o r p tio n  

p r o c e s s  (see p re v io u s  s e c t io n ) . P ro b a b ly  th e  most p u z z lin g  d i f f e r e n c e  

i s  th a t  ' i n  v i t r o '  t r a n s c r ip t io n  i s  in s e n s it iv e  to  AMD (Chow and Sim pson,

c) Prim ary t r a n s c r ip t io n :

enzyme has an optimum a c t i v i t y  ' i n  v i t r o '  a t  3 1 °  in  th e  p r e s e n c e  o f  Mg2* 

2+
and Mn and h as an a b s o lu te  req u irem en t fo r  a l l  n u c le o tid e  tr ip h o s p h a te s



1 3 4
but is sensitive 'in vivo' (Bean and Simpson, 19 7 3 ). This fact 
suggests that primary transcription requires a nuclear function and 
recently no virion proteins or cRNA had been detected in enucleate cells 
(Kelly et al., 19 7 4 a ; Follett et al . ,  19 7 4 ). It is not known whether 
primary transcription takes place in the nucleus or cytoplasm, or 
whether the 'in vivo' process copies the whole genome.

d) Secondary t r a n s c r ip t io n ; 'I n  v iv o ' th e re  i s  a sudden r i s e  in  

th e  p rod u ction  o f  cRNA (Bean and Sim pson, 1973) from about l 1) h a f t e r  

in f e c t io n .  T h is  in c r e a s e  in  t r a n s c r ip t io n  r a t e ,  u n lik e  th a t  observed 

e a r l i e r  in  in f e c t io n  i s  s e n s i t iv e  to  in h ib i t o r s  o f  p r o te in  s y n t h e s is .

The second phase of transcription could be either due to the transcrip
tion of sequences not previously transcribed, or to an increase in the 
number of vRNA molecules caused by replication, with the consequent 
rise in transcription rate. In the first case the new protein would act 
as a cofactor to change the specificty of the transcriptase and in the 
second case the new protein required would either be a replicase or a 
factor to convert the transcriptase to a replicase.

A gain i t  i s  unknown whether secon d ary - tr a n sc rip t io n  ta k e s  p la c e  

in  th e  n ucleus o r  th e  cyto p la sm , a lth o u g h  an RNA dependent RNA p o lym era se, 

which i s  in s e n s it iv e  to  AMD ' in  v i t r o ' ,  has been is o la t e d  from both  th e  

n u c le i  and th e cyto p la sm  o f  in fe c te d  c e l l s  (H a stie  and Mahy, 19 7 3 ).

However both th e s e  c e l l u l a r  polym erase a c t i v i t i e s  re a ch  a peak when 

v ir u s  i s  being r e le a s e d  from  th e  c e l l ,  i t  i s  p o s s ib le  t h a t  e i t h e r  o r  

b oth  a c t i v i t i e s  c o u ld  re p r e s e n t v i r a l  te m p lates  and enzymes rea d y  to  be 

packaged in to  p rog en y  v i r u s .  R e ce n tly  th e re  have been r e p o r ts  o f  vRNA 

s y n th e s is  in  th e  n u c le u s . Armstrong and B arry  (1974) rep o rte d  th a t  

th e re  was a s t im u la tio n  o f  RNA s y n th e s is  in  th e  n u cleu s o f  in fe c te d  

c e l l s .  But th e s e  a u th o rs d id  not d is t in g u is h  between v i r a l  RNA s y n th e s is  

and h o st RNA s y n t h e s is ,  n e ith e r  was i t  c le a r  i f  th e  co m p a ra tiv e ly  low 

l e v e l s  o f  v i r a l  RNA s y n th e s is  o c c u rr in g  in  in flu e n z a  v ir u s  in fe c t io n  c o u ld



have been d e te c te d  in  t h e ir  system . A very (1974) used h y b r id iz a t io n  

s tu d ie s  t o  show th a t  both  vRNA and cRNA were found in  n u cleu s and 

cyto p la sm ; cRNA b e in g  predominant in  th e  cytoplasm  and vRNA in  th e  

n u cle u s  l a t e  in  in f e c t io n .  However, s in c e  th e  RNA was la b e l le d  w ith  

p u ls e s  o f  1 h i t  i s  d i f f i c u l t  to  determ in e whether th e  RNA i s  sy n th e s is e d  

in  a  p a r t i c u la r  c e l l  f r a c t io n  o r  whether i t  i s  tra n sp o rted  th e r e  and 

a ccu m u la tes.

e) S y n th e s is  o f  v i r a l  p r o t e in : I t  can p ro b ab ly  be assumed t h a t  

vRNA d o es n o t d i r e c t  v ir u s  p r o te in  s y n th e s is  (se e  a b o v e ). However, 

cRNA i s  found e a r ly  on d u rin g in f e c t io n  (Nayak, 1969; Bean and Sim pson, 

19 7 3 ). T h is  cRNA can  be is o la t e d  from in fe c t e d  c e l l  polysom es (Nayak, 

19 6 9 ), has th e  same s i z e  d is t r ib u t io n  a s  vRNA (Pons, 1972) and c o n ta in s  

t r a c t s  o f  p o ly  A abou t 50-200 n u c le o tid e s  lo n g  (Etkind and K rug, 19 7 4 ); 

a lth o u g h  Nayak (1969) found b oth  vRNA and cRNA on in fe c te d  c e l l  p o ly 

somes. The p ro d u ctio n  o f  both  m essengers and p r o te in s  i s  dependent on 

h o s t  n u cle a r  fu n c tio n  (see paragrap h  b ) .

S keh el (1973) found th a t  d u rin g  th e  f i r s t  2 h o f  in f e c t io n  o n ly  

some p r o te in s  were produced, nam ely P2, NP and NS. L a te r  on in  in f e c t io n ,  

a l l  p r o te in s  were produced and t h e i r  r e l a t i v e  m olar q u a n t it ie s  c o n t r o l le d .  

T h is  au th o r a ls o  p rese n ted  e v id e n c e  th a t  th e  s y n th e s is  o f  th e  m essengers 

f o r  th e  l a t e  p r o t e in s ,  b u t n o t th e  e a r ly  p r o te in s  was dependent on th e  

s y n th e s is  o f  a  p r o te in  f a c t o r .  P .D . Minor (p erso n a l com m inication) has 

a ls o  shown th a t  o n ly  th e  e a r ly  p r o te in s  a re  sy n th e s ise d  in  th e  p rese n ce  

o f  a c r i t i c a l  low  d ose o f  AMD.

T h e re fo re  i t  ap p ears th a t  p r o te in  s y n th e s is  i s  c o n t r o l le d  b o th  

tem poraly  and q u a n t i t a t iv e ly  in  in fe c t e d  c e l l s  and t h a t  t h i s  c o n t r o l  i s  

p ro b a b ly  a t  th e  l e v e l  o f  t r a n s c r ip t io n .
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Experimental programme
The experiments described below were designed to follow the fate 

of the input RNA and proteins in infected cell». The mechanism and sub- 
cellular localization of primary and secondary transcription was also 
studied and its sensitivity to various drugs investigated. This pro
gramme attempted to investigate the nuclear events in influenza virus 
multiplication and their possible role in the control of virus directed

events
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RESULTS

F a te  o f  th e p r o te in s  o f  in f e c t in g  v ir u s

Having e s ta b lis h e d  in  S e c tio n  I I  th a t  attach m ent and p e n e tr a t io n  

can  o c c u r  a t  4 ° ,  th e  n e x t o b je c t iv e  was to  determ in e where th e  v a r io u s  

v i r i o n  components g o , on in f e c t io n .  As o u tlin e d  in  th e  in t r o d u c t io n , 

th e  h o s t  n u cleu s p la y s  an e s s e n t ia l  p a r t  in  v i r u s  m u lt ip l ic a t io n .  I t  

was judged im portant th e r e fo r e  t o  examine th e  p resen ce  o f  in f e c t in g  

v i r u s  components in  n u c le a r  and cy to p la sm ic  f r a c t io n s .

The lo c a t io n  o f  v i r u s  p r o te in s  in  c e l l s  in cu b ated  a t  4 ° was s tu d ie d  

a s  o th e r  exp erim en ts have shown (se e  l a t e r  r e s u l t s  in  t h i s  s e c t io n )  

t h a t  a t  h ig h er tem p eratu res in f e c t io n  o c c u rs  so  f a s t  t h a t  i t  i s  im p o ssib le  

to  a n a ly s e  th e  i n i t i a l  phenomena o f  in f e c t io n .  T h is  was a ch ie v e d  b y  

p u r i f y in g  v ir u s  la b e l le d  w ith  3^S m ethionin e and exam ining e l e c t r o -  

p h o r e t ic a l ly  th e  s u b c e l lu la r  lo c a t io n  o f  v i r io n  p o ly p e p tid e s  a f t e r  in f e c 

t i o n  a t  4° (F ig . 2 1 ) .  A lth o u gh  n ot a l l  th e  p r o te in s  su re  la b e l le d  w ith  

35S m eth ion in e i t  does appear th a t  th e  NP and M p r o te in s  go p r e f e r e n t i a l ly  

to  t h e  n u cleu s on i n f e c t io n .  U n fo rtu n a te ly  th e r e  was i n s u f f i c i e n t  

la b e l l e d  m a te r ia l t o  draw any c o n c lu s io n s  abou t th e  P i and P2 p r o te in s  

w h ich  a re  th e  p u t a t iv e  v i r io n  p o lym era ses.

F a te  o f  th e  neuram inidase

As e le c tr o p h o r e t ic  a n a ly s is  o f  p r o te in s  from in p u t v ir u s  in  in fe c t e d  

c e l l  f r a c t io n s  was n ot c le a r  c u t ,  th e  b io lo g ic a l  a c t i v i t y  o f  th e  haemag- 

g l u t i n in  and neuram inidase was measured in  c e l l  f r a c t io n s .  T here was to o  

l i t t l e  haem agglutin in  from th e  in p u t v ir u s  to  d e t e c t  in  in fe c te d  c e l l s ,  

b u t th e  l e v e l  o f  neuram inidase a c t i v i t y  was s u f f i c i e n t  t o  be a ssa y e d  

(T a b le  9 ) . I t  was s u r p r is in g  t o  f in d  a h igh  l e v e l  o f  neuram inidase 

a s s o c ia t e d  w ith  th e  n u cleu s a t  zero  tim e o f  a d so rp tio n . T h is  i s  assumed 

to  b e  due to  a  n o n - s p e c if ic  a s s o c ia t io n  o f  v ir u s  w ith  th e  n u cle a r  f r a c t io n





1

!

F ig .  2 1 . E le c tr o p h o r e s is  o f  p r o te in s  from s u b c e l lu la r  f r a c t io n s  o f  CEF

c e l l s  in fe c t e d  w ith  35S - la b e l le d  FFV/BEL. V ir u s  was prepared and p u r i f ie d

32 32
a s  d e sc r ib e d  fo r  P - la b e l le d  FPV/BEL e x c e p t th a t  P was r e p la c e d  b y  200yuCi 

35S m ethionin e o r lOOyuCi 3h le u c in e  a s  r e q u ir e d . C e l l s  were p rep a red  and seeded 

a t  6 x  lO7 p e r 1 1  cm p e t r i  d is h  (5 d is h e s  p er exp erim e n t). V iru s  was adsorbed a t  

4 °  (1 ml p e r p la t e  c o n ta in in g  1  P FU /cell) f o r  1  h . C e l l s  were f r a c t io n a t e d  and 

p r o te in s  prep ared  a s  d e sc r ib e d  in  m ethods. E le c tr o p h o r e s is  was p erfo rm ed  in  

th e  u rea  system  fo r  5 h a t  3 m a/gel and 80 v .  M ig ra tio n  was from l e f t  to  r i g h t ,  

a) P ro te in s  from th e  cytoplasm  o f  c e l l s  in fe c t e d  w ith  'FPV/BEL, b) p r o te in s  from 

th e  n u c le i  o f  in fe c t e d  c e l l s .  Arrows r e p r e s e n t th e  p o s it io n s  o f  c o -r u n  p r o te in s  

from 3H le u c in e  la b e l le d  p u r i f ie d  v i r i o n s .  NP -  n u cleo ca p sid  p r o t e in ,  HÂ  -  

sm a ll haem agglu tin in  su b u n it, M -  membrane p r o te in .  The n euram in idase and la r g e  

haem agglu tin in  su b u n it do not la b e l  w ith  35S-m ethionine in  t h is  v i r u s .  The P

p r o te in s  were n ot p r e s e n t  in  la r g e  enough amounts to  be r e s o lv e d  u n d er th e se

c o n d it io n s .
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and i s  examined fu r th e r  in  th e  s e c t io n  below  on RNA lo c a t io n .  During th e  

p e rio d  a t  4° th e  le v e l  o f  n euram inidase a s s o c ia t e d  w ith  th e  n u cleu s r e 

mained c o n s ta n t, b u t on warming t o  37° i t  moved t o  th e  n u c le u s .

F a te  o f  th e RNA from i n f e c t i n g  v i r u s

In  ord er t o  stu d y  t h e  i n i t i a l  s ta g e s  in  th e  r e p l ic a t io n  o f  in flu e n z a  

v i r u s ,  i t  i s  e s s e n t ia l  t o  know in  w hich p a r t  o f  th e  h o s t  c e l l  th e  genome

f i r s t  a p p e a rs. T h is  c a n  be c o n v e n ie n tly  s tu d ie d  b y in f e c t in g  c e l l s  w ith

32p u r i f ie d  v ir u s  la b e l le d  w ith  P and a s s a y in g  c e l l u l a r  f r a c t io n s  f o r  TCA 

s o lu b le  r a d i o a c t i v i t y .  The r e s u l t s  o f  a tim e c o u rs e  o f  in f e c t io n  a t  4° 

a n a ly se d  in  t h i s  way a r e  shown in  F ig .  22. T h ere was a v e r y  r a p id  

a s s o c ia t io n  o f  vRNA w ith  th e  n u c le a r  f r a c t io n  w hich reach ed  a maximum 

a f t e r  1  h a t  4 ° .

I t  was p o s s ib le  t h a t  v ir u s  was a t ta c h in g  t o  n u c le i  a f t e r  th e  c e l l s  

had been broken . T h is  l e v e l  o f  'n o n - s p e c i f i c '  a s s o c ia t io n  o f  v ir u s  w ith  

th e  n u clea r  f r a c t io n  w as determ ined by hom ogenizing c e l l s  in  f r a c t io n a t io n  

b u ffe r  c o n ta in in g  la b e l l e d  v ir io n s  e q u iv a le n t  t o  th e  amount p r e s e n t in  a 

stan dard  in f e c t io n .  The f r a c t io n a t io n  and RNA e x t r a c t io n s  were con tin u ed

a s  b e fo r e  a f t e r  le a v in g  a t  4° f o r  1  h . . By .th is  method th e  amount o f  TCA

32p r é c ip it a b le  P a s s o c ia t e d  w ith  th e  n u cle a r  f r a c t i o n  was 13% o f  th a t  in

th e  homogenate, s i g n i f i c a n t l y  below  th a t  found b y  in f e c t in g  whole c e l l s .

The l e v e l  o f  'n o n - s p e c i f i c '  a s s o c ia t io n  can be a t t r ib u t e d  t o  th e  b in d in g

o f  whole v ir u s  p a r t i c l e s  to  s i a l i c  a c id  r e c e p t o r s  on th e  n u c le a r  membrane.

32
F u rth er c o n tr o ls  were perform ed by in f e c t in g  c e l l s  w ith  P la b e l le d  

Sendai v ir u s  and S e m lik i f o r e s t  v i r u s  (SFV). T h ese RNA v ir u s e s  were 

judged to  be good c o n t r o ls  s in c e  th e y  b oth  have a l i p i d  en ve lo p e l i k e  

in flu e n z a  v ir u s  and b o th  have been shown t o  grow in  e n u c le a te  c e l l s  

and th u s do n ot r e q u ir e  a  n u cle a r  fu n c tio n  a s  d o es  in f lu e n z a  v ir u s  

( S .I .T .  Kennedy, p e rs o n a l com m unication). When Sen dai v ir u s  was

adsorbed to  CEF a t  4° f o r  3 h under stan dard  c o n d it io n s  o n ly  20% o f  th e  

32v ir io n  P RNA was in  t h e  n u cle a r  f r a c t io n  and yhen a s im ila r  experim ent
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and i s  examined fu r th e r  in  th e  s e c t io n  below on RNA lo c a t io n .  D uring th e  

p e r io d  a t  4 th e  le v e l  o f  neuram inidase a s s o c ia te d  w ith  th e  n u cleu s r e 

mained c o n s ta n t , b u t on warming to  37° i t  moved to  th e  n u cleu s .

F a te  o f  th e  RNA from in fe c t in g  v ir u s

In  o rd er  t o  stu d y  th e  i n i t i a l  s ta g e s  in  th e  r e p l ic a t io n  o f  in flu e n z a  

v i r u s ,  i t  i s  e s s e n t ia l  to  know in  which p a r t  o f  th e  h o s t c e l l  th e  genome

f i r s t  a p p e a rs . T h is can  be c o n v e n ie n tly  s tu d ie d  by in f e c t in g  c e l l s  w ith

32p u r i f ie d  v ir u s  la b e l le d  w ith  P and a s s a y in g  c e l l u l a r  f r a c t io n s  f o r  TCA 

s o lu b le  r a d i o a c t i v i t y .  The r e s u l t s  o f  a  tim e co u rse  o f  in f e c t io n  a t  4° 

a n a ly se d  in  t h i s  way a r e  shown in  F ig .  22. There was a v e r y  r a p id  

a s s o c ia t io n  o f  vRNA w ith  th e n u cle a r  f r a c t io n  which reached  a maximum 

a f t e r  1  h a t  4 ° .

It was possible that virus was attaching to nuclei after the cells 
had been broken. This level of 'non-specific' association of virus with 
the nuclear fraction was determined by homogenizing cells in fractionation 
buffer containing labelled virions equivalent to the amount present in a 
standard infection. The fractionation and RNA extractions were continued
a s  b e fo r e  a f t e r  le a v in g  a t  4° fo r  1  h . By t h i s  method th e  amount o f  TCA

32p r é c ip i t a b le  P a s s o c ia te d  w ith  th e  n u cle a r  f r a c t io n  was 13« o f  th a t  in

th e  homogenate, s i g n i f i c a n t l y  below th a t  found by in f e c t in g  whole c e l l s .

The l e v e l  o f  'n o n - s p e c i f ic ' a s s o c ia t io n  can be a t t r ib u t e d  to  th e  b in d in g

o f  w hole v ir u s  p a r t i c l e s  to  s i a l i c  a c id  r e c e p to r s  on th e  n u cle a r  membrane.

32
F u rth er c o n t r o ls  were perform ed by in f e c t in g  c e l l s  w ith  P la b e l le d  

Sen dai v ir u s  and S e m lik i f o r e s t  v ir u s  (SFV). These RNA v ir u s e s  were 

judged to  be good c o n t r o ls  s in c e  th e y  b oth  have a l i p i d  en velo pe l i k e  

in f lu e n z a  v ir u s  and both  have been shown to  grow in  e n u c le a te  c e l l s  

and th u s  do n ot r e q u ir e  a n u clea r  fu n c tio n  a s  does in flu e n z a  v ir u s  

( S .I .T .  Kennedy, p e rso n a l com m unication). When Sen dai v ir u s  was 

adsorbed to  CEF a t  4 ° fo r  3 h under stan dard c o n d it io n s  o n ly  20« o f  th e 

v i r io n  32P RNA was in  th e n u clea r  f r a c t io n  and *hen a s im ila r  experim ent
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F ig .  22 . Time c o u rse  o f  th e  a s s o c ia t io n  a t  4 °o f ^2P - la b e l le d  RNA 

from  p u r i f ie d  FPV/BEL v ir u s  w ith  th e  n u c le a r  f r a c t io n  o f  CEF c e l l s .  

M onolayers were p rep ared , in fe c t e d  and fr a c t io n a t e d  a s  in  F ig .  2 1 . 

RNA was e x tr a c te d  and assayed  fo r  TCA in s o lu b le  s p e c ie s  a s  d e sc r ib e d

in  methods
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was done with SFV, only 12% of the labelled virion RNA was in the nucleus.
Thus i t  ap p ears t h a t  th e  h igh  l e v e l  o f  a s s o c ia t io n  o f  in flu e n z a  v ir u s

RNA w ith  th e  n u c le i  o f  c e l l s  in fe c te d  a t  4° i s  th e  r e s u l t  o f  a s p e c i f i c

in t e r a c t io n  n ot p r e s e n t  in  in fe c t io n  w ith  cy to p la sm ic  v ir u s e s .

P re p a ra tio n  o f  membranes from in fe c te d  c e l l s

A possible explanation of the above results is that the virus is
a tta c h e d  t o  th e  plasm a membrane which c o - p u r i f ie s  w ith  th e  n u cle a r  f r a c t io n s .

32In o r d e r  t o  examine t h i s  p o s s i b i l i t y ,  c e l l s  were in fe c t e d  w ith  P la b e l le d  

v ir u s  and membranes w ere prep ared  b y th e  method o f  Bingham and Burke 

(19 7 2 ). The r a d i o a c t i v i t y  p r o f i l e  from an e q u ilib r iu m  d extran  g r a d ie n t 

i s  shown in  F ig .  23. The t o t a l  r a d io a c t iv i t y  from th e  membrane f r a c t io n  

was 15% o f  th a t  from th e  whole c e l l  homogenate, in d ic a t in g  th a t  a l l  th e 

c y to p la s m ic  RNA found in  F ig .  22 was p re se n t in  th e se  membranes. The

h igh  background on th e  g r a d ie n t was due to  e th e r  s o lu b le  r a d io a c t iv i t y

32which was assumed t o  o r ig in a t e  from P p re se n t in  v i r a l  l i p i d s  which 

were r e le a s e d  on i n f e c t io n .  O nly th e  endoplasm ic re tic u lu m  had a 

s i g n i f i c a n t  p ro p o rtio n  o f  e th e r  in s o lu b le  co u n ts  a s s o c ia te d  w ith  i t .  

I n t e g r i t y  o f  th e  in p u t v ir u s  genome a f t e r  in fe c t io n  a t  4°

In  o rd er  to  ch eck  th a t  th e  genome from th e  in p u t v ir u s  was in t a c t ,  

th e  RNA re c o v e re d  from  in fe c t e d  c e l l s  was a n a lyse d  by PAGE (F ig . 2 4 ).

The v i r i o n  RNA p r e s e n t in  both th e  n u cle a r  and th e  cyto p la sm ic  fr a c t io n s  

has th e  same e le c t r o p h o r e t ic  d is t r ib u t io n  a s  th e  RNA e x tr a c te d  from 

p u r i f ie d  v i r io n s  grown in  e i t h e r  de-em bryonated o r  embryonated eggs 

(F ig . 2 5 ) .

Characterization of virus RNA at the top of the gel
An in t e r e s t in g  f e a t u r e  o f  th e  in p u t v i r io n  RNA e x tr a c te d  from th e  

n u c le i  o f  in fe c t e d  c e l l s  i s  th a t  a s ig n i f i c a n t  p ro p o rtio n  i s  found in  

th e  f i r s t  few f r a c t io n s  o f  th e  g e l  (see  F ig . 24 b ). The p resen ce o f  

m acrom olecular s p e c ie s  a t  th e  o r ig in  o f  PAGE i s  a lw ays s u s p e c t; th e r e -
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F ig .-J23» C e n tr ifu g a t io n  o f  c e l l u l e  membranes on d ex tra n  T40. Mem

b ra n es were prep ared  from CEF c e l l s  which had been in fe c t e d  fo r  3 h  a t  

4° w ith  32P - la b e l le d  FPV/BEL a s  d e sc r ib e d  i n  P ig . 2 1 . The g r a d ie n t  

was fr a c t io n a t e d  in to  1  ml a l iq u o t s ,  a l l  o f  which were assayed  fo r  

r a d i o a c t i v i t y  by th e  Cherenkov method. Sedim en tation  was from l e f t  

t o  r i g h t .  P o s it io n s  o f  v i s i b l e  bands o f  plasm a membranes (PM) and 

endoplasm ic re tic u lu m  (ER) a r e  arrow ed.
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F ig .  24 . E le c tro p h o r e s is  o f  la b e l le d  in p u t FPV/BEL RNA from sub - 

c e l l u l a r  f r a c t io n s  o f  CEF c e l l s  in fe c t e d  fo r  3 h a t  4 ° .  C u ltu re s  

were p re p a re d , in fe c t e d , f r a c t io n a t e d  and RNA e x tr a c te d  a s  d e sc r ib e d  

in  F i ? .  2 1 . RNA was e le c tro p h o re se d  f o r  3 h a t  room tem perature on a 

2.4% g e l  a t  6 m a/gel and 50 v .  Arrows r e p r e s e n t th e  p o s it io n s  o f  O.D. 

amounts o f  rRNA from th e  h o s t  c e l l .  BPB in d ic a t e s  th e  p o s it io n  o f  th e  

b u f fe r  f r o n t  by th e  p resen ce  o f  bromophenol b lu e  d y e . E le c tro p h o r e s is  

i s  from  l e f t  to  r ig h t ,  a) RNA from cytop lasm  o f  in fe c t e d  c e l l s ,  b) RNA 

from th e  n ucleus o f  in fe c te d  c e l l s .
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r i g .  2 5 . E le c tr o p h o r e s is  o f  RNA e x tr a c te d  from p u r i f ie d  FPV/BEL. 

C o n d it io n s  o f  e le c tr o p h o r e s is  were a s  d e sc r ib e d  in  F ig .  24. a) RNA 

from  v i r u s  grown in  de-em bryonated e g g s , b) RNA from v ir u s  grown in  

am bryonated e g g s .



fo re  In  o rd er t o  determ in e whether t h i s  phenomenon was o f  b io l o g i c a l  

s ig n i f ic a n c e  o r  m erely  an a r t e f a c t  o f  th e  e x tr a c t io n  o r  e le c t r o p h o r e t ic  

p ro c e d u re s , s e v e r a l  c o n t r o ls  were c a r r ie d  o u t .

In order to ensure that the presence of vRNA at the top of the gel 
was not due to blockage of the gel by excess DNA the following procedure 
was carried out. Gels containing the lowest amount of acrylamide possible 
(2.2%) i.e. those with the highest permeability were prepared and nuclear 
and cytoplasmic RNA preparations run (Fig. 2 6 ). These samples also 
contained labelled DNA. On this system the virion RNA in the nucleus 
still runs at the top of the gel and appears to be associated with the 
high mol. wt. DNA, but not the degraded DNA. In the cytoplasmic fraction 
all the virion RNA runs normally.

It is possible that the association of virion RNA with cell DNA
reported above is an artefact of the extraction procedure. The

32p o s s i b i l i t y  was examined b y m ixing P la b e l le d  p u r i f ie d  v i r u s  w ith  an 

amount o f  c o ld  t o t a l  n u c le ic  a c id  e x t r a c t ,  e q u iv a le n t to  t h a t  p r e s e n t  

d u rin g  th e  stan dard in fe c t io n  exp erim en ts. RNA was e x tr a c te d  a s  

b e fo r e  and th e  sample run on 2.4% PAGE. F ig .  27 shows th a t  under th e s e  

c o n d it io n s  no v ir io n  RNA i s  lo c a te d  a t  th e to p  o f  th e  g e l  where c e l l  

DNA has been shown t o  ru n . A more r ig o r o u s  ch eck  on th e e x t r a c t io n  

p roced u re was made by p r e c o o lin g  th e  c e l l s  to  4 ° fo r  6 h t o  en su re th e  

shutdown o f  t h e i r  m e ta b o lic  p r o c e s s e s  and then e x tr a c t in g  RNA Im m ediately 

a f t e r  th e  a d d itio n  o f  la b e l le d  v i r u s .  F ig . 28 shows th a t  under th e s e  

c o n d it io n s  th e  v ir io n  RNA does n o t a s s o c ia t e  w ith  c e l l u la r  DNA.
Therefore the association of viral RNA with cell DNA after infection 

at 4° appears to be a significant phenomenon and is not an artefact 
of the extraction or electrophoretic systems.

1 4 7
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F ig .  26. E l e c t r o p h o r e s i s  o f  v i r i o n  RNA fro m  i n f e c t e d  c e l l s  p r e p a r e d  a s

in  P ig .  2 4 , b u t run fo r  3*j h on a 2 .2 *  g e l .  B efo re  in f e c t io n  w ith  v i r u s ,

th e  c e l l s  were in cu b ated  fo r  1  h a t  37° w ith  50^iCi H th ym id in e.

32 3a) c y to p la sm ic  RNA, b) n u cle a r  RNA. •  -  •  P , O -  0 H. Arrows 

r e p r e s e n t  O .d , amounts o f  n u c le ic  a c id .

H]ii ▼ a n » s  xtoox
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r i g .  27 . E le c tr o p h o r e s is  o f  v i r io n  RNA e x tr a c te d  in  th e  presen ce o f
g

c o ld  t o t a l  c e l l  n u c le ic  a c id s  from 3 x  lO  CEF c e l l s .  C o n d itio n s  o f  

e le c tr o p h o r e s is  were a s  f o r  F ig .  24.
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F ig .  28. E le c tro p h o r e s is  o f  v i r i o n  RNA e x tr a c te d  from CEF c e l l s  p r e -

o 32cooled  a t  4 f o r  6 h im m ediately a f t e r  th e  a d d it io n  o f  P v i r u s .  Con

d it io n s  o f  in f e c t io n ,  RNA e x tr a c t io n  a s  fo r  F ig .  2 1 ,  and e le c tr o p h o r e s is

a s  in  F ig .  24



Enzyme resistance of virion RNA extracted from Infected CEF cells
In ord er t o  determ in e whether th e  v ir io n  RNA a s s o c ia te d  w ith  c e l l u l a r  

DNA was hydrogen bonded to  th e  DNA, th e  s e n s i t i v i t y  o f  t h i s  s p e c ie s  to  

v a r io u s  n u c le a s e s  was exam ined. In  F ig .  29c i t  can be seen t h a t  th e  

v i r i o n  RNA runn ing a t  th e  o r ig in  ( F ig .  29a) and th e  r e s t  o f  th e  v i r a l  

RNA i s  s e n s i t iv e  to  s in g le  stran d ed  R N 'ase , a s  was th e  rRNA m arkers b u t 

n o t  th e  DNA. V i r a l  RNA runn ing a t  th e  o r ig in  i s  a ls o  removed by t r e a t 

ment w ith  DNase a s  i s  th e  c e l l u l a r  DNA m arker. In  a d d it io n  i t  can be 

n o ted  th a t  no a d d it io n a l  RNA s p e c ie s  appear on th e  g e l  a f t e r  DNase trea tm en t and 

t h a t  th e  l e v e l  o f  a l l  v i r io n  s p e c ie s  i s  enhanced.

These r e s u l t s  s u g g e s t t h a t  a t  4 °  th e  v i r io n  RNA a t  th e  to p  o f  th e  

g e l  i s  a s s o c ia te d  w ith  DNA, b u t i s  n o t hydrogen bonded t o  i t  and t h a t  

t h i s  m ixture o f  v i r a l  RNA and h o st DNA c o n ta in s  a l l  s p e c ie s  o f  v ir io n  

RNA.

Effect of AMD on RNA from input virus in CEF cells
The im portance o f  th e  s e n s i t i v i t y  o f  in flu e n z a  v i r u s  m u lt ip l ic a t io n  

t o  AMD e a r ly  in  in f e c t io n  has been d is c u s s e d  in  th e  in tr o d u c tio n .

T h e re fo re  th e  e f f e c t  o f  p r e t r e a t in g  c e l l s  w ith  AMD on th e  f a t e  o f  th e  

v i r u s  genome was exam ined. P r e t r e a t in g  th e  c e l l s  w ith  AMD had no 

e f f e c t  on th e  l e v e l  o f  v i r i o n  RNA w h ich  accu m u lates in  th e  n u cleu s 

a t  4 (F ig . 3 2 ) , b u t i t  co m p le te ly  a b o lis h e d  th e  a s s o c ia t io n  o f  th e  

.v ir io n  RNA in  th e  n u cleu s w ith  th e  c e l l  DNA (F ig . 3 0 ). The a b o l i t io n  

was n o t due to  d e g ra d a tio n  o f  th e  v i r i o n  RNA in  th e  n u cleu s o r  th e  

cyto p la sm .

Effect of cyclohexlmlde on RNA from input virus in CEF cells
Pretreating CEF cells with cycloheximide had no effect on the • 

appearance of total virion RNA in the nucleus (Fig. 3 2 ). However the 
presence of this drug immediately before virus infection did abolish 
the association of virion RNA in the nucleus with cell DNA (Fig. 3 1 ) .

No breakdown of virion RNA species was observed in either the nucleus

1 5 1
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F ig .  29. E le c tro p h o r e s is  o f  v ir io n  RNA p rep ared  from th e  n u c le i  o f  CEF 

c e l l s  in fe c te d  w ith  - la b e l le d  FFV/BEL a s  in  F ig .  24. a) c o n t r o l ,  

b) sample t r e a te d  w ith  DNase (10 yug/m l), c) sam ple tr e a te d  w ith  RNase 

(T̂  -170  u n its / m l, P a n cre a tic  -  50 ̂ ug/m l).
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P ig .  30. E le c tr o p h o r e s is  o f  RNA from  s u b c e l lu la r  f r a c t io n s  o f  CEF c e l l s  

in fe c t e d  w ith  ^ P - l a b e l l e d  FPV/BEL a s  in  F ig .  24 a f t e r  in c u b a tio n  w ith  1  y i

o f  AMD fo r  1 h a t  3 7 ° . C e l l s  were la b e l le d  fo r  1  h  w ith  50^uCi th ym id i

32 3b e fo r e  th e  a d d itio n  o f  AMD. a) c y to p la sm , b) n u c le i .  •  -  # p ,  o -  O H
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3 1 . Electrophoresis of RNA from subcellular fractions of CEF
32

c e l l s  In fe c te d  w ith  P - la b e l le d  FPV/BEL a s  In  F ig .  24, a f t e r  ln c u b a tio r  

w ith  200yug/ml cyc lo h e x lm ld e  from  1 h a t  3 7 ° . C e l l s  were la b e l le d  fo r  

1  h w ith  50yuCl o f  th ym id in e b e fo re  a d d it io n  o f  c y c lo h e x lm ld e . a) cy

-  0plasm , b) n u cle u s .



o r th e  cyto p la sm .

Hybridization of virion RNA to DNA from CEF cells

I f  th e  v ir io n  RNA i s  a s s o c ia te d  w ith  th e  h o st c e l l  DNA, th e  most 

o b vio u s mechanism o f  a s s o c ia t io n  i s  by th e  form ation  o f  a c l a s s i c a l  

"Watson and C r ic k "  s tr u c tu r e  through th e  hydrogen b on d in g in  b ase  p a ir s  

o f  com plem entary seq u en ces. I f  t h i s  i s  t r u e ,  then i t  sho u ld  be p o s s ib le  

t o  h y b r id iz e  p u r i f ie d  v i r io n  RNA to  p u r i f ie d  DNA from CEF c e l l s .  The ' 

r e s u l t  o f  such a h y b r id iz a t io n  experim ent i s  shown in  T a b le  10 . The 

l e v e l  o f  h y b r id iz a t io n  between v i r io n  RNA and c e l l u l a r  DNA i s  n o t 

s i g n i f i c a n t l y  g r e a te r  than e i t h e r  th e  d eg ree  o f  s e l f  a n n e a lin g  o f  th e  

v ir io n  RNA o r  th e  h y b r id iz a t io n  b a s e l in e ,  determ ined b y  th e  z e ro  tim e 

c o n t r o l .

Under I d e n t ic a l  c o n d it io n s , h o st cyto p la sm ic  RNA (m ain ly rRNA and 

tRNA b y a n a ly s is  on PAGE) d id  h y b r id iz e  to  th e  h o st DNA. In  th e o r y  th e  

h o st rRNA should h y b r id iz e  to  h o st DNA to  a lm o st 100% a s  i t  i s  t r a n s c r ib e d  

from a h ig h ly  r e p e t i t i v e  sequen ce. No e x p la n a tio n  i s  o f fe r e d  f o r  th e  low 

e f f i c i e n c y  o f  h y b r id iz a t io n  in  our system . When th e  sam ples were d ig e s te d  

fo r  a  lo n g e r  p e rio d  o f  tim e in  o rd er to  red u ce th e background l e v e l ,  a 

s im ila r  s e t  o f  r e s u l t s  were o b ta in e d .

T h e re fo re  i t  can  be concluded t h a t  th e  a s s o c ia t io n  o f  in p u t in flu e n z a  

v ir u s  RNA w ith  h o s t DNA i s  n o t by c l a s s i c a l  'Watson and C r ic k ' hydrogen 

bonded b ase  p a ir s .

L o ca tio n  o f  in p u t v i r io n  RNA a f t e r  in c u b a tio n  a t  37°

The lo c a t io n  o f  in p u t vRNA in  in fe c te d  c e l l s  was I n v e s t ig a te d  

by in f e c t in g  a t  4° f o r  1  h ( i . e .  to  g iv e  a maximum l e v e l  o f  vRNA in  th e  

n u c le u s ) , and then  in c u b a tin g  a t  37° fo r  th e  re q u ire d  t im e . RNA was 

assayed  by m easuring TCA in s o lu b le  r a d io a c t iv i t y  a s  in  F i g .  22. F ig .  32 

shows th a t  vRNA moves r a p id ly  o u t o f  th e  n u cleu s to  r e a c h  a l e v e l  o f  20-

1
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tim e  o f incubation a t 3 7 *(h )

32F ig .  32. Time c o u rs e  o f  th e  m ig ra tio n  o f  P la b e l le d  RNA o f  in fe c t in g  

FPV/BEL v ir u s  from  th e  n u cleu s o f  CEF c e l l s .  C e l l s  were in fe c te d  a t  4° 

fo r  1  h a s  in  F ig .  2 1 ,  then  r a p id ly  r a is e d  to  37° by th e  a d d itio n  o f  20 m 

o f  medium a t  4 2 °. F r a c t io n a t io n , RNA e x tr a c t io n  and TCA p r e c ip it a t io n  

were a s  d e sc r ib e d  in  m ethods. 0 - 0  c e l l s  w ith o u t i n h ib i t o r s ,  •  -  •  c e l l  

in cu b ated  w ith  1 y ig/m l AMD fo r  1 h a t  37° b e fo r e  in f e c t io n  and upon warmi: 

t o  3 7 ° , B  -  D  c e l l s  in cu b ated  w ith  200yug/ml cyc lo h e x lm id e  fo r  1  h a t  

37° b e fo r e  in f e c t io n  and upon warming to  3 7 ° .
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30% a f t e r  *j h . T h is  l e v e l  i s  s i g n i f i c a n t l y  above th e  'n o n - s p e c i f i c '  

a s s o c ia t io n  l e v e l  and i s  m aintained th ro u g h o u t th e  f i r s t  4 h o f  in f e c t io n .

The m ig ra tio n  from th e  n u cleu s i s  s l i g h t l y  slow ed by th e  p rese n ce  

o f  AMD and c yc lo h e x im id e  both b e fo r e  and d u rin g  in f e c t io n .  The p r e 

sen ce o f  AMD c a u se s  th e  le v e l  o f  n u c le u s  a s s o c ia t e d  RNA to  f a l l  e v e n tu a lly  

to  th e  'n o n - s p e c i f i c '  l e v e l  o f  a s s o c ia t io n .

E le c tr o p h o r e s is  o f  vRNA in  s u b c e l lu la r  f r a c t io n s  o f  in fe c t e d  c e l l s  a t  37°

F ig .  33 shows an e le c tr o p h o r e t ic  p r o f i l e  o f  RNA from th e  n u cle u s  

and cyto p la sm  o f  c e l l s  in fe c te d  fo r  1  h  a t  4 °  and th en  in cu b ated  a t  37° 

f o r  3 min ( i . e .  th e  s h o r te s t  p r a c t ic a l  tim e between warming to  3 7 °  and 

h a r v e s t in g ) . V ery  l i t t l e  v ir io n  RNA was in  th e  cytop lasm  and th e  

m a jo r ity  o f  th e  v i r i o n  RNA in  th e  n u c le u s  was a s s o c ia te d  w ith  th e  c e l l u la r  

DNA a t  th e  to p  o f  th e  g e l .  T h is  c o rresp o n d s w ith  th e  s u b c e l lu la r  d is t r ib u 

t io n  o f  vRNA a s  p r e d ic te d  in  F ig .  32.

A f t e r  in f e c t io n  a t  4 ° fo r  1 h and in c u b a tio n  a t  37° fo r  1  h ,  most 

o f  th e  vRNA was found in  th e  cytoplasm  and a l l  th e  vRNA d e te c te d  in  th e 

n u cle u s  was a s s o c ia t e d  w ith  c e l l u la r  DNA ( F ig . 3 4 ).

L o ca tio n  o f  vRNA in  c e l l s  tr e a te d  w ith  AMD and warmed to  37°

C e l l s  were in cu b ated  w ith  AMD a t  3 7 °  f o r  1  h , in fe c t e d  a t  4 °  fo r  1  h 

w ith  FPV/BEL and in cu b ated  a ga in  a t  3 7 °  f o r  1  h in  th e  medium c o n ta in in g  

AMD. F i g .  35 shows th a t  no vRNA was p r e s e n t  in  th e  n u cleu s in  an y form .

No d e g ra d a tio n  p ro d u cts  o f  th e  vRNA c o u ld  be seen in  th e  n u cle u s  a s  no 

r a d i o a c t i v i t y  was p r e s e n t a t  th e  b u f fe r  f r o n t  re p re se n te d  by th e  m ig ratio n  

o f  th e  m arker d y e . A l l  th e  vRNA p r e s e n t  in  th e s e  c e l l s  was in  th e  c y t o 

plasm ! t h i s  RNA was c h a r a c t e r is t ic  o f  vRNA in  s i z e  and no d e g ra d a tio n  

p ro d u cts were see n . The s u b c e llu la r  d i s t r i b u t i o n  o f  vRNA in  F i g .  32 

corresp on d s w ith  th e  r e s u l t s  rep o rte d  h e r e .



1 6 0

F ig .  33. E le c tr o p h o r e s is  o f  RN A from s u b c e l lu la r  f r a c t io n s  o f  CEF c e l l s  

32
in fe c t e d  w ith  P la b e l le d  FPV/BEL f o r  1  h a t  4° and th en  iw n h e tfr l  a t  

37° f o r  3 min. P re p a ra tio n  o f  c e l l s ,  a d s o rp tio n , in c u b a t io n , and 

f r a c t io n a t io n  a s  in  F ig .  2 1 ,  and RN& e x tr a c t io n  a s  in  m ethods. E le c t r o 

p h o re s is  a s  in  F ig .  24. C e l l s  were la b e l le d  b e fo r e  in f e c t io n  f o r  1 h

3 15
w ith  50^iCi o f  B th ym id in e, a) cy to p la sm , b) n u c le i .  •  -  •  P ,

O - O 3H.
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F ig .  34 . E le c tr o p h o r e s is  o f  RNA from s u b c e l lu la r  f r a c t io n s  o f  CEF c e l l s  

in fe c t e d  w ith  32P la b e l le d  FPV/BEL a t  4 ° fo r  1 h and in cu b a ted  a t  37° f o r  

1  h . I n fe c t io n ,  in cu b a tio n  and f r a c t io n a t io n  a s  in  F ig .  2 1 ,  RNA .e x tr a c t io n  

a s  in 'm eth o d s ' and e le c tr o p h o r e s is  were a s  in  F ig .  24. a) c y to p la sm .

b) n u cleu s
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F ig . 35 . E le c tr o p h o r e s is  o f  RNA from s u b c e l lu la r  f r a c t io n s  o f  CEF 

c e l l s ,  p r e tre a te d  f o r  1 h a t  3 7 °  w ith  1yng/m l AMD, in fe c t e d  w ith  32p 

la b e l le d  FPV/BEL a t  4 °  fo r  1 h and in cu b ated  a t  37° f o r  1 h . I n fe c t io n  

and fr a c t io n a t io n  a s  in  F ig .  2 1 ,  RNA e x tr a c t io n  a s  in  'm ethods1 and e l e c t r o 

p h o re s is  a s  in  F ig .  2 4 . a) cyto p la sm , b) n u cle u s .
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Transcription of Input virus RNfi

As th e  genome o f  in f lu e n z a  v ir u s  i s  com plem entary t o  v i r a l  mRNA,

one o f  th e  i n i t i a l  s ta g e s  o f  v ir u s  in fe c t io n  m ust be th e  t r a n s c r ip t io n

o f  th e  in f e c t in g  v i r i o n  genome to  form v i r u s - s p e c i f i c  m essen g ers. T h is

32transcription was measured by the conversion of RNase sensitive P 
labelled virion RNA to an RNase resistant form.

In  th e  cytoplasm  o f  in fe c t e d  c e l l s  th e  RNase r e s is t a n c e  o f  th e  

in p u t vRNA In crea sed  betw een *i h t o  1  h a f t e r  I n fe c t io n  from l e s s  

than 1% t o  a  p la te a u  o f  10% (F ig . 3 6 a ) . A n n e alin g  o f  sam ples o b ta in ed  

up t o  l 1) h  p o s t - in f e c t io n  d id  n o t in c r e a s e  RNase r e s is t a n c e  b u t a n n e a lin g  

o f  sam ples o b ta in ed  a f t e r  t h i s  tim e in c re a se d  RNase r e s is t a n c e  b y  up 

t o  36% a t  3 h p o s t - in f e c t io n  (F ig . 3 6 b ).

A lth o u gh  most o f  th e  t r a n s c r ip t io n  occupied in  th e  c y to p la sm , a 

s i g n i f i c a n t  amount o c cu rred  in  th e  n u cle u s . The k in e t ic s  o f  t r a n s c r ip 

t io n  were e s s e n t i a l l y  th e  same a s  t h a t  in  th e  cytop lasm  e x c e p t t h a t  th e  

non-ann ealed  samples reach ed  a s l i g h t l y  h ig h e r  v a lu e  o f  RNase r e s is t a n c e  

( i . e .  20%) and th e  ann ealed  sam ples reached  t h e i r  p la te a u  o f  RNase 

r e s is t a n c e  sooner ( i . e .  2 h a f t e r  in f e c t io n  ( F ig .  36c and d ) .

E f f e c t  o f  AMD and cy c lo h e x im id e  on t r a n s c r ip t io n

P retreatm en t o f  c e l l s  w ith  AMD fo r  1 h b e fo r e  in f e c t io n  p reven ted  

a l l  t r a n s c r ip t io n  in  b o th  th e  n u cle u s  and th e  c y to p la sm , a s  d e te c te d  by 

c o n v e rs io n  t o  RNase r e s i s t a n t  fo rm s, b e fo re  and a f t e r  a n n e a lin g  (F ig . 3 6 ).

F o llo w in g  p retrea tm e n t w ith  c y c lo h e x im id e , t r a n s c r ip t io n  c o u ld  be 

d e te c te d  in  non-annealed n u cle a r  p r e p a r a tio n s , b u t n ot in  non-annealed 

c y to p la sm ic  p r e p a r a tio n s . The t r a n s c r ip t io n  r a t e  was low er th an  th a t  in  

u n tre a te d  c e l l s  and was s t i l l  c o n s ta n t a t  3*j h p o s t - in f e c t io n .  A n n ealin g 

o f  c y to p la sm ic  and n u c le a r  RNA sam ples from c y c lo h e x im id e  t r e a t e d  c e l l s  

gave a h ig h e r  t r a n s c r ip t io n  r a t e .  Up to  l*i h p o s t - in f e c t io n ,  th e  t r a n s 

c r ip t io n  r a t e  in  th e  cytop lasm  o f  tr e a te d  c e l l s  approached th a t  in  un-

*
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F i g .  36. P rim a ry  t r a n s c r ip t io n  o f  in p u t  P la b e l le d  FPV/BEL in  CEF c e l l s .  

I n f e c t io n ,  in c u b a t io n , and f r a c t io n a t io n  as i n  F i g .  2 1 , and RNA e x t r a c t io n

4
were as in  'm e th o d s '. F o r each t im e  p o in t  a t  le a s t  2 x  10 c .p .m . were

o b ta in e d  from  in fe c te d  c u lt u r e s ,  a )  non-a n n e a le d  RNase r e s is t a n t  RNA from

cy to p la s m , b) annealed RNase r e s is t a n t  RNA from  c y to p la s m , c )  n o n -a n n e a le d

RNase r e s is t a n t  RNA from  n u c le i ,  d )  annealed RNase r e s is t a n t  RNA from  n u c l e i .

• -  • c e l l s  w ith o u t i n h i b i t o r s ,  0 - 0  c e l l s  t r e a te d  w it h  1 ^ ig/m l AMD a t  37°

f o r  1 h b e fo re  in f e c t io n  and on subsequent in c u b a tio n , a t  3 7°. D - D  c e l l s

tre a te d  w ith  cyc lo h e x im id e  f o r  1 h  a t  37° b e fo re  in f e c t io n  and on subsequent 

oin c u b a tio n  a t  37 .

asum
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tr e a te d  c e l l s ,  a lth ou gh  th e  r a t e  in  th e  n u cleu s was s l i g h t l y  l e s s  than 

th a t  in  th e  c o n tr o l f r a c t io n s .  T r a n s c r ip t io n  in  cyc lo h e x lm id e  t r e a te d  

c e l l s  d id  n o t dem onstrate th e  ch an ge in  r a t e  a f t e r  l 1] h in fe c t io n  

o b served  in  u n tre a ted  c e l l s ,  b u t  con tin u ed  a t  th e same r a t e  w ith  th e  r a t e  

in  th e  n u cleu s b e in g  s l i g h t l y  h ig h e r  them th a t  in  th e  cytoplasm  (F ig . 36) . 

PAGE o f  RNase r e s is t a n t  s p e c ie s  in  In fe c te d  c e l l s

o 32
RNA was e x tr a c te d  from CEF c e l l s ,  in fe c t e d  a t  4 w ith  P la b e l le d  

FPV/BEL and in cu b ated  a t  37° f o r  3 h . The RNA was t r e a t e d  w ith  RNase and 

run  on 2.4% g e ls :  no enzyme r e s i s t a n t  s p e c ie s  were d e te c t e d . In  o rd er 

t o  examine th e  p o s s i b i l i t y  t h a t  th e  RNase r e s i s t a n t  s p e c ie s  were o f  a 

much sm a lle r  s i z e  than th e  co m p lete  genome, RNA was a n a ly se d  on 5% g e ls  

w ith  th e  same n e g a tiv e  r e s u l t .

S in ce  RNA sam ples which had b een  annealed showed a  much h ig h e r  RNase

r e s is t a n c e ,  th e s e  to o  were run on  5% g e l s ,  b u t th e h ig h  s a l t  c o n te n t o f

th e  a n n ea lin g  b u ffe r  in t e r fe r e d  w ith  t h e ir  e le c t r o p h o r e t ic  m o b ili t y  and

no d e f i n i t i v e  c o n c lu sio n s  co u ld  b e  drawn. However th e  RNase r e s i s t a n t

s p e c ie s  d id  n o t appear to  run w here double stranded RNA o f  th e e q u iv a le n t

s i z e  to  vRNA was e x p ected , nor d id  a l l  th e  r a d i o a c t i v i t y  m igrate  w ith  th e

b u f fe r  f r o n t ,  in d ic a t in g  th a t  n o t  a l l  s p e c ie s  were c o m p le te ly  d egrad ed .

T h e re fo re  i t  was t e n t a t iv e ly  co n clu d ed  th a t  th e  rea so n  f o r  incom plete

a n n e a lin g  o f  vRNA in  in fe c te d  c e l l s  was b ecau se th e  t r a n s c r ip t io n  com plexes

a r e  o n ly  p a r t ly  d o u b le-stra n d ed .

Prim ary t r a n s c r ip t io n  in  e n u c le a te  BSC-1 c e l l s

I t  has r e c e n t ly  been shown t h a t  e n u c le a te  c e l l s  do n ot sup port

in flu e n z a  v ir u s  r e p l ic a t io n  ( F o l l e t t  e t  a l . , 1974» K e l ly  e t  a l . ,

19 7 4 ). In  o rd er to  examine w hether th e  p resen ce  o f  th e  n u cleu s i s

e s s e n t ia l  f o r  prim ary t r a n s c r ip t io n ,  e n u c le a te  BSC-1 c e l l s  were k in d ly

32
prep ared  by Dr E .A .C . F o l l e t t ,  in f e c t e d  w ith . P l a b e l le d  FPV/BEL and 

t r a n s c r ip t io n  assayed  a s  above (T a b le  1 1 ) .





I t  was d i f f i c u l t  to  draw any c o n c lu s io n s  from th e se  r e s u l t s  a s  th e  

le v e l  o f  t r a n s c r ip t io n  in  th e s e  c e l l s  i s  v e ry  low . However t h e  l e v e l  o f  

t r a n s c r ip t io n  in  th e  e n u c le a te  c e l l s  was low er than th a t  in  e i t h e r  o f  

th e  c o n t r o ls .  Under th e s e  c o n d it io n s  RNA from p u r if ie d  v i r i o n  

has a r e s is t a n c e  o f  0.5% (non-annealed) and 1.5% (an n ealed ). T h e re fo re  

i t  was t e n t a t i v e l y  concluded t h a t  t r a n s c r ip t io n  does n ot o c c u r  in  

e n u c le a te  c e l l s .

NTH ▼ AXl'JVS MVOO»



DISCUSSION

S u b c e llu la r  lo c a t io n  o f  RNA from I n fe c t in g  v i r io n s  in  CEF c e l l s  a t  4°

Data p rese n ted  in  S e c tio n  I I  has shown th a t  a t  4° FPV/BEL e n te r s  

th e  h o st c e l l ;  a s  ju d ged  by th e  i n s e n s i t i v i t y  o f  th e  in f e c t in g  v ir u s  

t o  n e u tr a l iz in g  a n tise ru m  and a c id  pH. The d a ta  p resen ted  in  t h i s  

s e c t io n  shows th a t  n o t  o n ly  d o es v i r u s  e n te r  th e  c e l l  a t  4 ° ’ b u t th e  

genome en tered  th e  n u c le u s  a s  w e l l .  A s im ila r  phenomenon in  in flu e n z a  

v ir u s  in fe c te d  c e l l s  was su g gested  in  exp erim en ts b y  Hoyle and F in te r  

(19 5 7 ). T h is  e f f e c t  was n o t due t o  co n tam in atio n  o f  th e  n u c le a r  f r a c t io n  

by cy to p la sm ic  membranes fo r  th e  fo llo w in g  r e a s o n s : 1 ) membranes 

is o la t e d  from in f e c t e d  c e l l s  c o n ta in  l i t t l e  v i r i o n  RNA and t h a t  which i s  

p r e s e n t  i s  in  th e  E .R . and n o t th e  plasm a membrane, 2) th e  l e v e l  o f 'n o n 

s p e c i f i c '  a s s o c ia t io n  o f  v i r io n  RNA w ith  th e  n u c le a r  f r a c t io n  was o n ly  

12%, much low er th a n  th a t  o b served  when c e l l s  w ere in fe c te d  n o rm a lly ,

3) o th e r  membrane bound v ir u s e s  which do n ot r e q u ir e  a n u cleu s f o r  t h e i r  

m u lt ip l ic a t io n ,  i . e .  SFV and Sen dai v ir u s  gave a l e v e l  o f  n u c le a r  

a s s o c ia t io n  o n ly  m a r g in a lly  above th e  n o n - s p e c if ic  l e v e l .

Input v ir io n  RNA, is o la t e d  from b oth  th e  cytop lasm  and th e  n u c le i  

o f  in fe c t e d  c e l l s  had an e le c tr o p h o r e t ic  p r o f i l e  id e n t ic a l  to  t h a t  o f  

RNA from p u r i f ie d  v i r i o n s .  T h ere was no a p p a ren t breakdown o f  vRNA 

in s id e  th e  c e l l ,  u n l ik e  th a t  ob served  w ith  p o l io v i r u s  in fe c t io n  (D ales, 

19 6 5 ), a lth ou gh  th e  I n f e c t io n  i s  r e l a t i v e l y  i n e f f i c i e n t  a s  even under 

optimum c o n d it io n s , o n ly  30% o f  th e  v i r u s  p a r t i c l e s  a tta c h  to  th e  c e l l s  

and o f  th e se  p a r t i c l e s  about 50% a re  su b seq u en tly  e lu te d  o f f  on warming 

to  3 7 °. The p r o t e c t io n  o f  v i r io n  RNA a g a in s t  d e g ra d a tio n  i s  p ro b a b ly  

b ecau se i t  i s  p r e s e n t  in  th e  c e l l  a s  an RNP com plex. C e r t a in ly  a t  l e a s t  

two v ir io n  p r o te in s  r e a c h  th e  n u cle u s  and e i t h e r  o r  both co u ld  perform  

t h i s  p r o te c t iv e  fu n c t io n .
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Probably the most intriguing finding in these studies is the associa
tion of the virion RNA with the DNA of the host cell. Evidence has 
been presented that this is not an artefact of either the electro
phoretic system or of the extraction system. The latter is more difficult 
to prove however and it would have been useful to study the behaviour of 
a paramyxovirus under identical conditions. This experiment was tried but 
no conclusive results were obtained in the time available due to several 
technical difficulties.

The a s s o c ia t io n  o f  v i r io n  RNA w ith  c e l l u l a r  DNA ap p ears t o  be a 

fu n c tio n  o f  th e  secon d ary s t r u c tu r e  o f  th e  DNA r a th e r  than  i t s  b ase 

seq u en ce, f o r  th e  fo llo w in g  r e a so n s : 1 ) no sequence com plem en tarity  

co u ld  be d e te c te d  between th e  v ir io n  RNA and c e l l u la r  DNA by ' i n  v i t r o '  

h y b r id iz a t io n ,  2) ' i n  v i v o '  th e  complex was s e n s i t iv e  to  b oth  RNase 

and DNase, 3) th e  v i r i o n  RNA a s s o c ia te d  w ith  th e  m acrom olecular DNA 

a t  th e  to p  o f  th e  g e l  and n ot w ith  th e  p a r t i a l l y  degraded DNA which 

en tered  th e  g e l ,  4) th e  com plex i s  a b o lish e d  c o m p le te ly  b y  p retrea tm e n t 

w ith  AMD, whose prim ary e f f e c t  i s  t o  d i s t o r t  th e  DNA h e l i x  and th u s 

a l t e r  i t s  secon d ary s t r u c t u r e .  T h is  a s s o c ia t io n  a ls o  ap p ears t o  be 

dependent on a r a p id ly  turned o v e r  h o st p r o te in  a s  i t  i s  s e n s i t i v e  to  

p re tre a tm e n t o f  th e  c e l l s  w ith  c y c lo h e x im id e . However t h i s  r e s u l t  has 

n ot been re p e a te d  and i t  may b e a sp u rio u s p ie c e  o f  d a ta . I f  t h i s  d a ta  

were t r u e ,  i t  would be v e r y  d i f f i c u l t  to  e x p la in  th e  f a c t  th a t  o n ly  th e 

second p h a se  o f  v ir u s  t r a n s c r ip t io n  i s  s e n s i t iv e  to  t h i s  d r u g .'

L o ca tio n  o f  v ir io n  RNA a f t e r  warming I n fe c te d  c u lt u r e s  to  37°

Im m ediately on warming t o  37° a l l  th e  v i r io n  RNA in  th e  n u cle u s  

becomes a s s o c ia t e d  w ith  th e  h ig h  m o lecu lar w eig h t DNA. Subsequent t r e a t 

ment w ith  DNase r e v e a ls  th a t  a l l  th e  m ajor s i z e  c la s s e s  o f  th e  v i r i o n  RNA 

a r e  a s s o c ia t e d  w ith  th e  DNA.
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The v i r io n  RNA then moves r a p id ly  o u t  o f  th e  n u c le u s . A s i g n i f i c a n t  

rem ainder (20-30%) s ta y s  in  th e  n u cleu s th ro u g h o u t in f e c t io n ,  a l l  o f  

which i s  a s s o c ia t e d  w ith  h ig h  m o lecu lar w eig h t DNA. The e x i t  from  th e  

n u cleu s i s  o n ly  s l i g h t l y  r e ta rd e d  by AMD o r  cy c lo h e x im id e  trea tm en t and 

th e  f i n a l  l e v e l  rea ch ed  in  th e  p resen ce  o f  AMD i s  eq u al to  th e  l e v e l  

o f  n o n - s p e c if ic  a s s o c ia t io n  and none o f  t h i s  RNA i s  a s s o c ia te d  w ith  

c e l l u l a r  DNA. The p resen ce  o f  vRNA from in f e c t in g  v i r io n s  in  th e  _ 

n u cle u s  o f  in f e c t e d  c e l l s  and i t s  a s s o c ia t io n  w ith  DNA re p o rte d  h e re  i s  

unique fo r  an RNA v i r u s .  The o n ly  s im i la r  phenomenon i s  th e  in t e g r a 

t io n  o f  tumour v i r u s  RNA in to  th e  DNA o f  th e  h o s t  c e l l ,  b u t t h i s  mechanism 

has been shown t o  d i f f e r  from th e  mechanism in  in f lu e n z a  v i r u s  in f e c t io n  

by i t s  drug s e n s i t i v i t y ,  i t s  dependence on  th e  c e l l  r e p l i c a t io n  m achinery 

and th e  p resen ce  o f  sequences in  th e  vRNA com plem entary to  th o s e  in  th e  

h o s t DNA.

I t  i s  i n t e r e s t in g  to  n o te , t h a t  a t  t h e  tim e o f  th e  e x i t  o f  th e  

RNA from th e  n u c le u s , th e  a s s o c ia t io n  o f  t h e  in p u t neuram inidase w ith  th e  

n u c le a r  f r a c t io n  was in c r e a s in g . I t  c o u ld  be one o f  th e  fu n c t io n s  o f  th e  

n euram inidase o f  in f lu e n z a  v ir u s  to  a s s i s t  th e  tr a n s p o r t  o f  v i r i o n  RNA 

(presum ably a s  an RNP) from th e  n u cle u s .

Throughout th e  tim e p e rio d  s tu d ie d , b o th  a t  37° and 4Q, th e  in p u t 

vRNA had a s im ila r  e le c tr o p h o r e t ic  p r o f i l e ,  b oth  in  th e  n u cleu s and th e 

cyto p la sm , t o  t h a t  o f  RNA from p u r i f ie d  v i r i o n s .  No d e g ra d a tio n  was 

e v e r  ob served  even  in  th e  p resen ce  o f  AMD.

T r a n s c r ip t io n  o f  in p u t v ir io n  RNA

T r a n s c r ip t io n  o f  in p u t v ir io n  RNA w as shown t o  o ccu r b oth  in  th e  

n u cleu s and th e  cyto p la sm  o f  CEF c e l l s .  T h is  t r a n s c r ip t io n  m s  c o m p le te ly  

a b o lish e d  in  b o th  f r a c t io n s  by p re tre a tm e n t o f  th e  c e l l s  w ith  AMD. T h is  

f in d in g  was somewhat s u r p r is in g  s in c e  th e  ' i n  v i t r o '  a c t i v i t y  o f  th e  v i r io n  

polym erase i s  in s e n s i t iv e  to  th e  drug (Bo and W a lte r s , 19 6 6 ). The i n i t i a l



r a t e  o f  t r a n s c r ip t io n  in  b oth  f r a c t io n s  was in s e n s it iv e  t o  treatm en t 

w ith  cyclo h e xim id e b u t th e  enhanced r a t e ,  ob served  a f t e r  l 1] h i n f e c t io n ,  

was s e n s i t iv e  to  t h i s  d ru g . T h e re fo re  th e s y n th e s is  o f  a  po lyp ep

t i d e ,  e i t h e r  coded fo r  by th e  v ir u s  o r  by th e  h o s t c e l l  i s  n ot 

n e c e ssa ry  f o r  th e  i n i t i a l  t r a n s c r ip t io n  but i s  n e c e ssa ry  f o r  th e  en

hanced r a t e  to  be o b served .

One o f  th e  s t r ik in g  a s p e c ts  o f  th e  t r a n s c r ip t io n  o f  th e  in flu e n z a  

v ir u s  genome i s  a la g  phase o f  a t  l e a s t  30 min b e fo r e  t r a n s c r ip t io n  

commences. T h is  c o r r e la t e s  c lo s e l y  w ith  th e  e x i t  o f  th e  v ir u s  RNA 

from th e  n u c le u s , th u s im p lyin g t h a t  th e  n u cle a r  s te p  i s  n e c e ssa ry  

b e fo re  t r a n s c r ip t io n  can o c c u r . T h is  assum ption i s  in  agreem ent w ith  

th e apparen t absence o f  t r a n s c r ip t io n  in  e n u c le a te  c e l l s .  I t  i s  i n t e r e s t 

in g  to  compare VSV tr a n s c r ip t io n  w ith  th a t  o f  in flu e n z a  v i r u s .  In  VSV 

in fe c te d  c e l l s ,  a lth o u g h  two r a t e s  o f  t r a n s c r ip t io n  a re  ob served  which 

show th e  same s e n s i t i v i t y  t o  c yc lo h e xim id e  a s  in flu e n z a  v i r u s ,  t r a n s 

c r ip t io n  i s  in s e n s it iv e  to  AMD and d o es not have a la g  ph ase (Huang and 

Manders, 19 7 2 ). Furtherm ore VSV d o e s  n ot need a n u cleu s t o  r e p l ic a t e  

a s  does in flu e n z a  v ir u s  ( F o l le t t  e t  a l . , 19 7 4 ).

The data presented here corresponds with that from unfractionated 
cells presented by Bean and Simpson (19 7 3 ), except that the biphasic 
rate of transcription was only observed when the RNA had been self- 
annealed and the final level of self-annealing was only 35-40% instead 
of 80-85% achieved by the above authors. The only explanation offered 
for this discrepency is that these Authors worked with a different 
cell system to the one used in this investigation.
S tru c tu re  o f  th e  t r a n s c r ip t io n  complex

A c u rio u s  a s p e c t  o f  th e  t r a n s c r ip t io n  p ro c e ss  i s  t h a t  v e r y  l i t t l e  

(at th e  most 10%) o f  th e in p u t v i r i o n  RNA i s  found in  a d ou b le  stran d ed  

form u n le s s  i t  i s  s e lf-a n n e a le d . S im ila r ly  i f  RNA was e x tr a c te d  from 

In fe c te d  c e l l s  in cu b ated  fo r  3 h ( i . e .  when t r a n s c r ip t io n  was maximal)

' I
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Fig . 37 A model fo r in flu en za  v iru s  multiplication.
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and tr e a te d  w ith  RNase, v e r y  l i t t l e  RNase r e s i s t a n t  m a te r ia l was 

d e te c te d  by PAGE. T h is  can o n ly  be ex p la in e d  by assuming th a t  th e  

p ro c e ss  o f  t r a n s c r ip t io n  r e s u l t s  in  v e r y  l i t t l e  d o u b le-stra n d ed  RNA 

b e in g  formed a t  a n y  one tim e; i . e .  th e  n ascen t RNA stran d  i s  sep a ra ted  

from  th e  p a r e n ta l s tra n d  soon a f t e r  i t s  form ation  -  maybe by th e  n ext 

polym erase m o lecu le  p u sh in g i t  o f f .  A s im ila r  s i t u a t io n  has r e c e n t ly  

been shown to  o c c u r  d u rin g  th e  r e p l ic a t io n  o f  EMC v ir u s  (Thach, 197 ) .

However ' i n  v i t r o '  a s  much a s  60% o f  th e  polym erase p ro d u ct i s  

double stra n d ed . B ut ' i n  v i t r o '  th e  polym erase i s  i n e f f i c i e n t  in  

t h a t  i t s  r a t e  o f  RNA s y n th e s is  i s  low  and th e  cRNA p rod u ct i s  o f  a 

sm a lle r  s i z e  than  v i r i o n  RNA. The ' i n  v i t r o '  i n e f f i c ie n c y  c o u ld  be 

ex p la in e d  i f  th e  polym erase co u ld  n ot r e - i n i t i a t e  a fu r th e r  round o f  

tr a n s c r ip t io n  due t o  th e  form ation  o f  d o u b le-stran d ed  m o le c u le s , and 

th e  form ation  o f  th e  d o u b le-stran d ed  m o lecu les co u ld  be due to  a  fa c t o r  

la c k in g  in  th e  ' in  v i t r o ' system  which i s  p re se n t ' in  v i v o ' .

A model fo r  in f lu e n z a  v ir u s  r e p l ic a t io n

I  w ish  to  p ro p o se  th e  fo llo w in g  scheme fo r  in flu e n z a  v ir u s  r e p l i c a 

t io n  which i s  in ten d e d  to  b oth  c l a r i f y  th e  problem s in v o lv e d  in  t h i s  

system  a n d 'to  r a t i o n a l i z e  th e  exp erim en tal o b se rv a tio n s  to  d a te .  T h is 

model i s  summarize d ia g ra m m a tica lly  in  P ig .  37.

1) The v ir io n  RNA i s  segmented and i s  o f  o p p o s ite  sense t o  mRNA.

On in fe c t io n  vRNA, in  th e  form o f  an RNP complex w ith  th e  NP and P 

p r o te in s  (and p o s s ib ly  th e  M p r o t e in ) , e n te r s  th e  n u cleu s o f  th e  h o st 

c e l l  v e ry  r a p id ly .  Once in s id e  th e  n u cleu s th e  v ir io n  RNA a s s o c ia t e s  

w ith  th e  c e l l u la r  DNA in  a manner dependent on th e  secondary s t r u c tu r e  

and n ot th e  p rim ary s t r u c tu r e  o f  th a t  DNA. A l l  th e  vRNA i s  th en  

‘ ch arg e d ’ by th e  a d d it io n  o f  a sh o rt RNA prim er by th e  h ost DNA 

dependent RNA p o lym erase I I .  Treatm ent w ith  AMD o r  o th e r  in h ib i t o r s  

o f  DNA fu n c tio n  w hiah cau se  a lt e r a t io n s  in  th e  secon dary s t r u c tu r e  o f  th e  

DNA would thus p r e v e n t th e  a s s o c ia t io n  o f  th e  RNA w ith  th e  DNA o r  th e

1
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a d d it io n  o f  th e  c o r r e c t  RNA p rim e r, i f  i t  i s  h o st coded, o r  b o th . The 

n a tu re  o f  th e  RNA p rim er i s  unknown, but I  would l i k e  t o  prop ose th a t  

th e  a d d it io n  o f  th e  p rim er en a b les  th e  RNA t o  c i r c u l a r i z e .  T h is  p ro c e ss  

would en able  th e  v i r i o n  polym erase to  c o n t in u a lly  produce mRNA in  a 

h ig h ly  e f f i c i e n t  manner. T h is  c i r c u l a r i z a t i o n  does n o t o c c u r 'in  v i t r o '  

and c o u ld  be one o f  th e  rea so n s f o r  th e  i n e f f i c i e n c y  o f  th e  ' i n  v i t r o '  

po lym erase r e a c t io n .

2) The charged  vRNA m o lecu les move o u t o f  th e  n u cleu s a lth o u g h  a 

sm a ll p e rc e n ta g e  rem ain . The m essengers c o d in g  f o r  th e  e a r ly  p r o te in s  

(P2, NP and NS1) a r e  s y n th e s is e d  in  both  n u c le u s  and cytoplasm  and a re  

then  a l l  t r a n s la t e d  in  th e  cytoplasm  to  form th e  e a r ly  p r o t e in s .  Thus 

th e  i n i t i a l  n u cle a r  s t e p  would e x p la in  th e  l a g  observed in  i n i t i a l  

t r a n s c r ip t io n ,  which d o e s  n ot o ccu r w ith  r e la t e d  v ir u s e s  such a s  VSV.

3) The new ly s y n th e s is e d  P2 p r o te in  c o u ld  then a c t  a s  a  polym erase 

and s y n th e s is e  mRNA f o r  both  e a r ly  and l a t e  v i r io n  p r o te in s .  Thus th e  

r i s e  in  t r a n s c r ip t io n  r a t e  i s  ob served  a f t e r  th e  f i r s t  90 min o f  

in f e c t io n  and i s  s e n s i t i v e  to  c yc lo h e x im id e . A s im ila r  form  o f  tem poral 

c o n t r o l  i s  ob served  in  r e o v ir u s  r e p l ic a t io n  and th a t  o f  th e  RNA 

p h ag es. A p o s s ib le  mechanism fo r  t h i s  c o n t r o l  co u ld  be th e  v a r ia t io n s  

in  th e  secon d ary s t r u c t u r e  o f  th e  i n i t i a t i o n  s i t e s  o f  th e  vRNA s p e c ie s  

such t h a t  th e  e f f i c i e n c y  o f  b in d in g  o f  th e  v i r i o n  polym erase fo r  th e  

s p e c ie s  co d in g  f o r  l a t e  v i r a l  p r o te in s  i s  low  but th e  e f f i c i e n c y  o f  

b in d in g  fo r  new ly sy n th e s is e d  P2 i s  h ig h . A s im ila r  s i t u a t io n  o c c u rs

in  th e  t r a n s c r ip t io n  o f  th e  RNA ph ages: how ever, u n lik e  th e  RNA 

phages th e re  appears t o  be no mechanisms f o r  sw itc h in g  o f f  th e  p ro d u ctio n  

o f  one mRNA s p e c ie s  in  p r e fe re n c e  to  a n o th e r , b u t a l l  t r a n s c r ip t io n  i s  

term in ated  a t  th e  same tim e .

4) P2 th en  a s s o c ia t e s  w ith  new ly sy n th e s is e d  PI and NP to  form a 
40S com plex; then  b in d s  to  NS1 to  form a 70S complex (A .J . Hay -



p e rso n a l com m unication). T h is  b in d in g  o f  NS1 c o u ld  then c o n v e rt th e  

t r a n s c r ip t a s e s  (PI and P2) to  r e p l ic a s e s .

5) The b in d in g  o f  NS1 to  th e  40S complex c a u s e s  i t  t o  have a 

h ig h  a f f i n i t y  fo r  th e  n u c le u s . T h erefo re  t h i s  70 S RNP com plex moves 

to  th e  n u cleu s where vRNA s y n th e s is  ta k e s  p la c e .  On com p letio n  o f  vRNA 

s y n t h e s is ,  th e  cRNA te m p la te  and NS1 d is s o c ia t e  from th e  com plex. The 

RNP com plex now has a  low  a f f i n i t y  fo r  th e  n u c le u s  and so i t  now 

m ig r a te s  to  th e  cytop lasm  where i t  i s  in c o rp o ra te d  in to  progen y 

v ir u s  p a r t i c l e s .  The tr a n s p o r t  from th e  n u cle u s  could  be a  fu n c tio n  

o f  th e  v ir u s  neuram inidase.

In a d eq u a cies o f  th e  model

1) T h is  scheme does n ot e x p la in  th e  s e n s i t i v i t y  o f  v ir u s  r e p l ic a t io n  

to  AMD throughout i n f e c t io n .  AMD added l a t e  in  in f e c t io n  appears t o  

s to p  vRNA s y n th e s is  a lth o u g h  i t  o n ly  slow s down p r o te in  s y n th e s is  

(G re g o ria d e s , 1970; P .D . Minor -  p e rso n a l com m unication). T h is  e f f e c t  

c o u ld  b e exp la in e d  i f  th e  in p u t vRNA needed to  b e  c o n s ta n t ly  're c h a rg e d ' 

in  o rd e r  to  produce mRNA. I f  mRNA sy n th e s is  was th u s b lo ck ed  in  AMD 

tr e a te d  c e l l s  th e re  would be i n s u f f i c i e n t  to  s a t u r a t e  th e  p r o te in  

s y n th e s is in g  m achinery and th e r e fo r e  th e re  would be none t o  a c t  a s  tem

p la t e  f o r  vRNA s y n t h e s is .

2) No e x p la n a tio n  i s  o f fe r e d  fo r  th e  fu n c tio n  o f  NS2.

3) The appearance o f  NS1 in  th e  n u cle o lu s  i s  n o t  e x p la in e d , a lth ou gh  

t h i s  p r o te in  cou ld  have a d u a l r o le  a s  d is c u s s e d  in  S e c tio n  I .

4) P2 i s  p re se n t in  v ir u s  p a r t i c l e s  and t h e r e f o r e ,  i f  i t  can n ot ta k e  

p la c e  in  t r a n s c r ip t io n  e a r ly  in  in fe c t io n  a s  su g g e ste d  by th e  above m odel, 

i t  must be in a c t iv a te d  in  some way. There i s  a  su g g e s tio n  in  th e d a ta  in  

S e c t io n  I I I  th a t  M p r o te in  from th e  in p u t v ir u s  e n te r s  th e  n u cleu s and

i t  th u s  co u ld  a c t  a s  an in h ib it o r  o f  P2 from in p u t  v ir u s .

17



P r e d ic t io n s  a r i s i n g  from th e  model

1) The 'c h a r g in g ' o f  th e  in p u t vRNA should be s e n s i t iv e  to  p r e t r e a t 

m ent w ith  d ru gs which a c t  on DNA dependent RNA polym erase I I , such a s

0(-a m a n itin .

2) A lth ough  th e  t r a n s c r ip t io n  o f  both  e a r ly  and l a t e  m essengers can 

o c c u r  in  th e  n u cle u s  and th e  cyto p la sm , vRNA s y n t h e s is  can o n ly  o ccu r 

in  t h e  n u c le u s .

3) E a r ly  in  in f e c t io n  some m essengers w i l l  be seen b e fo r e  o th e r s .

T h ere  i s  a lr e a d y  some in d ic a t io n  th a t  t h i s  may be so  (S k e h el, 19 7 3 ).

4) I f  added t o  f r e s h ly  homogenized c e l l s ,  th e  v i r io n  RNP and th e  70 S 

com plex o f  cRNA, p i ,  p2 and NS1 w i l l  have an a f f i n i t y  fo r  th e  n u cle a r  

f r a c t i o n ,  w hereas th e  ch arged  v i r i o n  RNA in  i t s  RNP com plex, P2 and 

th e  40 s complex o f  P I ,  P2 and NP w i l l  be r e l a t i v e l y  n o n - s p e c if ic  in  

t h e i r  s u b c e l lu la r  a f f i n i t y .

5) The p ro d u cts  o f  th e  ' i n  v i t r o '  v i r io n  polym erase r e a c t io n  co u ld  be 

ch a rg e d  by s e l e c t i v e l y  rem oving v a r io u s  v ir u s  p r o te in s  such a s  M o r 

a d d in g  o th e r s  such a s  NS1.

6) The mutant d e s c r ib e d  by M ackenzie and Dimmock (1973) in  which th e  

RNP a n tig e n  does n ot move o u t o f  th e  n u c le u s , should  a ls o  be found to  

have a  d e f e c t iv e  n eu ram in id ase.

7) A s im ila r  exp erim en t t o  t h a t  d e sc r ib e d  by Perlman and Huang (1973) 

(s e e  in tr o d u c tio n  t o  t h i s  s e c t io n )  w ith  VSV c o u ld  be perform ed w ith  

in f lu e n z a  v i z .  i f  a  s u it a b le  m utant co u ld  be foun d, th e  in t e r - r e la t io n 

s h ip  between r e p l i c a t i o n  and t r a n s c r ip t io n  c o u ld  be s tu d ie d  and perhaps 

i t  c o u ld  be determ in ed  which p r o te in s  were in v o lv e d  and in  what c a p a c ity
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CONCLUSIONS

1) The m atu ratio n  pathway fo r  CEF rRNAs has been d e s c r ib e d , 

and i s  s im ila r  in  p r in c ip le  t o  th a t  p r e v io u s ly  rep o rte d  fo r  o th e r  

e u k a r y o tic  system s. The ap p a ren t m ol. w ts . o f  th e  mature rRNAs and 

t h e i r  p r e c u rso rs  co rresp on d  to  th e  p o s it io n  o f  a v ia n  embryonic f i b r o 

b la s t s  in  a taxonom ic e v o lu tio n a r y  t a b le .

2) I n fe c t io n  w ith  in f lu e n z a  v ir u s  c a u se s  a random d e g ra d a tio n  o f  

th e  2 .9  x 10^ p re c u rso r  RNA d e sc r ib e d  in  th e  above m aturation  scheme, 

in s te a d  o f  th e  c o n t r o l le d  c le a v a g e  seen  in  u n in fe c te d  c e l l s .  The 

a l t e r a t i o n  o f  th e  p r o c e s s in g  o f  th e  rRNA p r e c u rso rs  i s  n ot due t o  la c k  

o f  m é th y la tio n  o r  to  a l t e r a t io n s  in  th e  s i z e  o f  n u c le o tid e  p o o ls .

I t  i s  n ot caused by a p r o te in  from th e  in f e c t in g  v ir u s  p a r t i c l e  a s  U .V. 

i r r a d ia t io n  o f  th e  v ir u s  b lo c k s  i t s  e f f e c t  on rRNA s y n th e s is .

3) Attachm ent o f  in f lu e n z a  v ir u s  to  CEF c e l l s  o ccu rs  v e r y  r a p id ly  

a t  4 ° .  T his attach m ent o c c u rs  in  two s t e p s .  In  th e  f i r s t  s te p  th e  

v i r u s  cannot be washed o f f ,  b u t i s  s e n s i t iv e  t o  n e u tr a l iz in g  a n tib o d y  

and a c id  pH. In  th e  second s te p  th e  v i r u s  in  in s e n s it iv e  to  b o th  th e se  

a g e n t s .

4) M ic ro p in o cy to sis  (as assayed  b y th e  uptake o f  r a d io la b e lle d  

c o l l o i d a l  go ld) o c c u rs  in  CEF c e l l s  a t  4 °  under th e  c o n d itio n s  used fo r  

v i r u s  attachm ent and i s  th u s  a p o s s ib le  mechanism fo r  v ir u s  in f e c t io n .

5) A t 4 ° in p u t vRNA e n te r s  th e  n u cle u s  o f  th e  h ost c e l l  and 

becomes a tta ch ed  to  th e  c e l l u l a r  DNA. T h is  a s s o c ia t io n  w ith  DNA i s  

dependent upon th e  secon d ary s tr u c tu r e  and n ot th e  prim ary s tr u c tu r e  o f  

th e  c e l l u l a r  DNA. The a s s o c ia t io n  i s  s e n s i t iv e  to  AMD and cyc lo h e x im id e  

and d o es  not o ccu r d u rin g  in f e c t io n  w ith  o th e r  r e la t e d  en veloped  v ir u s e s .  

When in  the n u cleu s th e  in p u t vRNA ap p ears to  be accompanied b y  th e  NP and 

M p r o te in s  from th e  v ir u s  p a r t i c l e .



6) On warming to  37° th e  a s s o c ia t io n  o f  th e  vRNA w ith  th e  c e l l u l a r  

DNA i s  com plete w ith in  3 m in, then  most o f  th e  vRNA moves o u t o f  th e  

n u c le u s , le a v in g  a rem ain d er, most o f  which i s  a tta ch e d  t o  DNA. The 

e x i t  from th e  n u cle u s  i s  o n ly  s l i g h t l y  r e ta rd e d  by trea tm en t w ith  AMD 

and c y c lo h e x im id e , b u t th e  f i n a l  l e v e l  o f  RNA in  th e  n u cleu s in  th e  

p resen ce  o f  AMD i s  down t o  t h a t  o f  'n o n - s p e c i f ic  a s s o c i a t io n ' .

7) T r a n s c r ip t io n  o f  th e  input-vRNA o c c u rs  m o stly  in  th e  c y to p la sm , 

i s  s e n s i t iv e  a t  a l l  tim es to  AMD and d id  n ot occu r in  e n u c le a te  c e l l s .  

There i s  a la g  o f  30 min b e fo r e  t r a n s c r ip t io n  o c c u rs  which i s  not seen  

in  r e la t e d  v i r u s e s  such a s  VSV. The t im e -c o u rse  o f  th e  la g  c o r r e la t e s  

w e ll  w ith  th e  e x i t  o f  vRNA from th e  n u cle u s . From 30 min t o  90 min p o s t 

in fe c t io n  th e  t r a n s c r ip t io n  r a t e  i s  c o n s ta n t and i s  in s e n s it iv e  to  

cyc lo h e x im id e . B ut from 90 min t o  2*i h p o s t - in f e c t io n  th e  t r a n s c r ip t io n  

r a t e  i s  in c r e a s e d  and t h i s  in c r e a s e  i s  s e n s i t iv e  to  c y c lo h e x im id e . D uring 

th e  p ro c e ss  o f  t r a n s c r ip t io n ,  v e r y  l i t t l e  d ou b le stran ded  RNA was p r e s e n t . 

I t  was con clu d ed  th e r e fo r e  th a t  in  in flu e n z a  v ir u s  i n f e c t io n ,  th e  

a s s o c ia t io n  o f  t h e  in p u t vRNA w ith  c e l l u l a r  DNA i s  an e s s e n t ia l  p r e 

r e q u is i t e  t o  t r a n s c r ip t io n  o f  th e  v i r a l  genome.



Roads go e v e r  on ,

Over ro c k  and under t r e e ,

By c a v e s  where sun has n ever shone,

By stream s th a t  never f in d  th e  s e a ,

Over snow by w in ter  sown,

And th rough  th e  m erry f lo w e r s  o f  June, 

Over g r a s s  and o ver s to n e ,

And under m ountains In  th e  moon.

Roads go e v e r  on ,

Under c lo u d  and under s t a r ,

Y e t f e e t  t h a t  wandering have gone

Turn back a t  l a s t  to  home a fa r

Eyes t h a t  f i r e  and sword have seen

And h o rro r  In th e  h a l ls  o f  stone

Look a t  l a s t  on meadows green

And t r e e s  and h i l l s  th e y  lon g have known.

(J .R .R . T o lk ie n  -  The Hobbit)
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