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1.

Semliki Forest virus (SFV) is a group A togavirus that was first
isolated from mosquitoes in Uganda (Smithburn and Haddow, 1944). Since
then, two further isolations, both from mosquitoes, have been reported
(Casals and Clarke, 1965).

The togaviruses are enveloped RNA viruses that can multiply in
both vertebrates and arthropods. Previaqusly togaviruses (toga means
envelope) were classed as arboviruses, (arbostands for arthropod borne).
The name was changed because the arbovirus group included viruses that
had different structures and that replicated in many diverse ways., The
togavirus group contains about 200 viruses and has been subdivided, on
the basis of antigenic' : relationships, into 3 major subgroups designated
A, B and C, and several smaller subgroups (Casals, 1962), Earlier studies
further subdivided them by their susceptibility to inactivation by lipid
solvents, in particular ether (Andrewes and Horstmann, 1949), and the

detergent sodium deoxycholate (Theiler, 1957).

Different group A togaviruses, sometimes called alpha-viruses,
have similar morphological and physico-chemical properties as well as
a marked simllarity in their mode of replication., As well as SFV, other
group A togaviruses that have been extensively studied include Sindhis,
Chikungunya, Mayaro viruses and Eastern, Western and Venezuelan equine
encephalitis viruses, Data obtained from studies..on these closely related

viruses is therefore relevant to SFV,

SFV possesses a number of properties which make it suitable for

hiochemical study, in particular its wide host range. Also SFV has not
»°

been assoclated with any known illness in man, although antibodies which
neutralise it have been found in the sera of some human beings. It'can
be grown easily in a wide variety of laboratory host systems, including

chick embryo (Taylor 1952), mouse brain (Cheng, 1961), mosquitoes (Woodall



Subsequently the RNA™ mutants of Sindbis Virus were
eallocated between three complementation groups, insteai

f two (Marcus and Buckerbraun, 1970).
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and Bertram, 1959) and several types of vertebrates and arthropod cells in
culture (Henderson and Taylor, 1960), In these systems, SFV has a rela=
tively rapid growth cycle; for example about 8 hours in chick embryo

cells (Taylor, 1965). The virus can be assayed by plaque formation

(Miles and Austin, 1963) and by haemagglutination of red blood cells

elther from geese or from 24 hour old chicks.

SFV is relatively resistant to mucleases and proteases (Cheng,
1958). Thus inactivation from this source during growth and purifica-
tion is not a serious prdblem. The subsequent discuésion of the propérties
and replication of SFV will suggest that it is a relatively simple virus.
Therefore it provides a simple .model system for the formation and function
of lipoprotein membranes (Strauss, Burge, Pfefferkorn and Darnell, 1968).
The synthesls of the viral RNA and proteins provides a useful model for

the control of the formation of these macromolecules in eucaryotic cells.

Temperature sensitive (conditional lethal) mutants of SFV (Tan,
Sambrook and Bellet, 1969), Sindbis (Burge and Pfefferkorn, 1966a) and
Eastern equine encephalitis virus (Zebovitz and Brown, 1970) have been
isolated, The mutants of Sindbls virus have been assigned to five com=
Plementation groups (Burge and Pfefferkorn, 1966b). Burge and Pfefferkorn
(1967) showed that two of these complementation groups contain viruses -
that do not synthesise RNA at the restrictive temperature (RNA~mutants),
while the viruses in the remaining three do synthesise RNA (RNA“:mutants).

' The mutants of SFV have also been divided into RNAY- and RNA™ classes
both by Lomniczi and Burke (1970) and Tan et al, (1969)?’ x

1) Virus St
Electronmicroscopic studies indicate that the shape of SFV is
spherical, with a diameter of 60-80nm including a border of radial
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projections llnm long (Acheson and Tamm, 1967). The internal struct-
ure of the virus particles was shown to consist of a nucleoid 28nm in
diameter,separated by a narrow space from a membrane 7.5nm thick. These
values are similar to the values reported by Faulkner and Megee-Russell
(1968) and by Simpson and Hauser (1968a). It has been suggested that the
nucleold possesses cubical symmetry (Osterreith, 1968; Horzinek and
Mussgay, 1969); however, there is still some disagreement on this point
(Simpson and Hauser, 1968b),because of the difficulty in interpreting

electronmicrographs.

The radial electron density distribution in Sindbis virus particles
was determined by Harrison, David, Jumblatt and Darnell (1971) from
measurements of spherically averaged X-ray diffraction., These authors
suggested that the lipids are organised in a bilayer, with the polar
groups at 2lnm and 25.8nm from the centre. From this proposal and the
known 1lipid composition of Sindbis virus (David, 1971), it was deduced
that there 1s enough lipid present to form a bilayer around the core,
These authors then calculated that less than 10% of the area at radii
between 21 and 25.8nm is occupied by components other than lipid, There-
fore protein probably does not form a tridge across the bilayer. The
relatively low electron density of the outer region shows that there is

conslderable solvent interpenetrating the outer proteln or carbohydrate.

The sedimentation coefficient of Semlikd Forest virus in the ultra-
centrifuge 1s about 350S (Cheng, 1961; Kennedy, 1973). The sedimentation
coefficient of the core particle has been estimated by Kennedy (1973)
to be 1515 confirming earlier results obtained by centrifugation on a
sucrose density gradient (Friedman and Berezesky, 1967).
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2) Chemical composition of virus particles.

Similar results havé been obtained on the chemical composition of
two group A togaviruses, Venezuelan equine encephalitis virus (Johnson and
Wechter, 1962) and Sindbls virus (Pfefferkorn and Hunter, 1963). If it
is assumed ﬁhe analysis accounted quantitatively for all components, the
composition of Sindbls virus is:- protein 65,6%,RNA 5.8% and 1lipid 28.6%.
The lipid fraction is composed of 76,2% phospholipid and 24.8% cholestefol.
Friedman and Pastan (1969) reported the 1lipid composition of SFV ﬁas
sphingomyelin 26.5%, lecithin 34.0%, phosphatidylethanolamine 22.8%,
phosphatidylinositol 15.0% and phosphatidylserine 0.8%. By comparison
with membrane fractions dérived from the host cell, ii has been shown
that the lipid composition of the plasma membrane fraction is closest to
that of the virus, (David, 1971; Renkonen, Kaanainen, Simons & Gahmberg,
1971). Since the phospholipid component of Sindbis virus is derived from
pre-existing host.cell material (Pfefferkorn and Hunter, 1963b) it has
been suggested that the virus acquires its phospholipid component when
it buds through the plasma membrane (Acheson and Tamm, 1967), possibly
at specific sites (David, 1971).

3) RNA of the virus particle

RNA extracted from purified SFV has a sedimentation coefficient of
428 (Sonnabend, Martin and Mecs, 1967), and a molecular weight, determined
by polyacrylamide gel electrophoresis, of 43106 (Levin and Friedman 1971).
This RNA was shown to be single-stranded because of its sensitivity to
ribonuclease, the dependence of its sedimentation rate on ionic strength
and its precipitation by a high concentration of salt. The 42S virion
RNA was reported by Smmvalsan, Lockart, Dodson and Hartman (1968) and
by Dobos and Faulkner (1970) to be converted by agents that break hydrogen
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bonds into 26S fragments. Cartwright and Burke (1970) showed that 26S
RNA wng . formed by heating RNA from'virus particles and proposed that

1t vas-an Intermediate  in the formation of the 42S RNA, In contrast
Arif and Faulkner (1972) demonstrated that the apparent fragility of the
425 RNA depended on the technique used fgr extraction and that the genome
of Sindbis virus was a single polynuclgotide chain with a molecular.

weight of 4.0x106. *

Pfefferkorn and Hunter (1963b) reported that the base compositions
of Sindbis virus RNA was: adenine 29.6 % 1.0%, cytosine 24.9 ¥ 0.9%
guanine 25,8 % 1% and uracil 19.7 & 3%.. A similar composition for the

RNA extracted from SFV particles was found by Sonnabend et &l (1967 ):
adenine 27.4%, cytosine 24.4%, guanine 26,1%, and uracil 22,2%. Johnston
and Bose (1972a, b) demonstrated the presence of an adenlyate-rich seg=-
ment in the 42S RNA of Sindbis and suggested that 1t was correlated with

its possible function as a messenger RNA,

Virus RNA extracted from SFV or Sinbis virus particles did not
stimulate incorporation of precursors into protein in an in vitro protein
synthesizing system, (Kerr, Sonnabend and Martin, 1971), although an
"initiation complex" was formed when Sindbis RNA and ribosomes were mixed
(Cogniaux-leClerc, 1971). When RNA from Sindbis virions was mixed with
ribosomes from chick embryo fibroblasts a complex that had a sedimentation
coefficient of 70-753 could be identified (Cogniaux-leClerc, 1971).
Aurintricarboxylic acid but not sodium fluoride inhibited this reaction.
On addition qf GTP, transfer RNA and an energy source a complex with a
sedimentation coefficient of 1003 was formed, It was suggested that an
"initiation complex" was being formed (Cogniaux-leC;erc, 1971).

The RNA from SFV particles was shown to be infectious by Sonnabend
et a1 (1967). This suggests that the 42S RNA or part of it, was
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translated after ;gf?ction. It also suggests that the virus particles do
esseqtia .

not contain a%(RNA polymerase activity,

4) Proteins of the virus particle

There has been some disagreement over the number of proteins found
in purified SFV particles, Friedman (1968b) reported that the purified
virus contained three proteins, two in the core, one in the envelope.

In contrast to this Hay, Skehel and Burke (1968), showed that only two
proteins were present in the virus, one in the envelope and the other in
the core., Using highly purified cores only one protein could be found
(Acheson and Tamm, 1970) and it was suggested that the second protein

was an artefact arising from incomplete redﬁction of the proteins, and
subsequent dimerization (Kennedy and Burke, 1972). The presence of one
envelope protein, and one protein in the core particle is a common feature
of all the group A togaviruses investigated, inciuding Sindbls virus
(Strauss et al, 1968), Mayaro virus (Dorsett and Acton, 1970) and

Chikéngunya  virus (Igarishi, Fuhuoko, Nithiuthai, Hou and Fukai, 1970).
In contrast the group B toga viruses contain three virion proteins, two
in the envelope and one in the core (Trent and Quereshi, 1971), The
molecular weights of the proteins have been determined by several groups.
The envelope protein has a molecular weight of 50-53x103 vhile the core
protein has a molecular weight of 30-34x103. Recently the envelope
protein from Sinbis virus has been: shown to consist of two components,
of molecular weight 53,000 and 45,000 (Schlesinger, Schlesinger and
Burge, 1972a). The second component, E2, of lower molecular weight, was
only found in the purified virus and not in the infected cell, Therefore
it was suggested that E2 might be derived from El, Defective particles
of Sindbis virus can be isolated by passaging the virus serially in baby
hamster kidney (BHK) cells. (Schlesinger, Schlesinger and Burge, 1972b).
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This defective virus appears to differ from the normal virus in
haemagglutinating properties. It is possible that the presence
of the second envelopeprotein is related to this defectiveness.

The amino acid composition of the envelopeand core protein of
SFV has been determined by Simons and Kaariainen (1970), and the N-
terminal amino acid of the two proteins has been identified by Kennedy
and Burke (1972). The core protein is rich in lysine and arginine; an
expected result because of its association with the RNA in the nucleo~
capsid, Maps of the peptides produced by tryptic digestion of the
envelope and core proteins have been published containing the expected
number of spots. It has been estimated that the nueleocapsid contains
about 270-300 molecules of the core protein, while there are about 570=
580 molecules of envelope protein in onewvirus particle, The number of
splkes bordering the virus.particle has been estimated from electron
micrographs, If the envelope protein is contained in the spikes then
each spike contains 2 molecules of the protein.

The envelope protein was-shown to be a glycoprotein containing
glucosamine, mannose, galactose, fucose and sialic acid (Burge and
Strauss, 1970; Strauss, Burge and Darnell, 1970). If there are two

envelope proteins then these results are not invalidated, but represent
the mean of their individual compositions (Schlesinger et al, 1973.).

The carbohydrate was arranged in three types of chain, two of which were
terminated with fucose or sialic acid. The total molecular weight of
the carbohydrate moiety was 7,200 and of the three types of chain, 2,800,
2,490 and 1,7/0, By comparing the glycopeptides of the envelope protein
from Sindbis virus with'those derived from the membrane protein of
vesicular stomatitis \i.ms;,_Bm:ge and Huang (1970) demonstrated when the

viruses were grown in the same type of host cells, the glycopeptides were
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the same., They suggested from this that the carbohydrate molety was
synthesised by host specified glycosyl-transferases., Thils result was
confirmed by using an in vitro system for assaylng fucose and sialic
acid transferases (Grimes and Burge, 1970) derived from uninfected cells,
This system had the capabllity of adding fucose or sialic acid to the

envelope protein of Sindbis virus,

5) Biological activity of sub-viral components

Several different sub-viral particles can be generated by mild
enzymatic or chemical treatments of the virus. The surface properties
of SFV that have been investigated are the abllity to agglutinate goose
red blood cells, the specific antigenicity, and the ability to precipi-
tate concanavalin A - a plant lectin that binds to certain sugar residues
(Oram, Ellwood, Appleyard and Stanley, 1971). In Sindbis virus the neutra-
lising antibodies are directed against antigens in the viral envelope
(Bose and Sagik, 1970)., All these properties are destroyed if the virus
is treated with certain proteolytic enzymes. The virus is resistant to
trypsin (Cheng, 1958), but bromelain, (Compans, 1971), caseinase C
(Osterieth and Calberg-Bacq, 1966) and pronase (Kemnedy, in press) all
destroyed the surface propertieéjZZétioned above, The spikes were removed,
and the remaining particle was no longer infectious, although the RNA
contained inside the nucleocapsid was. still intact and infectious. Ana~-
lysis of the proteins that remained after the enzyme treatment, by poly-
acrylamide gel electrophoresis, showed that the envelope protein had been
destroyed, This experiment demonstrates that the envelope protein 1s
necessary for the virus particle to attach and penetrate the plasma mem-
brane of the host cell, The particle remaining after these treatments
'still contains the majority of the lipid, and under the electron micro-

scope it is shown to consist of the nucleocapsid surrounded by a smooth
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membrane (Igarishi et al, 1970). The buoyant density of the particle

1s consistent with this,

The haemagglutinin can be released in an active form by treating
the virus with either nonidet P40 or tween 80/ether (Mussgay and Roth,
1964). The two techniques disrupt the virus in different ways releasing
components with contrasting properties. The treatment with tween 80/
ether releases a haemagglutinin with a buoyant density of 1.28g/cc, while
the n§nidet P40 treatment releases one with a buoyant demsity of 1.19g/cc
(Igarishi et al, 1970). The haemagglutinin released with nonidet P40 can

be considered as part of the envelope consisting of the envelope protein
still embedded in the lipid membrane; while the remaining particle is
identical with the nucleocapsid. In contrast the tween 80/ether technique
liberates haemagglutinin fragments that had been freed from the lipid.

The nucleocapsid remaining was still surrounded by the 1lipid bilayer.

The whole virus particle is sensitive to treatment with phoapholipase
C, about 45% of the phospholipid being released, but the infectivity is
retained (Friedman and Pastan, 1969), This experiment shows that there
must be spaces between the envelope protein sufficiently large to allow
the enzyme access to the underlying phospholipid., It also raises the
questlon of the blological function of the phospholipid, These authors
suggested that the phospholipid stabilised the virus structure. In con-
trast to these results Kennedy (in press) reports that whole virus particle
1s resistant to phospholipase C, but if the envelope protein is removed
by treatment with pronase, all of the phospholipid can be destroyed with
phospholipase C, liberating the nuclécapsid. The difference in sensitivity
to phospholipase C may be due to the amount of disrupted virus in the

preparation.



10,

6) Morphogenesis of SFV

Spherical particles, with a diameter of about 30nm, supposed to be
viral "precursors" were found in the cytoplasm of cells infected with
Western equine encephalitis virus (Morgan, Howe and Rose, 1961). They
were partly scattered in the cytoplasm, but also regularly arranged around
cytoplasmic vacuoles. Acheson and Tamm (1967) reported the existence of
similar vacuoles and tubular structures surrounded by nucleocapsids during
the éourse of infection by SFV, but only late during the growth cycle
when the rate of production of virus had already decreased., These authors
also studied the process by which the virus acquired its peripheral mem-
brane and suggested that the virus either passed into the lumen of the
vacuoles or was extruded through the plasma membrane. Erlandson, Babcock,
Southam, Bailey and Shipkey (1967) published electron micrographs showing
that the virus pushes the plasma membrane outwards into a bud before the
membrane seals over and the virus particle is released, Higashi, Matsumoto,
Tabata and Nagatomo (1967) studied the interaction of ferritin-labelled
antibodies with VERO cells infected with Chikungunya virus, and concluded
that host cell membrane, which had been modified during infection so as

to contain viral antigen, was elaborated into the virus envelope.

By using the technique of freeze-etching of samples in preparation
for.electron microscopy, the movement of host protein out of the area
of the plasma-membrane that is being elaborated into the viral envelope
can be seen, (M,R.F, Waite, personal communication). The process:of
resealing the holes in the leaflets of the host cell membrﬁgzs can be

visualised; and it was demonstrated that the inner leaflet/sealed over

before the outer leaflet,

The release of infectious virus from infected cells depends on the

compoéition of the extracellular flulds. At least two different parameters



are involved., The release of Sindbis virus can be slowed down by lowering
the osmotic pressure of the culture medium, and it can also be inhibited
if the ionic strength of the culture medium is reduced (Waite and
Pfefferkorn, 1968; Waite and Pfefferkorn, 1970a). When the virus release
was inhibited by the use of culture medium of low ionic strength, protein,
phospholipid and infectlious RNA synthesis, assembly of nucleocapsids and
viral modification of the plasma membrane were all normal, When the
inhibition was eased,infectious virus was detected within 20 sec and was
not dependent on osmotic pressure,de nave protein or RNA synthesls or a

functional energy metabolism (Waite and Pfefferkorn, 19703.

If infected cells are pulsed with radioactive amino acids followed
by a chase, during the logarithmic phase of virus growth, radloactive
virus is maximally released within one hour, Initially (within ten minutes)
more newly synthesized protein is found in the nucleocapsid than in the
envelope of the released virus, while after one hour the situation is
reversed (Scheele and Pfefferkorn, 1969a). Despite this rapid release
of the labelled structural proteins a large quantity of them accumulate
in the infected cell, This could be explained if only some of the newly
synthesized proteins were avallable for construction of virus particles,

After their synthesis both structural:proteins appear to be immed=
iately sequestered in virus precursors. Intracellular nucleocapsids are
assembled within 3 min in cells infected with SFV (Friedman, 1968c) or
within 10 to 15 min in cells infected with Sindbis virus (Ben-Ishai,
Goldblum and Becker, 1968)., Invelope protein can be detected incorporated
into the plasma membrane in a similar length of time, (S.I.T. Kennedy,
personal communication), In the case of SFV, no viral proteins could be
detected in the soluble cell extracts.

The host cell membrane is not only altered by the presence of viral
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antigen, but the cells become agglutinable with concanavalin A (Becht,
Rott and Klerk 1972). Also gander erythrocytes can be haemadsorbed onto
the membrane (Burge and Pfefferkorn, 1967), Haemadsorption was shown by
Burge and Pfefferkorn (1968) to depend on the formation of a functional
envelops protein, by showing that cells infected with one of the mutants
from one of the RNA + complementation groups (group D) did not haemadsorb

at the non-permissive temperature.

Nueleocapsids, apparently identical with the core present in the
virus particle, can be found in the cytoplasm of infected cells and have
a sedimentation coefficient of 140S, Late in infection they can be found
in massive crystalline arrays (Acheson and Tamm, 1967)., The nucleocapsids
were shown by Hay et al (1968), to contain only one protein, the core
protein, and the 42S RNA, Temperature sensitive mutants of both Sindbis
~ virus and SFV have been found that do not form nmucleocapsids at the res-

Nt
trictive temperature., A1l this class og(Sindbis mutants were shown to be

members of the same complementation group (C) by Burge and Pfefferkorn
(1968). The failure to form nucleocapsids, detected by the presence of

particles that sediment at 140S at the restrictive temperature ,by two
mutants of SFV was correlated with the absence under the electron micro-
scope: of the crystalline arrays and single nucleacapsids from the cytoplasm

of infected cells (Tan, 1970).

7) Association of viral replication with membranes

Most, 1f not all, viru$ directed synthesis of macromolecules appears
to be intimately associated with host cell membranes., Unique cytoplasmic
structures bounded with membrane and called cytopathic vesicles type I,
are formed during the early logarithmic phase of SFV growth. (Grimley,
Berezesky and Friedman, 1968), They are characterized by a regular series
of membrane buds or sphericules that are attached to the inside of the



vesicles, High resolution autoradiography suggests that viral RNA

is synthesized on the outer membrane of these vesicles. Friedman and
Grimley (1969) described a second type of cytopathic vesicle found late
in infection that was connected with nucleocapsid assembly.

Caliguiri and Tamm (1970b) showed that in HeLa cells infected with
poliovirus ,RNA and protein synthesis were taking place on distinct
structures, The membranes were separated by equilibrium centrifugation
of cytoplasmic extracts on a discontinuous sucrose density gradient.
Using similar techniques Grimley, Levin, Berezesky and Friedman (1972)
showed that a similar separation existed in cells infected with SFV.

The band involved with RNA synthesis consisted of a purified preparation
of type I cytopathic vesicles., An alternative approach, employed by Bose
and Brundige (1972), is to isolate membranes from specific parts of the
cells, such as the plasma membrane and the endoplasmic reticulum, These
authors demonstrated that the envelope protein and the core protein were
assoclated with the plasma membrane, while no viral structural proteins

were detectable in a smooth membrane fraction.

8) RNA synthesis

Several virus=-specific RNA species can be identified in the cyto=-
plasm of cells infected with SFV or Sindbis virus, They are named for
convenience by their sedimentation value on sucrose gradients, although
in some cases the sedimentation coefficient has not been determined.
Originally 3 species of RNA could be identified in cells infected with
group A togaviruses, These were two species of single-stranded RNA,
26S and 425, and one douhle~-stranded species, 20S RNA (Friedman, Levy and
Carter, 1966; Pfefferkorn, Burge and Coady, 1967). This 42S RNA was shown
to be identical to the 42S RNA of the mature virion, Indeed RNA extracted

from Sindbis infected cells is infectious (Scheele and Pfefferkorn, 1969b).



The 26S RNA found in infected cells was not shown to be the same as
the 265 RNA produced by heat treatment of the 42S RNA, although it was

thought to be a precursor of it (Cartwright and Burke, 1970).

By using more sophisticated techniques of analysis, gseveral more
species of RNA have been identified. Levin and Friedman (1971) found
four single-stranded species which have been termed 42S, 38S, 33S and 26s,
several totally double-stranded species, and a multi-stranded species
(replicative intermediate), by fractionating the viral RNA extracted from
cells infected with either Sindbis virus or SFV, The moleoular welights
of these species have been estimated by B. Martin (unpublished observa=-

6 snd 38S: 3.1 x 1Q6. The role of

tion) as 265: 1.8 x -106, 335: 2.3 x 10
the 26S, 335 and 38S RNA species during the course of infection is not
known, but none of the four single-~stranded species would hybridise with
42S RNA from virus particles. This would suggest that all the single-
stranded species free in the infected cells are of the same polarity as

the 42S virus RNA (positive),

The 26S and 335 RNA, in the form of a ribonucleoprotein complex
have been extracted from the membrane bound polysomes of infected cells
(S.I.T, Kennedy, personal communication), who suggested that they were
the messenger RNAs, The RNA, extracted from polysomes was shown to con=
tain adenylate-rich sequences by Eaton, Donaghue and Faulkner (1972).
Although the RNA species were not identified, the RNA was shown to be in
a ribomucleo protein complex with a sedimentation coefficlent of 65S.
These could correspond to 65S particles, prizégﬁfly thought to be precur-
sors of the mucleocapsid, which are known te(?éS/RNA (Friedman and

Berezesky, 1967; Dobos and Faulkner, 1969.)

Three classes of totally double-stranded RNA were identified by
Stollar, Shenk and Stollar (1972). These authors prepared anti-body
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against double-stranded RNA and used it to precipitate the RNA found

in infected cells, Be£8§gfgzﬁﬁigitation this RNA had been analysed by
sucrose density gradien?é Peaks of double~-stranded RNA were found with
sedimentation coefficients of 125, 16S and 20S. The amount of these
three classes of double-stranded RNA varied depending on the type of
cell from which the RNA was extracted, It was suggested that the differ-
.ing inhibition of host cell protein synthesis might be due to the varia=-
tion in quantity of double-stranded RNA. The multiple forms of double=-
stranded RNA raise the question of whether there is a different type
involved in the synthesis of each of the species of single-stranded RNA.

The predominant type of RNA produced after a short pulse of radio-
active uridine is a heterogenously sedimenting RNA, apparently membrane
bound, which is partially resistant to ribonuclease and contains minus
strands, (Friedman, 1968; Kaariainen and Gomatos, 1969). This material
has the properties of replicative intermediate, similar to that isolated
from cells infected with other viruses (Franklin, 1966; Baltimore, 1968).

The first newly synthesized RNA species that can be detected follow=
ing infection in SFV infected cells is the double~stranded RNA
(Cartwright end Burke, 1970), After preparing infectious Sindbls virus
containing radiocactive RNA of a very high specific activity, its fate
after infection was followed (Sreevalsan, 1970). The RNA became attached
to membranes during the latent period following infection, was converted
"to a ribonuclease resistant form, and was subseduently slowly detached
from the membrane, The RNA from an RNArtemperature sensitive mutant
still became associated with the cellular membranes, even at the non-
permissive temperature at which no RNA synthesis occurs. But the detach-

ment was restricted in the absence of RNA synthesis,

26S RNA probably has a special function in Sindbis virus multiplication
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(Scheele and Pfefferkorn, 1969b), If cellular protein synthesis was
inhibited 1% hours after infection, the synthesis of infectious 425 RNA
continued, but that of 265 RNA was selectively inhibited, 4 corresponding,
preferential inhibition of the formation of 263 RNA was seen in cells
infected with a temperature sensitive mutant defective in RNA synthesis.
After starting RNA synthesis at the permissive temperature, despite shilte-
ing the infected cultures to the restrictive temperature, the synthesis

of /23 TNA continued, whereas the formation of 26S RNA ceased, This

implies that the synthesis of 253 and 425 RNA is controlled by two differ-

ent genome products.

9) RNA polymerase

A new enzyme activity can be detected in cells infected with group
A togaviruses. This enzyme is a RNA-directed RNA polymerase (RNA nucleo~
tidyl transferase, E.C.2.7.7.6.), and can be found after infection even
in cells treated with actinomyein D (Lust, 1966; Martin and Sonnabend,
1967). The enzyme was found in the large particle fraction, and can be
fractionated by centrifugation on sucrose density gradients. (Sreevalsan
and Yin, 1969)., Martin and Sonnabend (1967) demonstrated that the enzyme
can be assayed in vitro, but that the product was totally double-stranded.
By isolating the RNA polymerase on a sucrose density gradient Sreevalsan
and Yin (1969) demonstrated that it had the capability of synthesizing

425 and 263 single~stranded RNA as well as the 20S double-stranded RNA.

Tae RNA polymerase is membrane bound (Yin and Sreevalsan, 1969),
All attempts so far to liberate the enzyme from the membrane have resulted
in elther a partial or complete loss of activity, The cytopathic vesicles
(type I), when isolated by eQuilibrium centrifugation on a discontinuous

sucrose density gradient, possess RNA polymerase activity when assayed
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in vitro. (R.M. Friedman, personal communication).

The activity of the RNA polymerase prepared from cells infected
with either Sindbis virus or SFV is not dependent on continuing protein
synthesis, This contrasts with the RNA polymerase of picornaviruses,
whose continued formation is inhibited if protein synthesis is halted
{g§hrenfeld et al, 19709) These results are confirmed if protein
synthesis is inhibited with canavanine, an analogue of arginine (Ranki
and Kaariainen, 1970). Once infection has been established by the
temperature sensitive RNA™ . mutants of SFV at the permissive temperature,
the temperature of incubation can be stepped up to the restrictive tempera=
ture without inhibiting RNA synthesis (Lomniczi %gﬁegggke, 1970). The
RNA™ mutants of Sindbils virus have been placed ig(two complementation
groups (Burge and Pfefferkorn, 1966b), This suggests that at least two

gene products are involved in the synthesis of RNA,

Originally it was assumed that the replication of a single-stranded
RNA must involve a double-stranded intermediate (Montagnier and Sanders,
1963). There was no agreement as to the number of enzymes required for
the synthesls of viral RNA (Spiegelman, Haruna, Holland, Beaudreau, and
Mills, 1965; Lodish and Zinder, 1966), It was suggested that two enzymes
were essential, one to form a double-stranded replicative form from the
input strand and one to produce new progeny strands. Alternatively,
one enzyme may suffice for RNA synthesis, but be composed of two differ-
ent polypeptides. Finally, one cistron may be required to neutralise a
cellular activity prejudicial to viral RNA synthesis (e.g. ribonuclease)

while the other provides polymerase.

More recently it has been shown that the replicase of the RNA
bacteriophage QP consists of four protein subunits, Three of these are
host specified, and only one is virus specified (Kondo, Gallerani and
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Weissman, 1970). The replicase can transcribe strands of elther
polarity, but has a higher affinity for negative strands. It has

been suggested that the active template is not double~-stranded, but

a loose complex of enzyme, template and progeny RNA (Weissman, Feix
and Slor, 1968), According to this view the extensive hydrogen-bonded
structure of isolated replicative form and replicative intermediate
arise during the extractlion procedure (Borst and Welssman, 1965).

Baltimore (1971) has suggested that animal viruses can be divided
into six classes on the 'basis of the way in which messenger RNA is formed.
Two of those six classes included viruses with single-stranded RNA as
their genetic material, The typical member of one of these classes (IV)
is poliovirus, while vesicular stomatitls vimgls representative of the
other class (V). Class IV consists of single-stranded RNA viruses whose
messenger RNA is identical in base sequence to virion RNA, In contrast
class V consists of single-stranded RNA viruses whose messenger RNA 1s
complementary in base sequence to the virion RNA, Ciass V viruses have
a virion polymerase, but not infectious RNA, while class IV viruses have

infectious RNA but no virion polymerase, A feature of this clasgsification
is that it explains why some viruses have infectious RNA, while others

do not, On the basis .of the infectivity of the virion RNA, Baltimore
(1971) placed the togaviruses in class IV,

1) Erotein gymthesis

The envelope and core proteins are readily detected in cells in-
fected with Sindbis virus (Strauss, Burge and Dernell, 1969), SFV (Hay
gLaL 1968) Mayaro virus (Dorsett and Acton, 1970) and Chikungunya virus
(Igarishi, 1970). It is interesting to note, that the reported second
envelope glycoprotein, was not found in infected cells (Schlesinger et al,
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1972a). Many other polypeptides have been found by analysing material
from infected cells by polyacrylamide gel electrophoresis. The best
defined species have molecular weights of about 65,000 and 95,000, Several
other.procesées are known to be associated with infection by the virus,
such as the RNA polymerase, the effective inhibition of host cell proteinm,
synthesis and the reorganisation of the host cell membranes, Gene pro-
ducts connected with these functions have not been identified,

The division between class IV and class V animal viruses (Baltimore,
1971) apparently extends to the translation of the messenger RNA and
the formation of the proteins, Influenza virus (a class V virus) pro-
duces six or seven different species of messenger RNA (Skehel, 1972).
It has been suggested that when each of these RNAs is translated, a primary
gene product is synthesized. Friedman (1969) claimed that the structural
proteins of SFV were primary géne products on the basis of two
tests. The two tests employed were to investigate the protein labelled
in infected cells during pulse-chase experiments and during treatment

with amino acid analogues, In the test cells the same proteins could

be detected in the same amounts as in the control cells,

In contrast Jacobson and Baltimore (1968) showed that poliovirus
proteins are synthesized from large precursors by specific cleavages,

and suggested that the messenger RNAs of animal viruses will only

possess one initiation site leading to monocistronic translation.

By the use of the same tests, amino acid analogues and very short
labelling periods, Jacobson, Asso and Baltimore (1970) demonstrated the
presence of a single transeript precursor in HeLa cells infected with
poliovirus, A single trangeript precursor occurs when a polyecistronic
messenger RNA encodes a single polypeptide chain, The single transcript
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precursor 1s then cleaved to yleld the final gene products. A precur-
sor-product relationship has been established by showing a movement of
radioactivity between certain polypeptides in poliovirus infected cells.

Strauss et al (1969) reported a large number (12-16) of non-
structural proteins found in cells infected with Sindbis virus, and
suggested that the polypeptide of molecular weight 65,000 was a precursor.
Both Burrell, Martin and Cooper (1970) and Igarishi (1970) proposed that
the polypeptide of molecular weight 95,000 was a precursor of the structur-
al proteins, A large protein was seen to accumulate in cells infected

with a temperature sensitive mutant of Sindbis, defective in nucleocapsid

synthesis (Scheele and Pfefferkorn, 1970).

If there is a cleavage mechanism operating then the specific cleav-
ages needed may be caused by proteolytic enzymes, Therefore when the
proteolytic enzymes are inhibited,there should be an accumulation of
the precursor., Using an inhibitor of proteolytic enzymes, Pfefferkorn
and Boyle (1972) demonstrated that there was an accumulation of a high
molecular weight polypeptide. This result was confirmed by Ranki (1972)
by growing the virus in the presence of canavanine, In neither case was

a movement of label from the postulated precursor to the product demonstrated.

11) Purpose of the present study

The work reported in this thesis was carried out to determine the
mode of synthesis of the structural and non-structural proteins of SFV.
It was hoped to be able to discover whether any precursor-product relation-
ship existed between any of the proteins specified by the virus. The para-
meters of growth of the virus were studied in order to establish the opti-
mun experimental conditlions, Then the proteins found in cells infected
with SFV were separated by polyacrylamide gel electrophoreéis and sub-



sequently attempts were made to identify their function. The

RNA polymerase was partially purified, in order to identify the

RNA and protein structures involved in the synthesis of the RNA,

Also the proteins.contained in other membrane fractions were analysed,
so that the process of glycosylation of the viral proteins could be
investigated, Filnally it was hoped from these experiments to construct
a model of the way in which RNA and protein synthesis occurred in SFV

infected cells,
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(a) Biological Materials

Medium 199 as defined by Morgan, Morton and Parker (1950) and basal
Eagle's medium as defined by Eagle (1955) and modified by Mac'pherson
and Stoker (1962) were purchased as ten fold concentrates from Wellcome

Reagents Ltd., Beckenham, Kent.

Calf Serum was purchased from BioCult, Paisley, Scotland. Dialysed
calf serum was prepared by dialysls overnight against a hundred fold

excess of Earle's salt solution,

Growth medium consisted of Media 199 supplemented with calf serum to a

final concentration of 5% (V/¥), adjusted to pH7.4 by addition of 5%
(w/¥) sodium bicarbonate, and contained 100 unit/ml of cristamycin.

Maintenance medium was identical in composition to growth medium, except
that the calf serum content was 2% ('/v)instead of 7%.

;L@_I_VI consisted of Eagle's basal medium supplemented with 10% (*/¥) calf
serum, 1% (w/v) glucosé and 2,95g/1 tryptose phosphate both adjusted
to pH7.4 by addition of 5% ("/v) sodium bicarbonate, and contained 100
units/ml of crystamycin,

Earle's balanced salt solution, as defined by Earle (1943) was purchased
from Oxoid Ltd., London, The salt mixture was dissolved in distilled
water, sterilised, adjusted to pH7.4 with 5% (*/¥) sodium bicarbonate,
using 0,001% phenol red as an indicator of i:H. Earle's salt solution

contained 100 units/ml of crystamycin,

Earle's salt solution containing dig__'_lx' sed calf serum and actinong cin D

(EDA) was prepared by supplementing Earle's balanced salt solution with

2% (V/v) dialysed calf serum and 1pg/ml %étinomycin D, The calf serum
, ®ai
was dialysed to remove low molecular/constituents that would reduce

incorporation of radioactive precursors.
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Plastic Petri dishes (5cm diameter) were purchased from Sterilin Ltd.,
Richmond Surrey.

AntigeramPreparations against the envelope and core proteins of SFV and
preimmune antisera were kindly prepared by Dre. S.I.T. Kennedy.

Goose erythrocyteg were a gift from Dr C,J, Braddtdy, Microblological
Regearch Establishment, Porton, Wilts,, and were w\ashed three times by
centrifugation in dextrose/gelatin/veronal medium (0,058% veronal,
0.38% sodium veronal, 0,06% gelatin, 0,02% CaCl,, 0,012% MgSO ,TH0,
0.85% NaCl and 1% (“/v) glucose). The erythrocytes were resuspended

to a concentration of 5% in the same medium, and were stored at 4°c.

Actinomyein D was the gift of Merck, Sharpe and Dohme Research

Laboratories, Rehway, New Jersey, U.S.A.
Colomyein was bought from Pharmax Ltd,, Crayford, Kent.

Crygstamycin was purchased from Glaxo, Greenford, Middx. and
Cycloheximide was purchased from Sigma Ltd,, London,
Puromyein was bought from Nutritional Biochemicals Corporation,

Cleveland, Ohio, U.S.A.

Trypsin Xk 250 for preparation of chick embryo fibroblast cultures and

tryptose phosphate broth wereobtained from Difco Laboratories, Edst
Molesley, Surrey.

Bovine serum albumin (BSA), fraction V, was obtained from Armour
Pharmaceutical Co., Ltd. Eastbourne, Sussex.

Ovaltunin, trypsin, a-chymotrypsinogen, carbonic anhydrase, pepsin,
transferrin, phosphox_;zlasé A and B-galactosidagse for use as molecular
weight standards and the enzymesribor_gg,clease (pancreatic), and cytochrome ¢
were purchased from Sligma Ltd,, London.

A11 media were checked for sterility before use.



(b) Chemiral matorinls

2-Maraantanthannl, reduced glntathione, trizma hase, DLmp=Tluoronhenyl—

alanina (FPA), aodim lanrovl sareinneate, DLeecthioning azotrmtonhan, I=len=

cina, Deolnnncamine, Neanety]l olneosamina, adenasine trinhoaphate (ATP),

cvtidine trivhosphate (CTP), manosine trinhnanhate (GTP) and iridine trd

phosrhate (UTP) were purchased from Sigma Ltd,, London, The nucleoside
triphosphates were checked for the presence of mono and diphosphates by
thin layev chromatography.

Montinamide adenine dinmeleotide (vreduced; NADH), nlcotin amide

adenine dinnunleo*ida nhosnhate (reduced; NADPI), Phoanhoenol pvrnvate

(PEP) and nrmwate kinaas were obtained from Boehinger and Soene Gmbi,

Mannheim, Germany., The PEP was checked forpurity by a couvpled enzymlc

assay,

F-fluoracetvl olvoosamine (FWAG) was a kind gift from Dr G.G. Butchard,

Dept. of Biochemistry, Oxford University, Oxford.

Claland'a rmearent . (dithiolthreitol) [I~ecanavanine sulnhate, I=azetidine

=2=rartoyvlic acid and tosvl-Ll-phentvl alanvl chJaeramethane (TPCK), all

gradé Ay; were purchased from Calblochem Ltd., London,
\ﬂfl

TN ~betramathvlathrlene diamine (TEMED) and T —rathvlenshi sacrrlamide

were obtained from Eastman Kodak 0o., Rochester, New York, U,S3.A.
Acrvlamide (purum) was obtained from Fluka AG, Buchs, Switzerland, The
acrylamide was recrystallised from chloroform, and the NNl—methylenebis—

acrylamide from acetone before use (lpening, 1967).

Conmassie brilliant blue R was purchased from G.T. Gurr Ltd., London.

Sodium Laurovl (or dodecyl) sulphate (SDS), chloramine T, specially pure

dansrl chlorides (l—dimethylaminonapthalene—5—sulphanyl chloride) and Ures
(aristar) were bought from B,D.H., Chemicals Ltd,, Poole, Dorset.

Dextran Sulphate 500 and Sephadex GR25 were bought from Pharmacia (Gt.)
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Britain) Ltd., London,
Phenol, diethyl ether, and ethanol were redistilled before use.

Agarose was bought from L'industrie Biologique Francaise S.A., Gennevillies,

Selne, France.
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(¢) Radioactive materials

The following radio chemicals were all obtained from Radiochemical

Centre, Amersham, Bucks.

[2—?&1] -AMP (aqueous solution containing 50% ethanol; 4.'Ci/mMO1)

[140] - formaldehyde (aqueous solution; 15Ci/mMol)

[?H] L-fucose (aqueous solution; 2,8Ci/mlMol)

[3 H] D-glucosamine hydrochloride (aqueous solution; 2.3C1/mMol)

[5-3,1{] GTP (aqueous solution containing 50% ethanol; 8Ci/mMol)

[125 I] iodide (carrier free, 110mCi/ml).

[4,5-?}!] L-leucine (aqueous solution containing 2% ethanol; 19Ci/mMol)

EU*C'] I~leucine (aqueous solution containing 2% ethanol; 300mCi/mMol)

[?;,5-"_3}!] L-lysine monohydrochloride (aqueous solution containing 2%

ethanol; 300mCi/mMol)

YEU*C] L-lysine monohydrochloride (aqueous solution containing 2% ethanol;
300mCi/mMol)

[_3 H] L~-methionine (aqueous solution; 150mCi/mMol)

[140] L-methionine (freeze dried; 50mCi/mMol)

[3 53] L-methionine (aqueous solution containing 0,04% 2-mercaptoethanol;
20C1/mMol) ‘

[:U*C] I-phenylalanine (aqueous solution containing 2% ethanol; 405mCi/mMol)

[uc] L-proline (aqueous solution containing 2% ethanolj 265 mCi/mMol)

[MC] L-threonine (aqueous solution containing 2% ethanol; 208mCi,/mMol)

EU‘L'] DL~tryptophan (freeze dried; 50mCi,/mMol) |

f.u'G] L~tyrosine (aqueous solution containing 2% ethanol; 507mC1,/mMol)

[2t3‘fﬂ} L-valine (aqueous solution containing 2% ethanol; 1,5Ci/mMol)

[MC] L-valine (aqueous solution containing 2% ethanol; 225uCi/nMol)

[5:_3}1] -uridine (aqueous solution; 3Ci/mMol)

[u'c] ~uridine, (aqueous solution; 405mCi/mMol)

Pe] (mct/ul) snd 4C (1mCi/ml), reconstituted protein hydrolsates

‘were obtained from Schvarz BioResearch, Orangeburg, New York, U.S.A.
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(d) Scintillation Pluid Materials

2,5-Diphenyloxazole (P.P.O.),1,4-di(2—(5-phénoloxazlyl)-benzene

(P.0.P.0.P.) and napthalene (scintillation grade) were obtained: from
Nuclear Enterprises (G.B.) Ltd., Edinburgh. Aerosil standard silica was
bought from Bush Beach Segner Bayley Ltd,, London, Triton-X-100 was

purchased from B.D,H. Chemicals Ltd,, Poole, Dorset,

Gel scintillation cocktail was a mixture of napthalene (50g), PeP.O.

(7g) P;o.P.q,P. (150mg), absolute alcohol (30ml), toluene (A.R.) (200 ml),
made up to 1 litre with dioxan ( A.R.),Silica gel (35g) was added and

the mixture blended for 2 minutes,

Triton-toluene scintillation cocktail was a mixture of toluene (A.R.)

(670m1), triton-X-100 (330ml), P.P.0. (4g), and P.0.P.O.P. (500 mg).

Plagtic scintillation vials were bought from Packard Instruments
Ltq,, Caversham, Berks,



METHODS
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1., Preparation of chick embryo cells

Primary chick embryo cells were prepared using a modification of
the method described by Porterfield and Allison (1960), Eleven day old
chick embryos were used, After removal of the heads:and legs the torsos
were washed with phosphate buffered saline (PBS) pH7.4 (Dulbecco and
Vogt, 1954). The torsos were finely minced before being suspended in
0.1% trypsin in PBS (4nl per embryo) and stirred at 37°C for 20 min.
The supernatant fluids were decanted and stored at 4°C while the remain-
ing tissue was retrypsinized another three times, The supernatant fluids
were pooled, made 2% (V/v) with respect to calf serum and filtered through
a 40 mesh stainless steel filter, The cells were sedimented at 500g for
20 min at APC before being resuspended in growth medium (2m1 per embryo).
The cells were first filtered through a grade O sintered glass filter

and then through a grade 1 sintered glass filter,

The number of cells was determined by diluting 0.5 ml of the cell
suspension with 4.5 ml of PBS and 1 ml of this dilution was mixed with
3 ml of PBS and 1 ml of 0,1% trypan blue, This material was then counted

using a Neymayer haemocytometer,

For monolayer cultures the cells were diluted to 5x106 cells/ml or

3x106 cells/ml, and 30 ml aliquots of the former concentration were dis-
pensed on to 1l5cm glass Petri dishes while 3 ml aliquots of the latter
concentration were dispensed on to 5cm plastic Petri dishes, Cultures
were incubated at 37°C in a humid atmosphere of 5% carbon dioxide/95%

air, before use 18-2/ hours later. At confluence‘the Scm plastic Pefri
dishes contained 2x10B cells and the l5cm glass Petri dishes 1.2x108 cells.

2, Subculturing of continuous cell lines

Baby hamster kidney (BHK) cells, L~929 and human embryo lung (HEL)
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cells were all passaged i1n a similar way, Cells were seeded in litre
Flow bottles (].xlo6 cells/bottle; 100ml of MEM) and were gassed for 15
seconds with a 5% carbon dioxide/95% air mixture, The bottles were
incubated at 37°C until the monolayer had reached confluence, The
fluids were poured off and 5ml (flow bottle) or 25ml (roller bottle) of
0.1% trypsin in 0,000/M ethylene diamine tetra acetic acid {EDTA) solu-
tion was added, The cell sheet was washed gently, the fluids poured off,
and this procedure repeated. A small volume of fluid was left covering
the monolayer, The bottle was allowed to stand until the cells started
to detach from the glass, when 3ml (flow bottle) or 10ml(roller bottle)
of MEM was added, The cells were resuspended in this medium by pipetting.
Before being dispensed they were then counted by the same method used
for chick embryo cells and diluted appropriately with MEM, either into
bottles or onto Petri dishes, For monolayer cultures the cells were
seeded at 0.5x106 cells/plate in 3ml of MEM on 5cm plastic Petri dishes
and 3x106 cells/plate in 25ml of MEM on 1l5cm glass Petri dishes, The
cultures were then incubated at 37°C in a humid atmosphere of 5% carbon
dloxide/95% air, and were ready for use 18-2, hours later, At con-
fluence the 5cm plastic Petri dishes contained 1x106 cells and the 15

en glass Petri dishes 5x10'cells,

3. Growth of Virus

Semliki Forest virus (SFV) the ' tst. wild type strain, was kindly
supplied by Professor F. F;anner, John Curtin School of Medical Research,
Australian National University, Canberra, and Sindbis virus (AR 339) was
the kind gift of Dr J, Porterfield, National Institute of Medical Research,
Mill Hill, Virus was stored at 4°C if it was going to be used within 24
hours, otherwise it was supplemented to 10% (¥/v) calf serum and kept at

~70°C, Each fresh sample of virus was checked for bacterlal contamination
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by streaking on nutrient agar plates and incubating for 24 hours at
37°%.

a) Growth in brains of suckling mice

Three day old suckling mice were injected intracerebrally with
10* p.f.u. of SFV in 0,0lul of maintenance medium (Walters, Burke and
Skehel, 1967). After 24 hours, when the mice were dying, they were
killed with chloroform snd the brains were removed, The brains were
suspended in maintenance medium (lml/‘brain) and homogenised using a
micromixer (Measuring and Scientific Equipment, London). The virus
suspension was clarified by centrifuging at 12,000g for 30 min at 4°C.
The supernatant contained 1-2x10° p,f.u./ul.

b) Growth in suspension culture

SFV was grown in suspension cultures of chick embryo cells using a
modification of the method of Zwartow and Algar (1968). A concentrated
suspension of chick embryo cells (5x108-109. cells/ml) was infected with
SFV (1p.f.u./cell) at 4°C for 60 minutes. The infected cells were then
diluted to a concentration of 2-3x107 cells/ml in Earle's solution con-
taining 0,35% glucose, 0.4% sodium bicarbonate and 180 ﬁnits/ml colomycin,
The media 'hé.d already been adjusted to pH7.5 with 10% carbon dioxide/90%
air, The infected cell suspension was dispensed in 180 ml aliquots into
1L Erlenmeyer flasks, from which the air was then displaced with a mix-
ture of 5% carbon dioxide/95% air, and the flasks tightly sealed, The
cultures ﬁere incubated at 35°C for 18 hr rotated at 80rev/min by an orhi-
tal shaker (Gallenkamp Ltd,, London)s The cells and debris were removed
by centrifuging at 15,000g for 30 min at 4°C. The supernatant fluid
contained 2x10°~10"° p,f,u./ul.
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In order to prepare radioactively labelled virus, [MC]valine

(10 pCi/ml) vas added to the medium, after the 1 hour ebsorption period.

4e YVirus Purification
Virus was purified by the method of Kennedy and Burke (1972).

5. Assay of infectious virus

The infectious titre of SFV was estimated by plaque assay on mono=
layer cultures of chick embryo cells, (Dulbecco, 1952)., 0.5ml aliquots
of 10 fold serial dilutions of the virus in malntenance medium were added

6

to monolayer cultures of chick embryo cells (1,5x10 cells/culture), on

plastic Petri dishes. After adsorption at 37°C for 60 min the virus
inoculum was replaced by 4ml of overlay medium consisting of growth
medium containing 0.9% Noble agar. The cultures were incubated at 37°C
and the plaques were éounted after 36 hourse To facilitate plague count-
ing the cells were stained by the addition of 2ml of 0,026% neutral

red in Earle's solution (pH7.4) to the plates for 2 hours.

6. Assay of virus haemagglutinin

The haemagglutinating activity of virus samples was measured by a
modification of the method of Clarke and Casals (1958), Virus was gerially
diluted in 0,25ml volumes of 0.4% BSA in a solution of 0,05M-boratet
NaOH(pH9.0) containing 0,12M~NaCl on lucite plates. The goose erythro-
cytes (0.3ml) were diluted in 10ml of 0,2M-citrate buffer (pH5.5) in
0.15M-NaCl, before adding 0.25ml to each well to give a final pH of 5.8,

7. Infection of monolayer cultures

Monoleyers of cells were infected with SFV at a multiplicity of
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infection (m.0.i,) of 10p.f.u./cell and incubated at 37°C for 1 hour,

In some experiments, noted in the text, the m.0.i., was varied, The un=-
adsorbed virus was removed by washing the cell sheets twice with mainte-
nance medium, Further incubation was carried out in the presence of 2ml
or 10ml of maintenance medium containing lpg/ml of actinomycin D, for
S5cm or 15 cm Petri dishes respectively.

When cultures are referred to in the text as ™uninfected" they had
been treated in the following way. Monolayers of cells were incubated
at 37°C for 1lhr in the presence of an equivalent quantity of maintenance
medium to that of virus., Then the cell sheets were washed twice with

maintenance medium before incubation further under the same conditions as

the infected cells.

8. Measurement of yacromolecular synthesis

In order to measure macromolecular synthesis, monolayers, in plastic
Petri dishes were labelled for 1 hour with a radioactive: precursor, and
the radioactivity of the defatted, acid insoluble material was determined
by a modification of the method deseribed by Skehel, Hay, Burke and
Cartwright (1967). After the pulse, the cells were washed three times
with 3ml of cold PBS and then three times with 3ml of cold 10% (“/v)
TCA, The acid insoluble precipitate was then washed three times with
3ml of cold ethanol and three times with 3ml of cold 20% acetone in 0.1M
HC1, before being left to dry. The defatted residue waé then dissolved
in Iml of 0,5M~NaOH and a 0,5ml portion taken for determination of radio-
activity. The difference in radioactivity between identical samples was
less than 3%.

a) RNA gynthesis
[ 3 H]uridine (IPGVaﬂture) was added to triplicate cultures on plastic
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Petrl dishes at various times after infection, and the incorporation

measured by the method described above,

b) protein synthesis

Three hours before the labelled precursor was added, the culture
fluids were removed from triplicate plastic Petri dishes, and the cul-
tures washed twice with 3ml of Earle's solution containing 2% (V/v)
dialysed calf serum and lpg/ml actinomycin D (EDA) before being incubated
in 2ml of the same medium, At suitable times after infection 1uCi/culture
ofg_'l:3 H] valine was added and the incorporation measured by the technique

described above,

c) 'n;zcoproteih and_carbohydrate synthesis

Three hours before the labelled precursors were added, the culture
fluids were removed from triplicate Petri dishes, the cultures washed
twice with 3ml of EDA, before being incubated in 2ml of the same medium.
After the three hours the fluids were again removed and were replaced by
2 ml of PBS containing lpg/ml of actinomyein D Isotope, 5pCi/culture of
L 3 H] glucosamine and ]}mi/culture ofEMC]valine , were then added.
After 1 hour the radioactivity of defatted, acid insoluble radioactivity

was determined by the method described above,

9. Extraction of radioactive RNA

Monolayer cultures of chick embryo cells (1.25ﬂ08cells/culture)
were infected with SFV, washed and incubated fér 4 hourse. 'l‘he medium
was removed and replaced with 2ml of maintenance medium contalning Lp.g/ml
of actinomyein D and 5uCi/culture of I_'_MC] uridine, The cultures were
then incubated 1 hour before being washed three times with cold PBS.
The cells were scraped from the glass Petri dishes and centrifuged at
1,000g for 10 min at 4°C. They were then resuspended in lml of PBS
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and 1ml of 1% (¥/v) SDS before addition of 2ml of phenol saturated with
0,05 M=-tris¢HCl pH7.4, 0.1 M-NaCl and 0,001 M-EDTA (INE buffer)., The
mixture was shaken vigorously for 10 min: at room temperature using a
Griffin flask sha;ker and the phases were then separated by centrifuging
at 1000g for 10 min at room temperature, The resulting aqueous layer |
was removed and was re-extracted with 2ml of phenol saturated with INE
buffer, Residual phenol was removed from the final aqueous layer by
three extractions with ether saturated with TNE buffer, A stream of
nitrogen was passed over the sample to removeA any remaining ether. The
RNA was then precipitated by standing with two volumes of ethanol at =20°C
for 18 hours, before being collected by centrifuging at 1000g for 25 min
at 4°C. The RNA was then washed twice with ethanol, before being re-
dissolved in an appropriate buffer, The RNA extracted by this method
contained sufficient unlabelled cellular RNA to be analysed spectropho-
metrically.

10, Assay of RNA erage

A1l reagents were dispensed with an Eppendorf automatic pipette.
The agssay tube contained in a final volume of 0,35ml:

tris $HC1 pH 8.5 35.0pmol
MgCl2 1.3}1mol
KC1 4,6Opmol
2-mercaptoethanol 7+ Opmol
PEP 0.5}111101
pyruvate kinase 10.0}1g
actinomyein D 1.0pg
dextran sulphate 500 3.5p8
ATP,CTP,UTP 50,0nmol

L3257 crp 0.51C1; 1,0mmol
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and an 0,1ml aliquot of the fraction being tested for polymerase
activity. The assay mixture was incubated for 60min at 37°C before
stopping the reaction by cooling to 4°C and adding lml of cold 0,05M-
Na,P,0, in 10% ("/¥) TCA and 0,1ul of 10my/ml BSAAfter standing for

30 min at 4°0; the precipitate was centrifuged at 1000g for 10 min at 4°C
before.be;ng resuspended in 1lml of O.O5M-N8.4P207 in 10% (¥/v) TCA, The
centrifugation step was repeated twice, Finally the pfecipitate wvas
collected on 25mn Whatman GF/C glass fibre discs, that had previously
been soaked in 10% (¥/v¥) TCA and dried, using a Millipore multifiltration
apparatus. They were then washed three times with 3ml of cold 0,05M~-
Na4P207 in 10% (ﬁ/%) TCA, three times with 3ml of cold ethanol, three
times with 3 ﬁl of cold ethanol/ether (3:1) mixture and finally three
times with 3ml of cold ether, The discs wére dried and the radioactivity
| determined, These conditions were varied in certain experiments as

specified in the results,

A1l assays were peformed in triplicate, and the difference in radlo-
activity between members of a triplicate was less than 5%, The results
were compared with an assay incubated in the absence of £he three unlabell~
ed nmucleoside triphosphates, This value was the same as the value of a
complete assay that was not incubated, and was subtracted from the assay
value to give the activity dependent on the presence of all four nucleo—~

side triphosphates.

11. Extractidn'of proggét from én RNA gglxgeraSe agsay,

When the product synthesized in an RNA polymerase assay was to be
analysed, the reaction volume and the amount of reac tants were doubled,
while the amount of EBHt] GTP was increased twenty-fold. The reaction

mixture contained in a volume of 0,7ml:
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tris $ HC1 pH8.5 70,0pmol

MgCl, 2.8pmol

KCl 8,0pmol
2-mercaptoethanol 14.0pmol

PEP 1.0pmol
pyruvate kinase 20.0pg
actinomyecin D 2.0pg
dextran sulphate 500 7+0pg

ATP, CTP, UTP 100,0nmol
[%r] o 10,0pC1; 5nmol

and a 0,2ml aliquot of the enzyme fraction. The reaction mixture was
incubated at 37°C for 60 min before stopping by cooling to 4°C, The
RNA was extracted by the phenol/SDS technique described above (Section 9).

12. Extraction of RNA polymerase

The method involved is shown on a flow chart in table 1. At 5 hours
after infection, chick embryo cell monolayers (lO9 cells) were washed
twice with 10ml of cold PBS, and once with 10ml of cold reticwlocyte
standard buffer containing dextran sulphate (RSBD:0,01M-tris+ HCl pH7.4,
0,01M-KCL, end 0,0015M-MgS0, and 10pg/nl dextran sulphate 500). ALl sub-
sequent operations were performed at 4°c using sterile solutions and appara=
tus, The sucrose solutions were autoclaved for 10min at 101b/sq.1n. while
all other solutions were treated for 25min at 151b/sq.in. Glass apparatus
was autoclaved for 25min at 151b/sq.in, except for the Dounce homogenisers
which were washed twice with ethanol and once with ether and dried before

use,

The cells were scraped from the glass Petrl dishes and centrifuged

at 1000g for 10min, Then the cells were resuspended in 2ml RSBD(A,-leOS
cells/ml) and disrupted in a tight-fitting, all glass Dounce homogenizer



Table 1,

New

The flow chart of the partial purification of the WA polymerase
from chick embryo cells infected with 5FV, is shown, Also shown 15 the
percentage recovery of acld precipitable radiocactivity when the cells
had been prelabelled with either [7H] nuridine (100% is equal to 4.3x10%

CoPoM,) OT EFACt] valine for 10min (100% is equal to 8.7x1030_p,m,)

before the polymerase was prepared,
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(4ml capacity) under conditions that gave maximum breakage of cells
without damaging nuclei, as assessed by microscopic examination,

Muclel and cell debris were removed by centrifuging at 500g for 5

min, The supernatant fluids constituting the 500g supernatant fraction,
vere then centrifuged at 12,000g at 4°C for 10min, The 12,000g pellet
was resuspended with 3 strokes of an all glass Dounce homogeniser, in
3ml of RSBD 1f it was to be assayed, or if further fractionation was

to be carried out,in 3,5ml of 25% (¥/v) sucrose in RSBD,

Further fractionation of the material was by a modification of the
method described by Caliguiri and Tamm (1970). Either the 12,000g pellet,
resuspended in 25% (w/v) sucrose, or the whole cell homogenate made up to
25% (Y/v) sucrose was layered onto a preformed discontinuous gradient,
coﬁs:lsting of 4e5ml of 60% (¥/v) sucrose, 4.5ml of 45% (/%) sucrose and
4.5ml of 35% (¥/v) sucrose in RSBD, The sample was oierlaid with 4.5ml
of 15% (w/v) sucrose in RSBD and the tube was spun for 18 hours at 85,000g
at 4°C‘ in a 3x23ml swing out rotor (M,S.E.) Several bands were visible,
The bottom of the tube was plerced and the gradient pumped out through
the top by displacement with 65% (/%) sucrose. The u,¥. absorption
was monitored on a Uvicord II uitraviblet absorptionmeter (IXB Instruments

Ltd,, Croydon, Surrey) with 0,3mm light path absorbing at 25inm linked to
‘a servoscribe RE 511,20 potentiometric recorder (Smiths Industries Ltd.,
Wembley, Middlesex), Fractions of the gradient were collected in an

IKB ultrorac fraction collector., When no record of the bands was re-

quired,samples were collected by aspiration with a Pasteur pipette.

Concentration and further purification of the RNA polymerase was
obtained by diluting the fraction to 6éml with cold RSBD, and layering
it over a preformed discontinuous sucrose gradient of 4ml 60% "/v)
sucrose under 4ml 30% (Y/¥) sucrose in RSBD, After centriﬁzéation for

150 min at 50,000 at 4°C in the 6x15ul swing out rotor (M.S.E.), the tube
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was plerced and fractions collected by the methods described above. In
some experiments the diluted sample was layered onto a preformed linear
25-60% ("/v) sucrose gradient in RSBD, before being centrifuged under

the same conditions.

13, Igolation of membranes by the M band technique

Cytoplasmic extracts, prepared as described in the previous section,
were subjected to fractionation by the M band technique described by
Tremblay, Daniels and Schaechter (1969). Sodium lauroyl sarcinosate in
distilled water was layered onto a preformed discontinuous sucrose grad-
ient consisting of 8ml of 15% (Y/¥) sucrose over &ml of 40% (Y/v) sucrose
in 0,01M-trisHiCl (pH7.0), 0,1M-KC1 and 0.0JM-MgClz. Then 0.2M-Mg012
vas added to the sample to a final concentration of 0,05M, The sample
was layered immediately over thg gradient and briefly mixed with the
underlying layer of sodium Xuroyl sarcinosate. The final concentration
of sodium hUI;le sarcinosate in terms of the total layered volume of
the sample was 0,2%, The tubes were immediately centrifuged in a 3x23
swing out rotor (M;S.E.) at 50,000g for 60min at 20°C, The magnesium
Bureyl sarcinosate crystals,trapping some membrane material, formed a
sharp white band (M band) at the interface between the 15% (w/v) and
40% (Y/¥) sucrose. The fractions were either collected from the gradient
by. the method described above, (Section 12), or a small Pasteur pipette
was lowered gently through the gradient, and ‘the M band was carefully
sucked into it. RNA was extracted from the M band by the phenol/SDS

technique described above (Section 9).

14, Isolation of endoplasmic reticulum and plasma membranes
The isolation of endoplasmic reticulum and plasma membranes was

carried out by the method described by Bingham and Burke (1972).
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15, Ireatment of RNA with ribonuclease

The RNA samples to be treated with ribonuclease were dlssolved in
double strength standard saline citrate (0,3M=-NaCl and 0.3M citric acidt
NaOH pH 7,0), and ZOyg/hl bovine pancreatic ribonuclease ,also dissolved
in double strength standard saline citrate,was added to a final concen-
tration of lpg/hl. The reaction mixture was incubated at 37°C for 30
min, The reaction was stopped by cooling to 4°C and adding lml of cold
0,05M-Na, P,0,, in 10% (“/v) TCA and 0.1ml of 10mg/ml BSA, The acid in-
soluble precipitateé were then collected on glass fibre filter dises by
the method described above (Section 10), If the RNA was required for fur-

ther analysis the enzyme was removed by the phenol/SDS technique (Section 9).

16, sis of RNA using a sucrose densi radient

A linear gradient of sucrose (5-25% “/v¥) in 20ml of 0.1% SDS and
INE buffer was prepared. The sample of.RNA to be analysed, éissolved
in 1ml of 0,1% SDS in INE buffer, was carefully layered on to the top
of the preforhed sucrose gradient and centrifuged at 50,000g for 16 hours
at 4°C in a 3x23ml swing out rotor (M.S.E.). The u,v, absorption was
monitored and 0,5ml fractions were collected by the technique described
in Section 12, The fadioactivity in the fractions was determined by the
addition of 0,05M-Na,P,0, in 10% (¥/¥) TCA and 0,1ml of 10mg/ml BSA, and
collecting the acid insoluble precipitates on glass fibre filter discs
(Section 10), 1In all figures of sucrose gradients the mumbering of
fractions is from right to left,to maintain the convention that the

bottom ofuthe tube is to the left.

17, Extraction of proteins from cell monolayers

a) labelling of.nroteihs
Cell monolayers infected with SFV at the required time after infection
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were washed twice with either 3ml or 10ml of EDA (5cm plastic or 15cm
glass Petri dishes) and were then incubated for 30min in the same medium,
The flulds were replaced by either 0,5ml (plastic Petri dishes) or 2ml
(glass Petri dishes) of EDA containing the radioactive amino acid. The
quantity and type of amino acids are specified in the results section.

The monolayers were then incubated for the length of the pulse at 37°.

If the carbohydrate molety of glycoproteins was to be labelled, after
infection the cells were incubated in maintenance medium containing lpg/ml
actinomycin and lacking calf serum, During the pulse PBS replaced EDA

as the mediunm in which the radioactive precursors were added, When pro=-
tein synthesis up to three hours after infection was investigated, the
cells were washed twice with PBS and were incubated in leucine free medium,
This medium differed from maintenance medium in three ways. It was lack-
ing leucine and was supplemented with dialysed calf serum to 2% /)

and contained l}lg/ml of actinomycin D, .

b) extraction method I

This method was used for monolayers in 15cm glass Petri dishes, At
the end of the pulse the cultures were washed twice with 10ml of cold PBS
and once with 10ml of cold hypotonic buffer (0,001M~tris + HC1 pH 8.3,
0.001M-MgCL, and 0,001M=2-mercaptoethanol), All the cells were scraped
off the glass and centrifuged at 1000g for 10min at 4°C. They were re-
suspended in lml of hypotonic buffer, before sonication for lmin at 1.2
amps with the 4" probe of a Soniprobe (Dawe Instruments Ltd., London).

The sample Was”kept in ice during sonication, The protein was then solubil=-
ised by addition of 1/10th volume 10% (w/v) SDS, 1/10th volume 5M-urea and
1/10th volune 10% ("/v) 2-mercaptoethanol, and boiling for 2min at 100°C.
(Summers, Maizel and Darnell, 1965), The sample was then dialysed over—
night against 1 litre of dialysis buffer (either 0,005M~tris40,038M-



glycine pH8,4 containing 0,1% SDS and 0.,01% Clelands reagent or 0,005M-
sodium phosphate pH7,2 containing 0,1% SDS, and 0,01% Clelands reagent),
and stored at =20°C. Samples dialysed against the latter,(phosphate

buffer)gave sharper bands when they were analysed by polyacrylamide gel

electrophoresis,

¢) extraction method II

This method was used for cultures in 5cm plastic Petri dishes. At
the end of the labelling period, the dishes were plunged into a bath
containing a freezing mixture of solld carbon dloxide in methanol., The
fluids froze instantaneously, and then 3ml of 10% ("/v) TCA was added
which also froze, The dish was placed at room témperature and allowed
to thaw, The acid insoluble precipitate was washed three times with
3ml of 10% (¥/v¥) TCA, then three times with 3ml of ethanol, and finally
three times with 3ml of 80% acetone containing 0,1M~-HCl, before being
allowed to dry. The sample was then dissolved in 0.4ml of 0,005M-sodium
phosphate pH7.2, containing 1% (*/v) sbS, 1% (¥/v)2-mercaptoethanol, and
0.5M-urea, and boiled for 2min at 100°C before storing at -20C. Using
extraction method II it was possible to obtain protein samples of higher
specific activity than samples obtained using extraction method I, The
protein bands on polyacrylamide gel electrophoresis were sharper using
method II, The protein nature of the sample was.confirmed in the way
described by Hay et al (1968). '

18, Preparation of molecular weight standardg

2) Coomassie blue staining technique

The protein molecular weight standards were dissolved in PBS to a
final concentration of lmg/ml and then 1/10th volume of 10% (¥/¥) SDS,
1/10th volume of 10% (V/v)2-mercaptosthanol and 1/10th volume of 5SM-urea



were added, The sample was treated at 100°C for 1lmin before dielysis
overnight against 1 litre of dialysis buffer, The samples were then

stored at =20°C.

b) Dangylation technique

The proteln molecular weight standards (5mg) were dissolved in
1ml 0,01M=-sodium phosphate buffer (pH7.2) and 0.5ml of 10% (“/v) SDS
in the same buffer was addeds Dansyl chloride was dissolved in acetone
at room temperature to a concentration of 100mg/ml. A 0,05ml aliquot
was added to the sample which was then boiled for 2,5 min, Then 0,15
ml of 10% (Y/v)2-mercaptoethanol was added, and the sample was boiled
for 1min more. After cooling to room temperature, the sample was
passed through a Sephadex G=25 column equilibrated with 0,01M-sodium
phosphate buffer pH7,2, containing 0,1% SDS. The Sephadex G-25 column was
formed in a small p;steur plpette as described by Talbot and Yphantis
(1971). The separation from the unreacted dansyl chloride could be
followved by illuminating the colum with a u,v. lamp, The protein
band passed through the column in the void volume, and was recovered in
1.5ml before storage at room temperature, This method was used when it
was wished to monitor the progress of the electrophoresis, as the marker
proteins could be followed by 1lluminating the electrophoresis apparatus

with 8- UV, ]—ight.

c) ifc radiocactive labelling technique

The method was essentially that of Rice and Means (1971), Samples
of the proteln standards (0,2mg) were dissolved in 0.2ml of 0.2M-boric
acld-NaOH pH9.0. To the" solution, cooled in ice, 20ul of 0.05M- [140]
~formaldehyde was added, This was followed in 30 sec by the sequential
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additions of 5ul of freshly prepared 5mg/hl sodium borohydride. After
a further minute an extra 30pl of 5mg/ml sodium borohydride was added.
Then the sample was dlalysed overnight against 1L of dialysis buffer
before being stored at ~20°C, This method was used to establish the
molecular weights of unknowns labelled with C?Ht] by co-electrophoresis.

d) ]125I] radioactive labelling technique

The method used was Stanley and Haslam's (1971) modification of the
technique described by Marchalonis (1969). The sample was dissolved in
0,05M-sodium phosphate (pH7.2) at a concentration of lmg/ml and a 10Qpl
aliquot was mixed with 20pl of [2°I] (40pCi). A 10yl aligiot of a
freshly prepared solution of chloramine T (14.1mg/ml) was added, and
the reaction mixture was shaken vigorously for 30sec. The reaction was
stopped by adding 20pl of potassium metabisulphite (13.9mg/ml) and 50p1
of 0,1M-KI before dialysis overnight against 1L of dialysis buffer.

19, Polyacrylamide gel electrophoresis of proteins

The gystem used was a modification of that described by Laemmli
(1970)., Electrophoresis was carried out in 10% (¥/v) polyacrylamide
gels cast to a height of 90mm, 120mm, or 190mm in émm internal diameter
perspex tubes, In some experiments a 10mm long stacker gel of 3% (%/v)
polyacrylamide was formed on top of a 80mm long 10% (/%) polyacrylamide
separation gel, The gels were polymerised at room temperature from the

following reagents:



3% 10%
acrylamide 3% (") 10% (/%)
NN~ methylénebisacrylamide , 0.09% 0.27%
SDS 0.1% 0,1%
urea 0.5M 0.,5M
tris-HC1 (pH 8.9) 0.375M 0.375M
TEMED 0.05% 0.05%
ammonium persulphate 0.06% 0.06%

(the concentrations are the final concentrations in the mixture) While
‘the gels were setting, O,lml of distilled water was layered carefully

onto the top of the setting gels.

Electrophoresis was carried out tsing a Shandon disc electrophoresis
kit (Shandon Seientific Co., Ltd. london) with the gels fitted vertically
to connect the upper and lower buffer reservoirs. The lower buffer reser-
voir had been modified so that almost the complete length of the perspex
tubes could be submerged in buffer, to provide greater cooling (Maizel,
1971). The electrophoresis buffer contained 0,05M-tris}0.38M-glycine
pHS.4, 0.1% SDS and 0.1% 2-mercaptoethanol, A O,lml aliquot of 0,1M-
reduced glutathione dissolved in dialysis buffer was layered onto the
top of each gel, The gels were then pre-electrophoresed for 30min at
100V, with the positive electrode in the lower buffer reservoir, and the
negative electrode in the upper reservoir, If the sample had been stored
at -20°C, it was thawed and then boiled for lmin before being mixed with
1/5th volume of 50% (¥/v) sucrose and 1/10th volume of 0.1% Bromophenol
blue, The sample Qas then applied to the top of the gel (feferred to as
the origin in the Results Section), Electrophoresis was carried out for
elther 4Zh (90mm gel), 8%/Zh (120mm gel) or 11ih (190mm gel) at a con-
stant potential differencé of 100V, Immediately after electrophoresis
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the gels were fixed in 12,5% (Y/v) TCA.

20, Polyacrylamide gel electrophoresis of RNA

The system used was a modification of those described by Dingman
and Peacock (1968) and Summers (1969), Electrophoresis was carried
out in 2% (¥/v) polyacrylamide, 0,5% agarose gels cast to a height of
190mm in émm internal diameter perspex tubes., To prevent solidification
of the agarose,mixing and degassing was carried out at 50°C, The gels

were polymerised at room temperature from the following reagents:

2,0%
acrylamide 2,0%("/v)
N,N'-methylenebisacrylamide 0.1%
agarose ' 0.5%
tris 0,0278M
NaH2P04 0,0332M
EDTA 0.001M
SDS 0,2%
TEMED 0.066%
ammonium persulphate 0,066%

(the concentrations are the final concentrations in the mixtures).
While the gel was setting, 0,lml of distilled water was layered care-
fully onto the top of the setting gels, The gels were stored overnight
at 4°C before use the next day, The gels were extrud ed from the tubes
ana the agarose tip removed with a razor blade, leaving a clean flat
surface of polyacrylamide/agarose mixture, The gels were drawn back
into the tubes before use,

Flectrophoresis was carried out in the same apparatus that was used
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for protein polyacrylamide gel electrophoresis, except that the buffer
was recirculated by pumping from the lower to the upper reservoirs. The
" electrophoresis buffer (E buffer; Bishop, Claybrook and Spiegelman, 1967)
contained 0,0272M-trist0.03324-Nal,PO, (pl7.8), 0,001M-EDTA and 0.2%
SDS, The gels were then pre-electrophoresed for lhr at 100V with the
positive electrode in the lower buffer reservoir and the negative electrode
in-the upper reservoir. For actual electrophoresis the RNA sample was
dissolved in 0,1ml of buffer containing O.002M-tris+0.OOBM—NaHzPOA(pH7.3)
and 0.2% SDS, mixed with 1/5th volume of 50% ("/v) sucrose, and 1/10th
volume of 0,1% bromophenol blue, before applying to the top of the gel
(referred to as the origin in the Results section), Electrophoresis

was carried out for 7hr at a constant potential difference of 100V.
Immediatelylafter electrophoresis the gels were washed for 3hrg in dis-

tilled water, before freezing at -20°c,

21, Detection of sample bands after electrophoresis
a) RNA optical density markers and dansylated proteins
Immediately after electrophoresis, the gels were held under a .V,
lamp in a dsrk room when the bands of the RNA optical density markers
could be clearly seen. The distance from the origin could then be
measured., If a more permanent record was required the gels could be

scanned in a Chromoscan densitometer (Joyce, Loebl and Co., Ltd.

Gateshead, Durham), to give a trace of the peaks.

Under a uw.,v. lamp the bands of dansylated protein could readily be
detected by their fluorescence. The distance from the origin could then
be measured,

b) staining

Immediately after electrophoresis, the gels were fixed in 12,5%
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(Y/v) TCA overnight. The protein bands were stalned with Coomassie
brilliant blue (a 1:20 dilution of 1% (Y/v) Coomassie brilliant blue
in 12.5% (Y/v) TCA) for 6 hours. Excess stained was removed from the
gels by washing with 7% (V/v) acetic acid in 10% (V/v) methanol for
3-/ days with several changes. (Maizel et al, 1970). The position
of stained protein bands on the gels was recorded by scanning at 570nm

in a Joyce Loebl Chromoscan.

¢c) autoradiography

Immediately after electrophoresis the gels were fixed overnight in
40% (¥/v) sulphosalicylic acid. They were then sliced longitudinally in
an apparatus similar to the one described by Fairlands, Levinthal and
Reeder (1965)., The two internal slices were then vacuum dried onto a
plece of Whatman 3MM filter paper, under an infra-red lamp for 18 hours.
Finally the slices were exposed to Kodirex X-ray film (Kodak Ltd., London)
for several days, before being dgveloped according to the manufacturer's

instructions.

d) determination of radioactivity in Imm slices

After electrophoresis the gels were fixed in 12.5% (Y/#) TCA over-
night and then immobilised for chopping by freezing at\-70°C onto the
brass platform of a laboratory gel slicer (Mickle Laboratory Engineering
Co., Ltd., Comshall, Surrey) and covered with wetted filter papere. The
gel sliger had been modified so that the platform was cooled to -10°¢ by
circulating meihanol from a cooling bath (Grant Instruments Ltd., Barrington,
Cambridge). Slices (lmm thick) were cut, placed in scintillation vials,
and dissolved in 0.,2ml of 100 volume hydrogen peroxide by incubating at

60°C for 90 min, (Young and Fulhurst, 1965).

In order to check the slices for uniformity, a gel was prepared that
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contained 1pCi [?H] valine, The gel was frozen, sliced and the radio=
activity in each slice was determined, The difference in radicactivity
between slices was less than 2%, In all figures ofi polyacrylamide gels
the numbering of fréctions is from left to right; the left representing

the origin, and the direction of migration being from left to right.

22, Determination of radioadtivitx

Two types of sample were counted for radioactivity:

(1) Samples in 0,5M=NaOH, These were counted . in 10ml
of gel scintillator.

(11) samples precipitated onto filter discs and dissolved gel
slices had 10ml of " tron/toluene" scintillator added to
then,

The samples were coeled to 4°C and counted in Packard Tricarb series

3000 1iquid scintillation counter fitted with a Teletype digital line
printer (Teletype Corporation, Skokie, Illinois, U.S.A.) The results
were corrected for background radioactivity and expressed as counts per
min (cepems)s Simultaneous cognting of 28] and C;AC]radioactivity
was carried out using the channel-ratio method of Hendler (1964) encoding
the information in ASC-2 code onto punched tape, The results were calcu-
lated using an I.C.L, 1900 series computer, which printed out the results,
and utilising the digital plotter facility, could also plot the results

onto & graph, The programme was written in algol by myself,

The whole pProcedure, from the labelling of the proteins in vivo till
the computer processing of the results was checked in the following ways.
First uninfected cells were labelled simultaneous with [°H] and i}40]
valine, On analysis of the gels, the electrophorgfograns' of the two isotopes//



49.

could be superimposed upon each other., Then one culture of SFV infected
cells, and one of uninfected cells were labelled with [?HT] valine, At
the same time two equivalent cultures were labelled with E}AC] valine,
Then the cells were harvested and the proteins extracted. The two samples
from infected cultures were independently mixed with the sample from the
uninfected cultures labelled with the other isotope. The resulting two
mixtures were analysed. The same proteins could be detected in the same
amounts in both samples, Therefore it was assumed in evaluating the

results that no artefacts were introduced by the manipulationsdescribed

above,

23, Enzymic determinations

a) Jactate dehydrogenase

Lactate dehydrogenase (E.C.1,1,1.,27) was assayed by the method of
Meister (1950) by following the reduction of JADH on conversion of pyru-
vate to lactate, The reduction was followed spectrophotometrically at
3/0nm in a Unicam SP800 (Pye Unicam Ltd,, Cambridge) linked to a servoscribe
potentiometric recorder. A decrease in absorbance of 2,07 units/min was

equivalent to the reduction of lumole of NADH.

b) 1duccinate dehydrogenase

Succinate dehydrogenase (E.C.1.3.99.1) was measured by the method
of Porteous and Clark (1965) by following the reduction of 2-(p-iodophenyl)
'3‘(P‘nitrophenyl)—5-pheny1-tetrazolium hydrochloride in the absence of
phenazine methosulphate at 490nm in the Unicam SP800 spectrophotometer,
The enzyme was used as a marker for material from the mitochondrial

fraction,

c) NADPH-cytochrome C reductase

NADPH-cytochrome C reductase (E.C. 1.6.2.3.) was assayed by the
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method of Ragnotti, Lawford and Campbell (1969) by following the
reduction of cytochrome C by the change in absorbance at 550nm, in
the Unicam SP800 spectrophotometer. It was used as a marker for

endoplasmic reticulum.

d) 51-'r;gcleotidase

5 -nucleotidase (E.C.3.1.3.5.) was estimated by the method of
Avruch and Wallach (1971) by following the hydrolysis of [JH] AMP.
The remaining [3 H] AMP, after an incubation of 30min,was precipitated
with 0,25M-Ba(0H),. The released [3 H] adenosine remained in the
supernatant fluids and was mixed with 10ml of "gel" scintillator before‘
determining its radioactivity. This enzyme was used as a marker for the

plasma membrane,

24, Determination of rrotein

Proteln concentrations were determined by the method of Lowry,
Rosebrough, Farr and Randall (1951) using the contimuous flow system,
of Gibbs and Bright (1963) BSA (fraction V) was used as a standard,
The proteln deteminations were corrected for the sucrose content of

samples by the method of Gerhardt and Beevers (1968).
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I. Conditions of virua growth

The results section is divided into three parts, The first part
describes the conditions used for growth of SFV, The second covers the
analysis of the proteins specified by SFV, while the final part discusses
different sub=ceullular fractions and the viral RNA and proteln associated
with them.

The growth of SFV in different cell types and media and the kinetics
of RNA and proteln synthesls are described in the first section, as well

as the effect of virus infection on host cell protein synthesis,

1, Growth of SFV in monolaver cultures

The growth of SFV in chick embryo cells, BHK cells, HEL cells, and
1~929 cells, is shown in Fig.,l., Time after infection refers to the time
glapsed after the end of the absorption period., All the experiments were
carried out using cells treated with actinomycin D. There was very little
infectious virus released during the first three hours, after which the
virus was released exponentially, The maximum yileld of virus was obtained
10h after infection, The growth of the virus in all four types of cell

of seleased virus
showed the same kineties, but the'yiel%(was different in the different
cell lines (measured as infectious virus released/cell).

An increase in the rate of viral RNA synthesis was detected before
the exponential release of virus. The maxinal synthesis of RNA was at
4—5hbafter infection, Because these experiments were done in the presence
of actinomycin D there was no appreciable synthesis of RNA which was host-
directed after 1h (Fig.la)., However the run down of protein synthesis
was much slower, and the proportion of the total protein synthesis that
was virus-directed varied between the cell types. SFV is known to in-
hibit host cell protein synthesis (Strauss, Burge and Darnell, 1969) and
Fig.,l shows that the amount of inhibition was found to depend on the

cell type, The inhibition was greatest in BHK cells and least in 1~929



Figure 1,

SFV was grown in chick embryo fibroblasts (Fig.la), 1~929 cells
(Fig.1b), BHK-2L cells (Fig,lc) and HEL cells (Fig.lt) that had formed
monolayers in 5cm Petri dishes, At the times indicated, released virus
(-0——1}) » RNA synthesis in uninfected (—an—#—) and infected cells
(—O>—22-), and protein synthesis in both uninfected (—@—@—) and in-
fected cells (—O—(O-) was assayed, The chick cell monolayers consist-

6
ed of 2x10 cells, while the other types of monolayer consisted of
lxlO6 cells,
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cells,

The virus could form plaques within 36h in all four cell types, but
the size of the plaques varied, The plaques were largest in Bik-21 cells

and smallest in 1~929 cells.

2. Incubation of inferted cultures at different temperatnres,

The growth of SFV in chick embryo cells at BOOC, 37°C and 39°C is
shown in Fig.2, At 30°C RyA synthesis reached a maximum at 7h after in-
fection while maximum yield of virus was not reached until 13h, At 39°c
the virus grew much faster, RNA synthesis reaching amwcimum by 4bh, while

the maximum titre of virus was released by 8h,

The rate of protein synthesis in infected chick embryo fibroblasts
~was compared with that of uninfected cells, Betweea2 and 3h after in-
fection the rate of protein synthesis in the infected cells fell rapidly,
and then subsequently decreased slowly over the next 10h, The decrease in
the rate of protein synthesis is less rapid in the uninfected cells, and 1is

due to the effect of the actinomycin D.

The release of virus haemagglutinating activity,and of lactose de-
hydrogenase activity can also be used to measure virus growth (Fig.2d).
The increase in both these parameters paralleled the release of infectlous
virus. Both techniques are less sensitive than plaque assays, but are
quicker, RNA polymerase activity, assayed in vitro, reached a maximum
at 5h after infection (Fig.2d). The rise in activity followed the
appearance of viral RVA, but enzyme activity was not detectable as early
in the growth cycles, presumably because of the insensitivity of the assay

(Martin and Sonnabend, 1967).

3, Mnltiplicity of infection

Monolayers of chick embryo cells were infected with SFV at miltiplicity



Figure 2,

SFV was grown in monolayer cultures of chick embryo fibroblasts
in 5cm Petri dishes incubated at 37°C (Fig.2a), 30°%¢ (Fig.2c) and 39%¢
(Fig.2b), Similar assays to those carried out in Fig,l were completed
at the times indicated, Released virus (—0 -0 —); RNA synthesis in
infected cells (—A—A— ); protein synthesis in uninfected cells
(—~@ —@—-) and infected cells (—O—© -), Three other parameters
were measured in the experiments shown in Fig.,2d, SFV was grown in
monolayer cultures of chick cells in 1l5cm glass Petri dishes., The cul=-
tures were incubated at 37°C and at the times indicated intracellular
RNA polymerase activity (~© —o0— ; 100% is equivalent to 4973 cpm/mg/
60min) and extracellular haemagglutinin (-@-m— ; 100% is equivalent
to log ,8 haemagglutinin wnits) and LDH activity(—a—e-— ; 100% is
equivalent to 3.1 I.U, of LDH activity) were measured.
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of infection (m.o.i.) that varied from O.lp.f.u./cell to 100p.f.u/cell,
The monolayers were washed very carefully to remove any virus that had
not been absorbed after the lh period of infection. The kinetles of
virus release were then measured by assaying the infectious particles
in the supernatant fluids., The higher the m,0.i., the faster the growth
of the virus (Fig.3). This result is similar to that reported by
Baltimore, Girard and Darnell (1966) for polio virus,

4. Effect of different culture media

Medium 199, used for culturing chick embryo cells, contains between
20 and 150pg/ml of each amino acid, In order to decrease the dilution
of the radioactive amino acids with non-radioactive amino acids present
in the medium, both EDA, PBS and maintenance media lacking calf serum,
were used as the culture medium prior to and during the labelling period.
The effect of this change in culture medium on the growth of SFV, and the
incorporation of > Hluridine, EBH] glucosamine or 2K valine into
acid insoluble material was studied, Provided the change was made at
least 33h after infection no reduction in the yleld of infectious virus
was observable (Table 2), But the rate of incorporation of [?fﬂ valine,Ez‘ﬂuhAl&
and CB H] glucosamine was significantlyincreased by incubating the

cultures in a medium depleted of other metabolites,

The incorporation of [2H] uridine ,. [_BH] glucosamine and C’ul
valine into an acid msolﬁble precipitate of uninfected cultures of chick
embryo cells was followed over three hours. The rate of incorporation
of the radloactive precursor was constant after an initial lag of 3min
(Fig.4)e The inltial period was probably required for the radioactive

precursor to equilibrate with the intracellular pools of precursors.



Figure
Chick embryo fibroblasts, in monolayer culture in 5cm plastic

Petrl dishes were infected with varying m.o0.i. of SFV, all contained

in 0.5ml of maintenance medium, After 1lh the virus was removed, and

the cell sheets were very carefully washed five times with 5ml of

maintenance medium., Then the cultures were incubated at 37OC in Iml

of maintenance medium, At the times indicated after infection, the

culture flulds were assayed.,
Symbols; m,0.i. of 0.1 p.feu./cell (~@ -@—); of 1 p.f.,u./cell

(-#4—a4-); of 5 p.fou,/cell (— m-m-); of 10 p,fou./cell (—o-~0-);

of 50 p.f.u./cell (- A—-a—); and of 100 p.f.u./cell (—a—g-— ).






Table 2,

Chick embryo cells, lh and 3%h after infection with S5FV, had the
medium of incubation charged from maintenance medium, containing 1pg/ml
actinomycin D, to elther EDA, or PBS containing lpg/ml actinomycin D,
or maintenance medium lacking calf serum but containing 1pg/ml actinomycin
D. Then 4h after infection Ipct/culturs of C?H] uridine, [?Hj valine
or I:QH]glucosamine was added, and 30min later the incorporation into acld
precipitable material was measured, Also the yield of infectious virus Sh

after infection under the various conditions was measured.



incorporation (c.p.m.) of

uridine wvaline gslucosamine n,f,n,

mediun changed after lh to:

maintenance medium 3,178 2,976 1,528 3x108
maintenance medium - calf serum 2,819 1,750 1,643  9x107
EDA 1,736 89 772 3x10°
PR3 1,123 562 681 8x0°
medium changed after 3ih to:

maintenance medium 2,765 2,718 1,326 2x10°
maintenance medium - calf serum 24974 2,395 1,865 lxlO8
EDA - 4,826 4,923 7,5 2x10°
PBS 4y735 4,665 9,163  9x107

all media used in this experiment contained,lpg/hl actinomycin D,



Figure 4o
Uninfected cultures of chick embryo fibroblasts in 5cm plastic

Petrl dishes were incubated for 2h in the presence of maintenance medium
that contalned lpg/ml of actinomycin D, The culture fluids were then re-
placed by either more maintenance medium eontaining actinomycin either
vith or without calf serum, or EDA or PBS containing lpg/ml actinomycin D,
After 30min radioactive uridine, valine or glucosamine were added to the
respective cultures., Incorporation into an acid-insoluble precipitate

of the uridine (~Q-0~ ); valine (~a-A- ) and glucosamine (—©-6 — )

was followed,
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ITI Virus-specified protein synthesis

The synthesls of virus specified proteins in chick embryo cells was
studied using a double-labelling method, The term 'virus-specified pro-
tein synthesls! refers merely to the synthesis of pfoteins which are not
present in unihfected cells and does not indicate the mechanism by which
1t occurs. First the virus-specified proteins were analysed at different
times during, the growth cycle, in different cell types, and at different
temperatures of incubatlon, Then thé carbohydrate content and amino acid
composition of these proteins was investigated. Finally, by the ﬁse of
protease inhibitors and amino acid analogues, the mode of formation of

the virus-specified proteins was studied,

1) Virus~-specified protein gynthesis in chick cells

The proteins were labelled for a lh period between 6 and 7 hours
after infection, extracted and analysed by polyacrylamide gel electro-
phoresis, Five virus-induced pfoteins could be detected in cultures of -
chick embryo cells (Fig.5). It is apparent that no discrete proteins
were being formed in the uninfected cells, This is because the cells
had been treatéd with actinomycin D, In the infected cells; virus=-gpeci=-

fied pfotein synthesis accounted for over 85% of all protein synthesis.

Two of the peaks labelled with [°H] amino acid hydmlysate.conlgrated
with the two proteins of the purified virus labelled with [1403 valine
(Fig.5). These two polypeptides are labelled envelope (E) and core (C).
The other three peaks are identified as NVP95, NVP72 an& NVP63 (nvP sfﬁnds
for non=virion polypeptide). The molecular weights of these préteiné were
determined by the method of Shapiro, Vinmlea and Maizel (1967) These
authors reported that a linear relationship existed between the logarithm

of the molecular weight of proteins and the relative electrophoretic



Fizure 5,

Infected (—O —0O-) and uninfected (—iJ -0~ ) chick embryo cells
were labelled with 10pCi/culture of [“H] and 2401/eultura of 43
amino acid hydrolysate respectively, between 6 and 7h after infection,

The samples were mixed before the proteins were extracted by method I

and analysed on 9cm polyacrylamide gels., Marker protelns were run to

the positions indicated on the bar (P—Ga:ﬁ-galactosidase, PhA; phosphory-
lase A, Trf; transferin, BSA; bovine serum albumin, Ov; ovalbumin, CAn;
carbonic anhydrase, and Try; trypsin). Also included is an analysis on
9cm polyacrylamide gels of the proteins from purified SFV (—a-A-)
labelled with [#CT] vallne, Please note that in some figures of

sucrose gradients or polyacrylamide gels there are two different ordinate

scales.,
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mobilities of their SDS complexes. The molecular weights of the marker
proteins were taken as follows: trypsin 23,6 80; o{ -chymotrypsinogen
25,000; pepsin 35,000; carbonic anhydrase 34,500; ovalbumin 44,800;

bovine serum albumin 68,000; transferrin 77,000; phosphorylase A 95,000;
a.nd,B-ga.lactosidase 135,000 (Darnall and Klotz, 1972). With some of these -
proteins, multiple bands were observed; in which case the major band was
teken as corresponding to the quoted molecular weight. - The molecular

welghts of the virus-specified proteins were estimated to bes

Virus-specified protein molecular weight
NVP 95 95,000
NP 72 72,000
NVP 63 - 63,000
E 53,000
C 36,500

The molecular welght of the core protein is higher than the values

previously reported (Hay et al, 1968; Strauss et al, 1968)

The system of polyacrylamide gel electrophoresis described in the
methods section was compared with the phosphate system (Summers 31;4_1_1_ ’
1965) and the high ures/phosphate system (Russell and Skehel, 1972).
The resolution of protein bands was better in the tris/glycine system
used than in the other two systems. In none of these systems, nor in the
discontinuous tris/glycine system with a stacker gel (Laemmli, 1970)
could a second envelope protein, of molecular welght 45 s000 be detected
in the virus particle (S,I.T. Kennedy, unpublished observations)., The
resolution of 10% (“/v) tris/glycine polyacrylamide gels was coniparéd
with that of 7.5% (Y/v) and 5% (") gels and was found to be better,
Using the 5% (*/v) and 7.5% (“/v) gels NVP 72 and NVP 95 could not be
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separated completely, Thus, the 10% (¥/v) tris/glycine system was

chosen for routine analysis of protein samples,

Inclusion of a sulphydryl reductant in the extraction medium was
found to be essential in order to prevent dimerisation of the core pro-
tein, If reduced glutathathione was not pre~electrophemsed into the
matrix of the gel, the envelope peak split into two peaks and the core
AV&S rartially dimerised, These changes in pattern were belleved to be

due to the reduction of intra- and intermolecular disulphide bonds.

The protein sample from infected and uninfected cells shown in Fig.5
was analysed on long gels, run so that the Bromophenol blue marker dye
was retained at the bottom of the gel (Fig.6) In contrast to the find-
ings of Strauss et al (1969) no material migrating with the bromophenol

blue tracker dye could be found., A small peak, which might correspond
to protein 5 described by Hay et al (1968) could occasionally be detected.

No other material with a molecular weight lower than that of the core was

identified,

This sample was also analysed on a 10% (Y/¥) polyacrylamide gel
cast with a stacker gel of 3% (u7¥) polyacfylamide above it. No material
was detected‘in the stacker éel or at the interface with the separation
gel (Fig.7). Therefore, in chick embryo cells infected with SFV, only
5 virus-spécified polypeptides’could be detected reproducibly. Whichever
extraction method was used, the whole cell was analysed, unlike all pre=-
vious methods in which a nuclear fraction was removed before analysis,
Thus the counts incorporated into each protein represent the relative
rates of synthesis of these protelns., Since the amino acid hydrolysate

labelled with tritium was used as the precursor in“this experiment, the



Figure 6,
The same protein ssmple used in Fig,5 from infected (=0 -0 — )
and uninfected (—~ O —~@-) cells, was analysed on a 19cm polyacrylamide
gel, The arrow labelled Brb marks the position of the bromophenol blue

tracker dye at the end of the period of the electrophoresis,
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Figure 7.

The same protein sample used in Fig,5, from infected (-0 -0 - )
and uninfected (—Q -~ ) cells was analysed on a 8cm 10% ("/v) poly-
acrylamide gel with a lem 3% (T/#) stacker gel formed on top of the

separation gel. The vertical bar represents the interface between the

gels of different concentration,
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relative areas of the peaks approximate to the molar ratio in which these
proteins are formed, It can be seen that there is no simple relationship
between the quantities of these proteins., From a serles of gel patterns
such as Fig.5, the rate of synthesis of each of the SFV specific proteins
at different times after infection were estimated by comparison with the
pattern obtained from uninfected cells. The kinetics of appearance of
the different virus-specified proteins appeared to be similar (Fig.8).

The same virus-specified proteins were observed at all times investigated
from Bh to 13h after infection. This was true for cultures incubated at
30°C, 37°C or 39°C. During the course of infection the amount of struct-
ural proteins labelled during a lh period increased relative to the
amount of NVP 95, NVP 72 and NVP 63 labelled. The counts under all five
pesks of the virus-specified proteins were totalled and expressed as a.per-
centage of the radioactivity in the whole length of the gel. This
percentage is a measure of the ;praportion of protein synthesis that is
virus-induced, and rises during thé course of infection to over 95% of all
protein synthesis (Fig.9a). Thus the inhibition of host cell protéin
synthesis 1s greater than indicated by Fig.2 because that figure indicates
total protein synthesis rather than just viral, The inhibition of host
cell protein synthesis was dependent on the m,0.i. (Fig.9B). The higher

the m,0,1. the greater the inhibition.

The following events take place after infection of chick embryo cells
wvith SFV, Between two and three hours after infection host protein syn-
thesis 1s severely inhibited, while SFV protein synthesis rises rapidly
and infectious virus begins to be released exponentlally into the culture
. fluid. SFV protein synthesis reaches a maximum at seven hours after
,infection; and after eleven hours no more virus was produced, although
SFV-gpecified protein synthesis continues., At times later than three

hours after infection virus-specified protein synthesis was readily detected.



Figure 8,

A series of samples similar to that shown in Fig,5 were labelled
for different lh periods after infection, They were analysed by poly=-
acrylamide gel electrophoresis, and the percentage of label in each of
the five virus-specified protein peaks was calculated with respect to
the total label detectable on the gel., Core protein (—& —a - ), enve-
lope protein (-@ —-@- ), NVP 63 (-Q-Q- ), NVP 72(—Aa -aA- ) and
NVP 95 (-o-0 - ).
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Four similar experiments to that shown in Fig.8 were carried
out, one in which the cultures were incubated at 30°C, and one at 39°C,
one in which the m,0,i, was 1 p,f,u./cell and finally one where the m,0.1.
was 100 p.f.u./cell., The label on the five virus-specified protein peaks
was summated, and then subtracted from the total detectable on the gel,
The remainder was taken as the host cell protein synthesis, This was ex=
pressed as a percentage of the total label, Fig,9a shows the effect on
host cell protein synthesis of incubation at different temperatures during
virus growth; 30°C (-g-20- ), 37°C (~0-©- ) and 39°¢ (-0 -a- ),
while Fig,9b shows the effect of different m,o0.i,; 1 p.f.u./cell
(w-m-), 20 pofou,/cell (—O—O~) and 100 p,f.u./cell (- —&-),
The comparisons reported here are only approximate, because the data has

beer. agsembled from separate experiments,
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This represents a rapid and major conversion of the protein synthesising
system of the host cell, from its normal uninfected state to a virus
directed state. Indeed late after infection only two proteins, the core

and the envelope account for over 50% of protein synthesls,

The virus~specified proteins detectable in infected BHK, L~929 .
and HEL cells were analysed by the same techniques. The same five pro-
teins could be identified, but they were present in different amounts.
When infected BHK cells were compared with chick embryo cells NVP 95 was
more prominent and NVP 72 less prominent (Fig.10). The relative:amounts
of NVP 95 and NVP 72 found in L-929 and HEL cells were similar to those
found in BHK cells, This could be because viral replication proceeds by
different mechanisms in the different cells, or because the proteins are

broken down at different rates in the different cells.

2 Comparigon of Sindbls virus and SFV replication

The kinetics of replication of Sindbis virus in chick embryo cells
was investigated by a series of experiments similar to those shown in
Fig.2. The maximm yield of virus was reached by 12h after infection,
while the rate of RNA synthesis was at a maximum at 5h after-infection,
The yield of Sindbis virus/cell was about double the figure for SFV, In
the plaque assay, Sindbis virus formed larger plaques than SFV, The
plaques were easily detectable by 2ih, whereas SFV plaques took ldnger
to be formed, The inhibition of host cell proteln synthesis caused by
"infection with both Sindbis virus and SFV was similar,

Virus-specified proteins detectable 6 hours after infection of chick
embryo cells with elther Sindbis virus or SFV were compared using the
technique of polyacrylamide gel electrophoresis, The electrophoretograms
of the proteins from cells infected with the viruses were}nearly identical



Figure 10,

Infected chick embryo cells (—o -o© - ) and BHK-21 cells (-ra-a-)
were labslled with 10pCi/culture of (“H] valine and /pCi/culture of
[U'C]valine respectively, between 6 and 7h after infection. The
samples were mixed, and extracted by method I before analysis on 9cm

polyacrylamide gels.
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(Fig.11), It had previously been reported by Friedman (1970) that SFV
and Sindbis virus-specified RNA species had the same sedimentation co-
efficients, Taking these results together they add support to the hypo=
thesis that Sindbis virus and SFV replicate by the same mechanism.

3. Proteins formed early in the viral replicative cycle

At early times after infection virus-specified proteins are diffi-
cult to identify because they are synthesized in small amounts compared
vith the host proteins, Two methods were employed to try to overcome
this, The first method utilised the reversible inhibitlon of SFV replica-
tion by guanidine reported by Friedman (1968b), following on earlier
observations by Summers, Maizel and Darnell (1965) who had reported
that the replication of polio virus was inhibited by guanidine, Guanidine
resistant mutants of polio virus have been isolated (Ledinko, 1963) and
these can be assigned to a specific locus on the genetic map (Coopér, 1968),
It was known that when pollio virus replication was prevented by the pre-
sence of guanidine, the inhibitlon of host cell protein synthesis still
developed. Chick embryo fibroblasts were infected with SFV in varying
concentrations of guanidine and after eight hours the yield of virus was
measured (Table 3), Guanidine severely inhibited SFV growth, After four
hours duplicate cultures were washed four times with maintenance medium
and incubated for another four hours before assaying virus yield. In
contrast to the results reported by Friedman (1968) the inhibition was

not reversible, Thus it was not possible to use this approach.

The sucond approach to the problem of virus-specified proteins formed
early in infection was to pre~treat the chick embryo cells with actinomycin
D for six hours before infection. The cultures were labelled from the end

of the period of infection for one,>two or three hours. The proteins were

analysed by polyacrylamide gel electrophoresis and the results were expressed



Figure 11,

Chick embryo fibroblasts infected with SFV (-0 —o -) and
with Sindbis virus (~ O —Q-) wvere labelled from é - 7h after infect~
ion with IOFCi/culture of [3H] valine and 4pCi/culture of !L“c‘_l
valine respectively. The samples were mixed and extracted by method I
before analysis on 9em polyacrylamide gels,



HIBWNAN  NOILOVIL
ot o2

e e i ot SEREGEO IR e sty et

—

)

y
Q1 X E&.u

[ ]

o
=y
pa o
o
I

»
N

i
i
{
i
§ 4 “ .
| e
ﬂ 5
, =~ F ;
: ay w
L 1
i
e <€ <
e & 5 PR e e 1- iy
§
& ’
Y oo T



Table 3,

The yyield of infectious virus was measured 8h after infection,
from chick embryo cells when varying concentratlons of guanidine had
bean present continuously. Some of the cultures were washed four
times with maintenance medium, 4h after infection, before continuing
the incubation in maintenance medium containing ].pg_/ml actinomycin De

Again 8h after infection the virus yleld was assayed,



Yield

De £o114 Do Folls

treatment: continuous washed after jh
untreated | | 5x10° 3x10°
% 0.005M-~guanidine 2x10° 3x10°
4 0,01lM~guanidine | 9x10% 1x10°
4 0.05M~guanidine 5x10% 5x10%

$ 0.Li~guanidine 3x10% 5x10%
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as a double-label ratio. (Fig.12). No virus-specified proteins could

be detected until the third hour after infection, when the five proteins
normally detected could be identified. In an attempt to increase the
sensitivity of the technique the cultures were incubated at 30°C from

30min befbre infection until the proteins were extracted. Still no digtinct

proteins formed early during viral infection could be detected.

4e Amino acid comnosition of NVP 72 and 63

Cultures of chick embryo cells infec;ted with SFV were labelled with

C 3 1] lysine and r_l‘[’C]valine simultaneously. The proteins were
extracted and analysed by polyacrylamide gel electrophoresis. The five
virus~specified protein peaks contained differing ratios of L'_B H7] lysine
“to C.ll*C] valine counts (Fig.13). In contrast the ratio of ['_3 H] valine
to L'_U'C] counts obtained when the proteins were extracted from unin-
fected cells was constant along the length of the gel (Fig.13b). The
difference in ratio of the five virus-specified protelns was taken to

represent the difference in the relative amounts of the two amino aclds

that the five proteins contained.

This experiment was repeated with seven other l‘_ll*C'_} amino acids.
The results were expressed as the ratio of [3 Hj lysine to the (._140']
amino acid counts for each of the four protein peaks that contained
sufficient counts, Unfortunately NVP 95 did not contain enough counts
for the results to be accurate for this polypeptide., The ratios obtained
from this experiment were compared with those predicted from the amino
acld analysis of the envelope and core reported by Kennedy and Burke (1972).
A correction factor was needed to bring th; prediction into line with the

result, From the two correction factors an average correction factor was



Figure 12,

Cultures of chick embryo cells were pretreated for 6h with ly.g/ml
actinomycin D in maintenance medium, Then they were infected with 20
p.fo.u./cell for 1lh, or mock infected, both still in the presence of lpg/
ml actinomycin D, Following the end of the infectious period the cells
were washed twice, 50,101 |:3 H] 1leucine was added to the infected cul-
tures and 2(}101 r_lz"leeucine to the uninfected cultures in leucine free
medium, A pair of infected and uninfected cultures were mixed and the
proteins extracted by method I at lh(—D-Q~ ), 2h (-4A-A- ) and 3h

(-0—-0~ ) after infection. The samples were analysed by polyacrylamide

gel electrophoresis on 9cm gels.
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Moure 1

Infected and uninfected cultures of chick embryo fibroblasts were
separately labelled with 10pCi/culture of T_BH'.] lysine (=0 -0~ )
and AFCi/culture of L'_u’C] valine (~Q~4- ), Fig.13a shows the sample
extracted by method I from the uninfected cells and analysed by polyacryle
amide gel electrophoresisron 9cm gels, while Fig.13b shows the comparable

experiment with the same from uninfected cells,
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deduced for each amino acid, The ratios for NVP 72 and NVP 63 were
multiplied by the average correction factor to give an absolute ratio with
respect to lysine, All the values were then expressed as a ratio with
respect tO'Kap&qﬂmn(Table 4), because'quhqhanis the amino acid present
in the smallest quantities,

Because the values in Table 4 were deduced by comparison with those
obtained by Kennedy and Burke (1972) from an independent amino acid ana-
lysis, they have been corrected for factors such as differential transport:*
into cells, different specific activity of the labelled amino acids, and
different pool sizes, The partial amino acid compositions of the four
protelns are unremarkable, except for the high content of lysine contained
in the core protein, The values. for NVP 63 and the envelope protein are
very similar, while those for the core and NVP 72 are substantially differ-
ent. NVP 72 doés not contain enough lysine to account for the amount
present in the core. It 18'prpbaﬁle that the envelope protein is related
to NVP 63, while neither of this pair 1s related to either the core

protein or NVP 72,

5, Carbohydrate content of the virus-specified proteins

The carbohydrate content of the virus-specified proteins was investi-
gated by labelling BHK-21 cells infected with SEV with C2H] glucosamine
and E}AC:] valine simultaneously, The growth of the cells was halted by
incubating them in medium containing no serum for 12 before infection, and
the proteins were extracted and analysed by polyacrylamide gel electro=
phoresis, The results were compared with a similar experiment with pro-
telns extracted from uninfected BHK cells (Fig.l4). No significant peaks
of protein containing glucosamine were found in the uninfected cells, but
three of the fiée virus-specified proteins contained substantial amounts

and the other two contained a small amount, The purified core protein had



Table /,
The partial amino acid composition of NVP72, NVP63, and the
structural proteins were calculated by the method described in the

text, from a series of experiments such as the one shown in Fig.13.



X

lysine
threonine
tyrosine
leucine
methionine
proline
phenylalanine

valine

NVP72
3.12
4o8
3ebh
o2l
2,08

435

Leb4

4o 61

X

NVP63

5¢34
8.76
3.85
529
1.71
6,65
3.02

7.08

tryptophan

Envelope

5,38
8,61
3.86
5426
1,72
6.67
2.93
714



Figure 14,

BHK~21 cells were incubated in the presence of maintenance medium
lacking calf serum but containing lpg/ml actinomyein, until 54 after
infection, when the medium was changed toPBS containing 1ypg/ml actino-
myein D, Then uninfected and infected BHK=21 cells were separately
labelled with both 50pCi/culture of [’H] glucosamine and 5uCi/eulture
of CMC]valine between 6 and 7Th after infection., The proteins were
extracted by method I and analysed on 9cnm polyacrylamide gels,

Symbols used for E3H] glucosamine label from infected cells (-Q-a~ ),
for [U’C]valine label from infected cells (—O© -© - ), and [° H)glucosa=
mine from uninfected cells (-4-a - ).
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61.

previously been shown not to contain any carbohydrate at all (Kennedy and
Burke, 1972). Therefore the ratio of [?H:] to [}4Ct] counts in the core
was taken as the level due to metabolism, some of which reappeared in the
core protein, The ratio of counts for NVP72 was the same as for the core,
suggesting that NVP72 also contalned no glucosamine, However the ratlo
for the envelope protein and the NVP63 suggested that both contained
glucosamine, the envelope slightly 1ess than NVP63, The high molecular

welght protein (NVP95) might also contain a small amount of glucosamine,

These experiments were repeated using fucose in place of glucosamine
(Fig.15). Again,'no distinct proteins containing fucose could be identi-
fied in the extracts from uninfected cells, In infected cells only the
envelope protein and N¥P 63 contained fucose, which was present in about
the ﬁame amounts, There was no fucose present in NVP 95, The presence
of similar amounts of glucosamine and fucose in NVP 63 and the envelope

protein again suggests the two proteins are related in some WaYe

6, The offect of TNAG on viral protein synthesis

N~Fluoro-acetyl glucosamine (FNAG) had previously been reported to
be a non-toxic inhibitor of glycoprotein synthesis (Kent, 1972) N~acetyl
glucosamine (NAG) had been observed to inhibit viral growth, s1ightly, but
its effect appeared to be a non-specific inhiblitlon of all macro-molecular
synthesis (Scholtissek, 1972). The yileld of SIV was estimated after being
grown for 9h in the presence of varylng concentrations of FNAG and NAG
(Fig.16). FNAG was a much more effective inhibitor of viral growth than
NAG, depressing virus yield by a factor of 100 times more at the same
concentration, The effect of either 0,0005M~ FNAG or 0,0005M-NAG oﬁ the
incorporation of radioactive precursors into RNA, protein and carbohydrate

was investigated in chick embryo fibroblasts infected with SFV. FNAG did



Uninfected and infected BHK-21 cells were separately labelled with
50pC1/cul ture. |:_3H] fucose and 5uCi/culture of Ll/‘”C'_\ valine between
6 and 7h after infection, The proteins were extracted by method I and
analysed on 9cm polyacrylamide gels, Symbols employed for [3 H] fucose
label from infected cells (—~Q-p-~ ), for [EU*C] valine label from
infected cells (—o-~o- ), and for ['_BH]glucosamine from uninfected cells
(-a-a-).
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Figure 16

The yield of infectious virus was measured after growth for Sh in
the chick embryo vells in the presence of varying concentrations of
FNAG (-O—©-~ ) and NAG (-Q-@- ).






62,

not inhibit RNA or protein synthesis but asltered the rate of glucosamine
incorporation (Table 5), This contrasted with the slight depression of
all these activities produced by the same concentration of NAG., There-
fore FNAG was asaumed to be a gpecific inhibitor of carbohydrate and

glycoprotein synthesis.

Chick embryo cells, infected with SFV, were labelled with EB H]
valine after prior treatment with 0.5mM FNAG, The proteins were extract—
ed and mixed with a similar preparation from infected cells labelled with

[ c7 valine but which had not been treated with FNAG, The mixed
extract was analysed by polyacrylamide gel electrophoresis (Fig.17). In
the material from treated cells there was less NVP 63 and envelope pfotein
and more NVP95 than in the material from control cells, This could be

because NVP 95 1s converted into NVP 63 and envelope protein.

7. Yirusespecified proteins formed during longilabellinq periods

In all of the previous experiments the time ﬁhat the radioactive
precﬁrsor had been in contact with the cells was lh, The electrophore-
tograms obtained represent the total protein synthesised during that
period, less the protelns that are lost due to export from the cell, or
due to degradation, The proteins that were labelled during a 9h period
lasting from 3h until 12h after infection, were compared with the proteins
labelled during a lh period from 6h to 7h after infection. The envelope
and core proteins made up a much higher proportion of the':total proteiln
during the long labelling period in comparison with the short period
(Fig.18)., Since it 1s probable that the only proteins released from the
cell are the viral structure proteins, the other proteins must be !degraded!
in some ways., The 'degradation'! could be of two sorts: either total break~
down of fragments of polypeptidés no longer required, or specific cleavage

of a large intermediate to form an active final product. In order to

>



Table 5,

The incorporation of [:3H] uridine, [}AC] valine and i:BH]
glucosamine into acid precipitable material was measurad in cultures
of chick embryo cells 6h after infection with SFV. The cultures had
been incubated in the presence either of 0,0005M-FNAG or of 0,0005M-NAG.

The released virus was also assayed 9h after infection.



incorporation of
Yield

uridine valine glucogamine p.f.u.

uninfected 377 5,689 6,836 -
infected 4,826 4,923 7.51 7x107
Infected 4 0,0005M=NAG 4,791 4,723 7,263 6x107
infected 4+ 0,0005M- FNAG 4,754 4y 691 2,435 1x10

values in ce.P.Be



Figure 1

SFV was grown in chick embryo fibroblasts in the presence (—a-4a-
and abgence (-©—0~— ) of 0,0005M-FNAG., The cells were labelled from
6~Th after infection with 50pCI/culture of [3H] leucine., The proteins

were extracted by method II and analysed on 12cm polyacrylamide gels.
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Figure 18,
SFV grown in chick embryo fibroblasts, was labelled either for lh

from $=7h sfter infection (—0—0-) or for 9h from 3-12h after infect-
ijon (~@-0Q-) with lOyCi/culture of [3 H] valine, The proteins were

extracted by method I, and analysed on 9cm polyacrylamide gels.
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63.

demonstrate the second type of degradation, a movement of radioactive
label from the precursor to the product has to be demonstrateds It 1s
probable from this experiment that only NVP 95 and NVP 63 are precursors

of other proteins,

8. Virus-specified proteins formed during short pulses and
pulse~chase experiments

BHK-21cells, 6h after infection with SFV, were incubated in the
presence of EBHj] leucine for 7min (pulse experiment). The proteins
were extracted and anslysed by polyacrylamide gel electrophoresis. The
results were compared with proteins extracted from cells treated similarly,
but which had been washed, and incubated for a further 53min in the pre-
gence of a high concentration of non-radioactive leucine after the7min
labelling pulse (pulse-chase experiment), Finally both experiments were
compared with proteing extracted from cells that had been labelled for
1h continuously with c’ H] leucine, The results, shown in Fig.l9,

demonstrate that a movement of label from NVP 95 to NVP 63 and the envelope

protein is taking place.

These pulse-chase experiments were repeded using hilck embryo fibro-
blasts infected with SFV, instead of BHK-21 cells, In chick embryo cells
under normal conditions NVP95 is much less prominent than it is in BHEK=21
cells., Therefore the increase in size of the NVP 95 peak during the short
pulse is much more pronounced as is the reduction in size during the sub-
sequent chase (Fig.20), The increase in NVP 72 is more obvious because
the experiment was carried out in chick embryo cells. In chick embryo
fibroblasts but not in BHK-21 cells there was a significant change in the
size of the core peak during the chase period. A new, high molecular
welght, protein peak was detectable in chick embryo fibroblasts durlng
the short pulse period, This protein 1s labelled NVP 127 and has an



i e 1

Three monolayer cultures of BHK-21 cells on 5cm plastic Petri dishes
were infected with SFV, 50yCi/culture of EBH] leucine was added 6h after
infection., Then 7min later the proteins of one culture were extracted by
method II (short pulse: —O—O= ), and a second culture was washed twice
with EDA containing leucine, before being incubated for a further 53min
in the presence of the same medium (chase:— O —-). The third culture

was a control, incubated in the presence of the radioactive leucine

continuously for 1h (control:e=d4—A=). The proteins were extracted from

each culture by method II, and analysed on 1l2cm polyacrylamide gels,
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Figure 20,

The same experimental procedure as in Fig.1l9 was used with SFV in-
fected cultures of chick embryo fibroblasts on 5cm plastic Petri dishes.
50yCi of c3n J leucine was added 6h after infection for a short pulse
(-A-a-), chase (- -0~ ) and control (=~o©—0=—). The proteins

were extracted by method II and analysed on 12cm polyacrylamide gels.
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estimated molecular weilght of 127,000,NVP 95 and NVP 63 are precursors,

in some way, to NVP 72 and the envelope and core proteins,

9, The effert of TPCK and DI'P on virus=anecified protein smthesis

~ Both tosyl phenylalanyl ~x7 chloromethyl ketone (TPCK) and diisopropyl
fluoro phosphate (DFP) are inhibitors of proteolytic enzymes (Walsh and
Wilcox, 1970), TPCK 1s a specific inhibitor of chymotrypsin (Pfefferkorn
and Boyle, 1972) while DFP is a géneral inhibitor of serine proteases
(Jacobson, Asso and Baltimore, 1970), The effect of varying concentrations

3H valine into

of both TPCK and DFP on the rate of incorporation of
an acid insoluble precipitate in BliK-21 cells was measured, TPCK, even
at the highest concentration used, had less of an Inhibitory effect on
protein synthesis, than DFP at the lowest (Fig,21), while both prevented
the release of infectious virus, Therefore TPCK was used in the following

experiments.

Prefferkorn and Boyle (1972) had reported that TPCK prevented the break-

down of NVP 95 in chick embryo fibroblasts while tosyl lysylchloromethyl
ketone (TLCK) did not, TLCK 1is an analogous inhibitor of trypsin. Therefore
the cleavage was caused by an enzyme with a similar specificity to chymoatry-
psine In these experiments the cells were treated for 30min before the

3H leucine was added with TPCK, Then a short pulse., and pulse-chase
experiment were compared with an experiment in which the labelling perlod was
lh, These experiments were carried out in both chick embryo fibroblasts and
BHK=21 cells 6h after infection with SFV, The proteins were extracted and
analysed by polyacrylamide gel electrophoresis and the results are shown in
Fig.22 (BIK-21 cells) and Fig.23 (chick embryo fibroblasts), Amongst the virus-
specified proteins labelled during a short pulse in EBHK cells, NVP127 could now
be detected, Comparing the results from the short pulse -

with those of the pulse~chase experiment,



Figure 21,

SFV wag grown for 6h in chick embryo fibroblasts in monolayer cul-
ture on 5cm plastic Petri dishes, The effect of varying concentrations
of TPCK (—Q —A— ) and DFP (—O—O—) on incorporation of C_BH] valine
into an acid insoluble precipitate was then meesured. The yield of infec-
tious virus 9h after infection was measured when TPCK (—a& —4-) or

DFP (- @®—@ -) had been present since 53h after infection,
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Figure 22,

Three monolayer cultures of BHK~21 cells on 5cm plastic Petri dishes
were infected with SFV, TPCK (20pg/ml) in EDA was added 5%h after infection,
At' 6h after infection, pulse-chase experiments (as in Fig.19) were carried
out. The samples from the short pulse (—O-0- ), chase (—Q-oO~-) and

control (=Ap-—A-—) were analysed on 12cm polyacrylamide gels,
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Flgure 23,

The experiment described in Fig,22 was repeated exactly, except that
chick embryo fibroblasts were used instead of BHK-21 cells. The symbols
used are (—=© -0 -) for the short pulse, (-3 -3-) for the chase and
(=a—A—) for the control,
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there was a real increase in the amount of core protein labelled
during the chase., The core protein is probably derived from a large

molecular weight precursor, maybe NVP 127,

When the proteins synthesised in chick embryo fibroblasts infected
with SFV were analysed after a short pulse of [-H] leucine in the pre-
sence of TPCK another high molecular weight meak could be detecteds This
peak had a molecular'weight of 165,000 and was called NVP 165, This
estimate of the molecular weight may be substantially inaccurate, as the
value was based on extrapolation from a graph with P—galactosidqse as
the highest point (see Fig.5)s An attempt was made to use human thyro-
globulin (m.w, 165,000) as a marker, but the protein was broken into low
molecular weight fragments. In the samples from both BHK and chick
cells the peak of NVP 95 was unusually broad, This latter point is dis-
cussed later, Very little NVP 72, NVP 63, envelope or core protein was
labelled during the short pulse while after the chase they predominated,
Conversely after the chase NVP 165 and NVP 127 could not longer be detect~
ed while the amount of NVP 95 present was substantially reduced. These
‘results confirm the hypothesis that NVP 127 and NVP 95 are precursors

to NVP 72, NVP 63 and the structural proteins,

10, Virus=specified protelns synthesised in the presence‘of
amino acid snalogues

If the specific cleavage of NVP 165, NVP 127 and NVP 95 is due to a
protease which recognises a particular sequence or three-dimensional con-
figuration of the polypeptide,the cleavage might be prevanted by replace-
ment of appropriafeuamino acids with analogues. An experiment was per-—

' formed with five analogues, all of which are known to be incorporated
into proteins of eucaryotic cells. The analogues were p~-fluorophenylala-
nine which is an analogue of phenylalanine, (Levintow, Thoren, Darnell and



66,

Hooper, 1962), canavanine which is an analogue of arginine (Kreuse, White,
Carter and McCoy, 1959) ,azetidine-2=-carboxylicacid which is a proline ana-
logue (Fowden and Richmond, 1963), ethionine which is an analogue of meth-
ionine(Rabinowitz, Olson and Greenberg, 1957) and azotryptophan which is

a tryptophan analogue (Friedman, 1969)., Chick embryo fibroblasts were
incubated in the presence of the analogues for 20min before ['_BH] leucine

was added, The radioactive leucine was added 6h after the cells had been
infected with SFV, The pulse was either halted after 7min or was chased

for a further 53min in the absence of the analogues. The proteins were
extracted and compared by analysis on polyacrylamide gels(Fig.24).$he experiment

was carried out in the presence of TPCK,

8

When TPCK was present, NVP 165, NVP 127 and NVP 95 could be labelled
during the short pulse, During the chase the amount of NVP 72, NVP 63 and
the core proteln increased and the envelope protein became detectable, The
amount of NVP 95 decreased and NVP 165 and NVP 127 was no longer present,
Again the peak of NVP 95 was very broad in samples labelled during a short
pulse, whether TPCK was present or not, If uninfected cells were treated in
the same way before extractlon and analysis of the proteins, no clearly
defined peaks could be identified. The experiments add more weight to
the hypothesis that NVP 165, NVP 127, NVP 95 and NVP 63 are precursors to

NVP 72, and the virus structural proteins -

11, The effect of a temperature jump on’ the viru64§2ecifiédigfoteins

Baltimore (personal communication) showed that raising the tempera-
ture at which Hela cells, infected with poliovirus, were incubated inhibi-
ted virus-specified protein synthesis, When the proteins were analysed
after the release of the inhibition there was a build up of the precursors.
Cultures of BHK~21 cells, 6h after infection with SFV, had EB H] leucine
added, Immediately the Petri dishes were placed in a water bath at elther



Figure 24,

The experiment described in Fig.23 was repeated exactly, except
that amino acid analogues were present for 20min before the radioactive
leucine was added, The analogues were used at the following concentra=-
tions: 0,0034M-azetidine =2~carboxylic acid, 0,002M-azotryptophan, 0,0033M=
canavanine, 0,0018 M~ethionine and 0,0025M- FPA, and were present through-
out the period of labelling, The symbols used are ( ~C ~Q =) for the

short pulse, (-@Q—-f1-) for the chase, and (—4Q=~a—) for the control.
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j e 2

The incorporation of radiocactive valine into an acid insoluble pre-
cipitate in infected BHK~21l cells, was measured after raising the tempera=~
ture of incubation to 42.5°C (a-a-) or 4.°C (- -4~ ), compared
with continmued incubation at 37°C (Fig.25a). 4 parallel series of cultures
had the temperature altered for 30min before restoring the normal tempera=
ture of incubation (37°C). Radioactive leucine was added, and protein syn=
thesls was measured in cultures held for 30min at 44°C (-a-A-~ ), at

42.500 (-8~R- ) and control cultures maintained at 3700_( -0--0- 3§
Fig.25b)
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: 42.5°C or 44/°C, These temperatures were measured by a mercury thermometer
Immersed in the water bath, and are therefore not precise, At 2min inter-
vals the incorporation of the radloactive leucine into an acid—insoluble
precipitate was measured, At both temperatures the virus-specified pro-~
tein gyonthesis was halted, Br this tinme after infection, host cell pro-
tein synthesis had been almost completedly inhibited (see Figs. 2 & 8).

At /2°C the inhibition of viral protein synthesis was almost immediate,
but at 42.5°C it took 10min for inhibition of viral protein synthesis

to become complefe (Fig.25a). When the temperature was dropped back

to 37°C proteiﬁ synthesls restarted. The resumption of protein synthe-
sis was followed by assaying the incorporation of radiocactive leucine into
an acld-insoluble precipitate (Fig.25b)., After 30min at 44°¢C protein
synthesis did not restart within 30min, while affer treatment at 42.5°C

for the same length of time protein synthesis immediately resumed,

The protelns formed during the 10min after the temperature was
dropped fron 42,5°C to 37°C were investigated, in the presence or ab-
sence of TPCK., The protelns were extracted and analysed by polyacryl-
amide gel electrophoresis, These results were contrasted with those
from a 10min pulse at 37°C. At 42.500, in thé absence of TPCK, the major
protein detectable was NVP 95 (Fig.26). A small quantity of NVP 63 and
the envelope and core proteins could also be identified., In the presence
of TPCK at 42.5°C, 1t was possible to detect NVP 165 and NVP 127 as well as
NVP 95 and NVP 63. NVP 95 appears to be split into two peaks, one coincident
with that pregent under normal conditions, the other with a higher apparent
mobility corresponding to an estimated molecular weight of 105,000,
That 1s when the proteins were analysed there was a bulld up of precursors
and there vas a very much reduced quantity of radioactivity in the virus

structural Proteln, The conclusion that can be derived_from these results..



Eigure 20,

The experiment described in Fig.22 was repeated exactly, except
o
that the temperature of incubation was raigsed from 37°C to 42.5 C, when

the TPCK was added 5ih after infection, After 30min the temperature was

dropped to 37°C and radioactive leucine was added. The cultures were incuba=-

ted at 37°C for 10min before the proteins were extracted. The symbols used
are (A~ A- ) for the short pulse in the presence of TPCK (—a-a- )

for the pulse in absence of TPCK and (=0~0© = ) for the control, incuba-
ted contimuiously at 37°C,
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is that NVP 127 and NVP 95 are the precursors of the structural proteins,

12, The effect of inhibitors of protein svnthesis on virus-

gpecified nrotein synthesis,

The effect of five inhinitors of protein synthesis on the course of
virus-specified proteln synthesis was investigated, The five inhibitors
used were sodium fluoride (NaF), N-butanol, aurinotricaroxylic acid (ATA),
cycloheximide and puromyein., The NaF has been reported by Lin, Mosteller
and Hardesty (1965a) to be an inhibitor of initiation in eucaryetic sys=~
temps, while ATA was suggested to act in a similar way by Cogniaux-leClerc
(1971). Finally n-butanol was also suggested to be an inhibitor of initia-

tion by Freedman, Hori and Rabinowitz (1967),

The inhibition caused by NaF has been reported to be readily reversed
by removing the inhibitor, When protein synthesis is restored, the first
proteins to be formed will be the primary transcripts of the RNA, As
synthesis continues thesé precursors will be broken down into :the final
products, Wunner and Pringle (1972) used this method to investigate the

way in which the proteins of Vesicular Stomatitis virus were synthesised.

First the effects of the inhibitors were investigated by measuring
the decary of protein synthesis after NaF, n~-butanol or ATA had been added
to chick embryo fibroblasts infected with SFV (Fig.27a), Then after wash-
ing the monolayers twice, the recovery of protein synthesis was measured
(Fig.27b) NaF was the only one of the three inhibitors that proved to
be fully reversible, For the rest of the experiments, 0.01M-NaF was added
to the cultures 6h after infection with SFV. Then 30min later, the cul-
tures were washed, and protein synthesis resumed, The proteins éynthesised

v

during the next 10,2 0, 30 or 60min were compared by analysis on iflyacryla~

mide gels (Fig,28), Then the areas under the peaks were integrated and



Figure 27,
0.005M=ATA, 0,005M-n-butanol and 0-01M~NaF, were added to BHK-21 cells
5§h after infection with SFV, Incorporation of radioactive valine into an

acid insoluble pwcipitate was measured (Fig,27a), After 30min parallel
cultures were washed twice, and incubated in the presence of radiocactive
valine, Again the protein synthesis was assayed (Fig.27b). The symbols
used are (—0-O— ) for the control {untreated) cultures, (—a -o-~ )

for the cultures treated with ATA, (A -A- ) for the cultures treated

with n-butanol, and (—@— @ ~) for the cultures treated with NaF,
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Figure 28,

Monolayer cultures of BHK=-21 cells, 5ph after infection with SFV,
were treated with 0,01M=NaF in EDA for 30min, Then the cultures were
vashed twice vith EDA, and incubated with 50pCi/culture of [°H] leucine,
The proteins were extracted by method IT afterifmin (—O -0 - ) and 60min

(-—B-aA-), and analysed by electrophoresis on 12cm polyacrylamide gels.
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plotted with respect to time (Fig.29), Host cell protein synthesis
recovered very slowly, remaining at a very low level, Immediately after
the resumption of protein synthesis NVP 95 was the major protein, In
contrast to the other proteins there was no increase in the quantity of
i1t during the rest of the labelling period, The quantities of NVP 72, and
the envelope and core proteins increased continuously during the 60min
labelling period, while NVP 63 reached its maximum after 30min, The
simplest explanation of the results is that NVP 72,and the structural
proteins are the final products while NVP 95 and NVP 63 are intermediates
in the processing of NVP 165 and NVP 127,

Cycloheximide and puromycin are both antibiotics that prevent chain
elongation during protein synthesis (Darken, 196/; Nathans, 1964; Sisler
and Siegel, 1967). On addition of puromycin 3.5h after infecting caick
embryo fibroblasts with Sindbls virus, further RNA synthesis was not
prevented (Scheeie and Pfefferkorn, 1969b), Similarly Friedman and
Grimley (1969) showed that cycloheximide, added 4Lh after infection of
chick embryo fibroblasts with SFV, did not inhibit further RNA synthesis,
If the plausible assumption 1s made that the genetic information for the
virus RNA polymerase is carried by the viral RNA, then the preceding re-
sults can be explained in two alternative ways, Either the synthesis
of the polymerase proteins is resistant to the antibiotics or sufficient
polymerase has been synthesised by 3.5h after infection to produce all
the viral RNA, The proteins still being synthesised after addition of
one of the antiblotics were analysed, If the amount of all of the five
protelns is reduced equally, then it follows that the synthesis of all of
them 18 sensitive to the inhibitors,

The resistance of viral RNA synthesié ~to puromycin and cycloheximide
added 3,5h after infection with SFV was confirmed (Fig,308) Wader



il e 2

The percentage of the various virus specified proteins was calculated
from a series of experiments, such as the ones shown in Fig.28., The results
are plotted as percentage of NVP 95 (-0—0~— ), NVP 72 (-Qa-A- ), N7P 63
(-g—-a-), envelope protein (—®@—~e@~-) and core protein (-4 —-a- )

versus time afte removal of NaF,






Fi e 30

Cycloheximide (20,1.g/m1) and puromycin (50pg/ml), were added to mono=
layer cultures of chick embryo flbroblasts 34h after infection with SFV,
Incorporation of uridine into RNA and valine was measured (Fig.30a), The
symbols used are (— ©O-©O- ) for RNA and (~@ — @~) for protein synthesis
in untreated cultures, (—A4—A-) for RNA and (—4—a4~ ) for protein
synthesis in-cycloheximide treated cells, and (-3~ 0 ~) for RNA and
(-m —@—) for protein synthesis in puromycin treated cells. Also RNA
polymerase activity in the homogenate of control cells (—0O-o© - ),

cycloheximide treated cells (—A—A~-) and puromycin treated cells
(~-a-Q-) was assayed (Fig,30b),
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conditions in which protein synthesis was inhibited over a period of 1lh,
After addition of puromycin or cycloheximide to the monolayer the amount
of viral RNA polymerase activity in an EE;YEEEE,SYStem wag assayed and
was compared with that in untreated cells (Fig.30b). When the antibiotics
were added 3,5h after infection, the RNA polymerase activity increased to:.
reach a maximum 6h after infection, When the proteins were labelled, the
experiment was carried out in the same way, except that radloactive lysine
was present from 4-5h after infectlon. The proteins were then extracted
and analysed by polyacrylamide gel electrophoresis, Compared with the
normal electrophoretogranms, glectrophoretograms from the drug tested cells
showed that all the proteins were proportionately reduced in quantity
(Fig.31)., This suggests that the synthesis of the polymerase proteins is

completed before 3.5h after infection,.

III., Virug-specified macromolecules associated ﬁith sub—céiiulaf fractions

Three different techniques of sub=cellular fractionation were
used to achleve different aims, The first technique was developed in an
attempt to purify the RNA polymerase. In the second, homogeneous prepa=
ration of plasma and endoplasmic reticulum membranes were prepared and
analysed. In the third the M band technique was used to isolate specific
nucleoprotein complexes, In each case, the virus specified protein and
RNA was analysed, in an attempt to assign functions to the different
species, Finally glucosamine inhibition was used to try to investlgate

the relationships between the different species of RNA,

1, The partial purification of the RNA polymerase

The purification of the viral RNA polymerase was undertaken to try



Megure 31

Cycloheximide (ZOyg/ml) and puromycin (50pg/ml) were added to mono-
layer cultures of chick embryo fibroblasts 33h after infection with SFV.
30min later 20},101/culture of [3 H7] valine was added to the cultures,
Then 5h after infection, the proteins were extracted by method I and
analysed on 9em polyacrylamide gels, The symbols used are (~O-0 — )
for the proteins from untreated cells, (—A-4g-) for proteins from cyclo-
heximide treated cells and (-~ (3~-DO~ ) for the proteins from puromycin
treated cells,
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to identify the proteins that are involved in the replication of the
viral RNA, The RNA polymerase is membrane bound, and this presents a
problem in devising a procedure for purification. Another problem arises
because the only way of identifying the RNA polymerase is by its activity
in an in vitro system, Therefore no treatment can be used in the purifi-
cation procedure that destroys the in vitro activity. The RNA polymerase
activity was measured by the incorporation of C3 HJ GIP into an acid-in=-
soluble product. The properties of the particular assay system used in
these experiments have been reported previously (Morser, 1971)., Some
important parameters of the RNA polymerase are shown in Table 6, demon=-
strating that activity is dependent on the presence of all 4 nucleo-
sides triphosphates and magnesium ions, Addition of Dextran sulphate 500
doubled the incorporation of radiocactive GIP, while no RNA polymerase
‘activity was found in uninfected cells, The material formed was sensitive
to ribonuclease. The flow chart for the - partial purification is shown on
Table 1, Also shown in Table 1 is the incorporation of E3 H] uridine and
E,ll*c:l valine into the acid precipitable material from various fractions.
The isotope was present for 10min before the RNA polymerase was extracted,
Using this short length of time it appears that there 1s a partial separa-
tion of the site of incorporation of the proteln precursors from that of
the RNA precursor, In Table 7 the total activity and the specific activity
at each stage of the purification are shown, A very substantial purification
has been achieved by the end of the procedure. The RNA polymerase sediments
in the fraction that is most efficient at incorporating uridine into an

acid insoluble product,

The activity of three marker enzymes was assayed in the fractlons
obtained at various steps of the partial purification of the RNA polymerase.



Table 6,

A preparation of the RNA polymerase from chick embryo cells in=-
fected with SFV was partially purified by the methnd shown in Table 1,
The enzyme was then assayed in a complete in vitro system, and the
activity compared with that in systems lacking various reagents, The

complete assay contained the following reagents in a volume of 0,35ml;

tris+ HC1 pHB.5 35, 0pmol
MgCl, 1, 6yumol
KC1 /e Opamol
2=mercaptoethanol 7.0pumol
PFP O.SPmol
pyruvate kinase 10.0yg

actinomycin D 1l.0pg

dextran sulphate 500 3e5pg

ATP, CTP, UTP 50, 0nmol

Cud o 0,5pC1; 1.0nmol

and 0,1ml of the enzyme , The effect of incubation in the presence of
ribonuclease and at 0°C wag investigated, Tinally the oquivalent frac-
tlon was prepared from uninfected cells, and was testad for RNA polymerw—

agse activity,



specific activity

CoPol./mg/60min
complete from infected cells 93,246
~ATP, CTP and UTP 1,355
argtt 1,627
~-dextran sulphate 500 44,4987
+ribonuclease | 37,851
incubated at 0°¢ 1,263
not incubated 1,125

complete from uninfected cells 530



-

Table

The total and specific activity of the RNA polymerase ah the
various stages of the partial purification was measured. The parcent-

age recovery of the three marker enzymes (succinate dehydrogenase, NADPHS

cytochrome G reductase, and 5! nucleotidage) was determined,
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Succinate dehydrogenase was used as a marker for mitochondrial material;
NADPH-cytochrome C reductase as a marker for material from the endoplasmic
reticulum; and 5! -nucleotidase fo} material from the plasma membrane, The
results suggest that the fraction containing the RNA polymerase activity
was mainly composed of mitochondrial material contaminated with a little

material from the plasma membrane (Table 7).

Chick embryo fibroblasts, infected with SIV, were labelled with [3°57]
methionine from lh after infection, The cells were harvested 5h after
infection and the RNA polymerase was w?rked up by the purificatiop method,
After each step an aliquot was removed, »Tﬁéwg;gteins were extracted from
the samples and analysed by polyacrylamide gel electrophoresis, In Fig,32
the electrophoretogramiof the sample from the homogenate is shown alongside
the electrophoretogram of the final polymerase fraction, The polymerase
fraction contained less NVP 63 and envelope protein than the homogenate
and practially no core protein at all, This would suggest that these

proteins are not connected with the RNA polymerase,

Antisera which specifically lnactivates either the envelope or core
proteinsiiof SFV had been prepared. When the homogentate from the chick
embryo cells infected with SFV was reacted with the core antiserum, only
the core protein was precipitated, In contrast when the envelope antiserum
was added .to é homogenate prepared in a similar way from SFV infected cells,
NVP 63 as well as the envelope protein was precipitated. (S.I.T. Kennedy,
personal coﬁmunication). The effect of these two preparations of antisera

on the activity of the RNA polymerase was investigated,

The RNA polymerase was partially purified from chick embryo cells
S5h after infection with SFV, The activity in a normal in vitro assay
vas compared with that in an assay that contained either the core or



FL e 32

Chick embryo cells, infected with SFV, were labelled with 50)105./
culture of EB 5 S1 methionine from 1 - 5h after infection, The RNA poly-
merase fraction was prepared by the procedure detailed in Table 1., The
proteins were extracted by method I, and were compared with the proteins
in the total homogenate by analysis on 9cmpolyacrylamide gels, The
symbols used are (—o—e — ) for the proteins from the homogenate and

(- A-—A—) for the proteins from the RNA polymerase fraction.
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envelope antisera, To show that any change observed was specifiec, pre-
immune antlserum was added to the same concentration of protein as the
specific antlserum, The antibody titre of the antisera prepared against
the core was lower than that of the antlserwm prepared against the enve-
lope. Therefore more protein was added in the case of the former.

The envelope antiserum reduced incorporation in the assay by 50%, but
the control assay containing the pre-immune antiserum was reduced by a
similar amount (Table 8). The decrease in activity was probably a non-
specific neutralisation of some of the chick proteins (the antisera had
been prepared in rabbits), In contrast the core antiserum stimulated the
RNA polymerase activity by a small amount, but the equivalent quantity of
pre-immune anti-gerum increased incorporation by the same amount, The
increase in incorporation was probably due to the non-specific binding
of ['_31{] GTP to the huge quantities of protein present in the assay.
Neither of these preparations of specific antiserum had any specific
effect on the activity of the RNA polymerase. This suggests that the
proteins connected wlth the polymerase activity are not neutralised by
these particular antisera, That is, the polymerase does not contain

either NVP 63 or the structural proteins,

An estimate of the sedimentation value for the RNA polymerase was
calculated by the method of Martin and Ames (1961), Chick ribosomes (70S)
were used as the reference marker, The RNA polymerase from chick embryo
cells was purified by the method previously described until the second
discontinuous sucrose gradient, Instead the preparation was layered over
a preformed linear sucrose gradient, and centrifuged, Fractions from the
gradient were analysed for RNA polymerase activity in vitro (Fig.33). The
sedimentation coefficient of the fraction that contained maximum activity

in the polymerase activity was calculated to be 270S. It must be



Table 8,

The activity of the partially purified RNA polymerase was assayed

in the presence of antisera prepared against elther the envelope protein

or the core protein, or pre-immune antisera, In the case of the anti-

serum against envelope protein the assay contalned an additlional AOVg
of protein while in the case of the antiserum against the core the pro=-

tein there was an extra 250rg of protein present, Fquivalent quantities

of the appropriate pre~immune antigera were added to the control assays.



spenifie activity

c.p.n./mg/&0min,
- econtrol 60,245
4 envelope antlserum 37,351
n pre-immune antiserum 39,253
core antiserum 65,420

+ 4+ +

" pre-immne antiserum 64,309



Figure 33s

The RNA polymerase, partially purified by the procedure described
in Table 1, had its sedimentation coefficient estimated using 70S ribo-
gomes as a marker, The polymerase activity (-0 — O -) was assayed in
the 0,5ml fractions collected from the sucrose gradient, The optical

density (- - - --) was determined by automatic monitoring of the un-
loading at 254nm,
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emphasised that this is only a very rough estimate of the real size
of the entity that contains the RNA polymerase sctivity.

The RNA present in the partially purified RNA polymerase was analysed
by polyacrylamide gel electrophoresis. Prior to the extraction of the poly-
merase, 5h after infectic.nwith SFV, radicactive uridine had been present
for 1h, The polymerase was purified before the RNA was ektracted. The
RNA present in the homogenate was also extracted and analysed. There was
far less single~gtranded RNA present in the polymerase fraction than in
the homogenate, while the proportion of replicative intermediate was
increased (Fig.34). This suggests that the replicative intermediate is

the structure connected with the RNA polymerase,

The RNA formed during a lh incubaﬁion of the in vitro system was
analysed by several different methods, The RNA was extracted and checked
for sensitivity to ribonuclease (Table 6), Then both the ribonuclease
treated and the untreated RNA were analysed by sucrose density gradient
centrifugation and polyacrylamide gel electrophoresis. RNA labelled with

['_U*C] uridine was extracted from chick embryo cells infected with SFV'
and included to provide reference markers (Fig.35). The product of the
polymerase reaction consisted of material that sediments with the major
peak of RNA found in infected cells, sedimenting at 20-26S, When the
product of the polymerase was treated with ribonuclease, the peak was
much sharper and sedimented at 205, When the RNA from infected cells
was analysed by polyacrylamide gel electrophoresis the replicative inter-
mediate and thres'totally double-~stranded replicative forms could be
separated as well as the single stranded, All of the multi~ and double=-
stranded species were present in the product of the RNA polymerase
reaction, but none of the single-gtranded species, The major species

was the replicative intermedlate, When the product was treated with



Eigure 24,

Chick embryo cells, infected with SFV, were labelled with 50}101/
culture of ILBH'] uridine from 4 - 5h after infection, The RNA polymerase
frection was prepared by the method described in Table 1, The RNA was ex=
tracted by the phenol/SDS technique (—A—A-) and compared with the RNA
present in the total homogenate (—o0—0-) by electrophoresis on poly-

acrylamide gels.
The RNA specles were identified by comparing their electrophoretic
mobilitlies with those of the 2383 and 18S RNA, Ribonucleage resistance

was used to identify the replicative intermediate (R.TI.) and tle replica-

tive forms (RF I, RF IT and RF III).
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Figure 35,

The RNA polymerase fraction was prepared by the technique described
in Table 1 from chick embryo fibroblasts infected with SFV, The RNA
product synthesised in 60min in the in vitro assay system was isolated by
the phenol/SDS technique. An aliquot of the product was treated with
ribonuclease, before analysis by sucrose density gradient centrifugation
(Fig.35..). Included in each sample, before analysis, was an aliquot of
RNA extracted from chick embryo cells, labelled with EMC'] uridine
between 4 and 5h after infection with SFV, The symbols used are
(~o0~-0-) for the r_l"c‘_\ labelled RNA from infected cells, (-A-—-a-—)
for the LBHj labelled RNA synthesised by the polymerase, and (-Q-g- )
for the polymerase product that had been treated with ribonuclease, The
arrows refer to the peaks of optical density of the 285 and 18S ribosomal
RNA and 4S transfer RNA,
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ribonuclease before analysis on polyacrylamide gels, no replicative
intermediate was found, but there was an equivalent increase in the
three replicative forms (Fig.36). These results suggest that the re-
plicative intermediate is the primary site for the incorporation of

nucleotlides in the in vitro system,

2. Virus-specified proteing present in the nlasma membrane

and endoplagmic reticulunm

A good method for the preparation of an endoplasmic reticulum frac-
tion and a plasma membrane fraction from chick embryo fibroblasts was
described by Bingham and Burke (1972)., An advantage of this method is
that both fractions can be extracted from the same batch of cells, making
a direct comparison of their properties possible, Chick embryo fibro~
blasts were labelled with [;35Sj] methionine from 5-7h after infection

with SFV, before extraction of the membrane fractions.

Both the endoplasmic reticulum and the plasma membrane fractions,
as well as intermediate steps, in the purification, were assayed for RNA
polymerase activity, Nelther of the final fractions possessed a signifi-
cant amount of polymerase activity because most of the activity had been
discuarded with the 4000z pellet (Table 9), The remainder of the activity
was present in the 40,000z pellet, which was resuspended before centrifuga~
tion on the dextran gradient. Because of the low magnesium lon concentra=-
tion in the solution for this gradient, it was not certain that it would
have been posslble to recover any RNA polymerase activity, However, the
results do not contradict the theory that the polymerase is associated with
the mitochondrial fraction. Also shown in Taple 9 is the percentage recovery
of the enzyme markers for the mitochondrial, endoplasmic reticulum and

Plasma membrane fractions at the various stages of the procedure, Finally



Figure 36.

An aliquot of the samples used in Fig.35 were analysed by poly-
acrylamide gel electrophoresis, The symbols used are (~0=0 - ) for
the f__ll”C] SFV RNA from infected cells; (—A—A— ) for the product

of the polymerase, and (-@-g- ), for the polymerase product after

ribonucleage treatment,
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Table 9,

Plasma membrane and endoplasmic reticulum fractions were from
chick embryo fibroblasts 5h after infection with SFV,

The activity of the RNA polymerase was measured at various stages
in the preparathbon of plasma membrane and e ndoplasmic: reticulum fract-
jons., Also the percentage recovery of the three marker enzymes
(succinate dehydrogenase, MADPH: cytochrome C reductase. and 5! nucleo-
tidase) was determined, The percentage recovery of labelled protein
was also calculated when the cells had been labelled for 2Zh with 20pCi
of [2H7] valine (100% is equal to 39,160c.p.m.)
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the recovery is shown of acid precipitable radiocactivity in the various
fractions when the cells were labelled with [lBHj] valine for 2h prior
to extraction., The yield of plasma membrane was better than that of
endoplasmic reticulum, but the two fractions contain the same amount

of radioactivity,

After the fractions had been collected from the final dextran grad-
ient the material was concentrated by differentlal centrifugation., The
pellet was resuspended and the proteins were extracted and analysed by
polyacrylamide gel electrophoresis, The pattern of the proteins from
the endoplasmic reticulum was very similar to that of the proteins from
the homogenate (Fig.37). In contrast the plasma membrane contained only
a very small trace of the envelope proteln, Since the endoplasmic reticu-
'lum 18 the site of protein synthesis, it would be expected that all the
virus specified proteins would be present in the same proportion as normal,
The interesting result is the absence of all of the other protelns except
the envelope protein from the plasma membrane. Despite the good yield of
plasma membrane in this method and good labelling with [:BHTJ valine
recovery of radioactivity in this fraction is very poor, making i1t diffi-

‘cult to detect any protelns present,

3. Yirus-specified macromolecules present in en M band

The M band technique is a method of extracting complexes composed
of nuclelc acids and phospholipid membranes, It was first used by Trembley
et al (1969) to extract the membrane bound replication complex of B.
suhtilis, In this method the sample 1s suspended in a buffer containing
a high concentration of magnesium ions. A detergent, sodium lauroyl sar-
cinosate 1s then added to the sample. Fine white crystals of the magnesium
salt of the detergent form, These are readlly removed from the remaining
material by centrifugation on a discontinuous sucrose gradient. ihe

erystals form a fine white band at the interface between the two con-



Figure 37,

Chick embryo cells, infected with SFV, were labelled with [ H
valine from 5 - 7h after infection., The endoplasmic reticulum and plasma
membrane fractions were prepared, The proteins were extracted from them
and compared with the proteins found in the total homogenate by electro-
phoresis on 9cm polyacrylamide gels, The symbols used are (-6 -0 — )

for the total homogenate, (~ -[3— ) for the plasma membrane fraction and
(=& —A—) for the endoplasmic reticulum,
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centrations of sucrose, This i1s the M band, When the crystals form,
nucleoprotein complexes are trapped within them, and sediment with the

M band, The account of the basis of the M band given here is based on
that of Tremblay et al (1969). 1In a cell infected with SFV the only virus
assoclated structure that has the correct properties to be extracted by
the M band procedure 1s the RNA polymerase, The RNA polymerase had
previously been shown to be membrane bound and to contain a nucleic

acid complexed with it (Morser, 1971)., The virus specific RNA and
protein found after an M band extraction of SFV infected cells was

investigated, in an attempt to identify the active components of the

polymerase,

First the M band was shown 1o contain the primary site at which the
incorporation of radioactive uridine into acid precipitable material took
place, Chick embryo fibroblasts infected with SFV were labelled with
E'BH]uridine for 1, 5, 10, 30 and 60min, In each case incorporation of
uridine into the cells was halted 5h after infection, Then the percentage
of acid precipitable radioactivity present in the M band was compared with
the total incorporation, . -. . ~“.: . In a lmin labelling period 80%
of the radioactivity that had been incorporated into acid precipitablé
material was present in the M band, while over a 60min labelling period
this value had fallen to 4% (Fig.38). This result suggests very strongly
that the primary site at which uridine is incorporated is extracted by
the M band procedure,

Chick embryo fibroblasts, infected with SFV, were labelled with
C ’$Imethionine from 1-Bh after infection, The proteins were extracted
from the M.band, after the cells had been fractionated by the M band techni-

que and were analysed by polyacrylamide gel electrophoresis, In comparison



Figure 38,

Chick embryo fibroblasts, infected with SFV, were lsbelled with
radioactive uridine for the times indicated, leading up to 5h after
infection. M bands were prepared, and the acid precipitable radioactivity
in them was determined, This was compared with the total amount of radio=-

active uridine incorporated into an acid insoluble precipitate in an

equivalent period,
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with a protein sample from the total cell homogenate, far less enve-
lope and core protein is present (Fig.39), There is an increase in

the amount of NVP 95 and NVP 72 contained in the material extracted

from the M band, Another sample from this batch was prepared by the
method for the partial purification of the RNA polymefase. After the
final step in that procedure the material was then extracted by the M
band technique (see Table 1 for a flow chart). The proteins in the M
band were compared with the other two samples by polyacrylamide gel
electrophoresis (Fig. 39). The only major peak present was NVP 72, while
a small amount of both NVP 95 and NVP 63 could be detected, but it whs
not possible to detect either of the virion proteins, These results con-
firm the earlier hypothesls that neither of the structural proteins nor
NVP 63 are connected with: the RNA polymerase., They also suggest that

NVP 95 may not be associated with the polymerase,

A series of experiments using cells infected with SFVand labelled with
radioactive uridine equivalent to those just described using a protein
precursor were performed, The chick embryo cells were labelled with

[LBHJuridine from 4=5h after infection with SFV, and three samples were
prepared, These were a sample of the total homogenate, and the material
extracted by the M band technique, either from the homogentate, or from
the partially purified RNA polymerase fraction, The RNA was extracted
from these samples by the phenol/SDS technique and analysed by polyacryla=
mide gel electrophoresis (Fig.,.Q). The RNA contained in both of the
fractions prepared by the M band technique was completely multi-stranded.
That 18 it consisted of the replicative intermediate and the replicative
form, There was a vast increase in the proportion of replicative inter-
mediate in the RNA from the polymerase fraction, The replicative inter-

mediate therefore seems to be located within the structure involved in

RNA replication,



Elgure 29,
Chick embryo fibroblasts, infected with SFV were labelled with
C 23] methionine, from 1 = 5h after infection, The RNA polymerase
fraction was prepared, before being extracted by the M band technique.
The proteins present in the M band (~Q-B— ) were analysed on 9cm poly-
acrylamide gels. A sample of the homogenate (-6-o- ) was included for

comparigon, and was also extracted by the M band technique (—4-4A - ),
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Figure 40,

Chick embryo fibroblasts, infected with SFV were labelled with
CB H] uridine from 4~5h after infection, A smmple of the RNA from the
total homogenate (~O~©— ) was compared with the RNA from the M band
(=4 ~A+-). Also an M band was prepared from a partially purified RNA
polymerase fraction and the RNA analysed (~i3J-Q - ), In each case the
RNA was extracted by the phenol/SDS technique and analysed by polyacryla-

mide gel electrophoresis,
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4be Effect of glucosamine on SFV replication

Kaluza, Scholtissek and Rott (1972) had reported that glucosamine
inhibited the replication of certain enveloped viruses, amongst which
Was SFV, The cause of the inhibition was not connected with RNA replica-
tion, and it was suggested that the synthesis of haemagglutinin might be
prevented, Previously Bosmann (1971) had shown that glucosamine was a
general inhibitor of the synthesis of macromolecules in 3T3 cells.
Protein, glycoprotein, RNA and DNA synthesis were all inhibited. The
inhibition could be overcome by the addition of UIP, Bosmann suggested
that the inhibition was caused by the removal of all UTP from the meta-

bolic pools and conversion of it into UDP-glucosamine,

The inhibitor effect of glucoéamine on SFV growth was confirmed by
measuring the yleld of infectious virus 9h after infection and growth in
the presence of varyiné concentrations of glucosamine (Fig.4l). Also
shown in Fig.41 is the effect on virus yleld of treating the cells before
infection with glucosamine, Pre~treatment with glucosamine enhanced
the inhibitory effect. RﬁA, protein and glycoprotein synthesis in chick
embryo cells infected with SFV in the presence of 0.01M glucosamine was
measaod (Table 10), Provided the cells were pretreated with glucosamine
all RNA, proteln and glycoprotein synthesis was halted, Using this property
of glucosamine, Scholtissek (1972) described a method of pulse labelling
RNA, This methbd was used in these experiments, Chick embryo fibroblasts
4h after infection with SFV were placed at 4°C. No synthesis of macromole-
cules takes place at this temperature., Then 50min later, still at 4°C,
some radiocactive uridine was added and was allowed to equilibrate for
10min with the uridine mono-, di~ and triphosphates. Finally the tem=
perature of incubation was raised to 37°C and 0,01M glucosamine was added,

Samples were taken at 5, 10, 30 and é0min after the temperature was raised.
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Chick embryo cells were infected with SFV, and incubated in the
presence of glucosamine, After 9h the yield of infectious virus was
assayed (- 0—0— ). Also chick embryo fibroblasts were pretreated with
glucosamine for 3h, before infection, Again the vield of infectious
virus 9h after infection was assayed (—4—a —).
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Table 10,

The effect of 0,0005M=glucosamine on incorporation of [?H:] uridine,
C U’C] valine and [3 H] glucosamine into acid precipitable material
in chick embryo fibroblasts 6h after infection with SFV, was investigated.
The yleld of infectious virus Sh after was measured, The glucosamine
was elther added at the end of the adsorption period, or else the cul=-

tures had been pretreated with glucosamine for 3h before infection.



incorporation (copem.) of 1014 of

uridine valine glucogamine Pefolte
untreated 3,270 4,391 8,756 8x107
4 0,01M=glucosamine 3,196 3,728 44129 33c106
pretreated 0,01M-glucosamine 307 452 276 8)(105
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RNA, which had been extracted from these samples, was analysed by
polyacrylamide gel electrophoresis., In all of these samples only

the replicative intermediate was present (Fig.42). As a control,cul-
tures infected with SFV, that had been manipulated in the same way,
had radioactive uridine added, The temperature was raised to 37%
but no glucosamine was added, Samples were taken at 2, 5, 10, 30

and 60min, and the RNA was analysed. Only the 5min sample was similar
to those from the glucosamine treated cells (Fig.43). The replicative
forms could be detected in the 10min sample, while all species of |
‘virus specified RNA were identified in the 30 and 60min samples from

the control cells,

These results confirm the role of the replicative intermediate
in virus specified RNA synthesis, They also suggest that the forma-
tion of the other RNA species probably requires active RNA synthesis,
as they are not synthesised when glucosamine is present, Thus the
single-stranded specles and the double-stranded replicative forms do

not appear to arise from passive breakdown of the replicative intermediate.



Figure 42,

Chick embryo fibroblasts were placed at 4°C  4h after infection
with SFV. 5O}JCi/culture of [:311] uridine was added 50min later, and
allowed to equilibrate with the intracellular pools for 10min, Then
0,0IM glucosamine was added, and the temperature raised to 3700.

The RNA was extracted after 5min (-~o-©0- ) or 60min (—a-A— ) by

the phenol/SDS technique, and analysed by polyacrulamide gel electro-

phoresis,
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Figure 43,

The experiments reported in Fig.42 were repeated exactly, except
that no glucosamine was added, The RNA was extracted after Smin

(~o-0— ), 10min (~O~-a- ), 30min (-®—@-) and 60min (-A—A4a-).
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The growth cycle of group A togaviruses has been well studied, The
results presented here for SFV confirm earlier work reported by Strauss
et a1 (1969) for Sindbis virus and by Friedman (1968c) for SFV. At the
start of the growth cycle there was a period in which no new infectious
virus was produced, This was followed by zperiod in which virus was re-
leased exponentially and then ceased about 12h after infection, probably
when cell death occurred, The timing of the growth cycle was shown to
be dependent on both the temperature of incubation and the multiplicity of .
infection., An increase in either of these parameters shortened the cycle,
The kinetics of the cycle was approximately the same in the 4 cell types
investigated, although the yleld of infectious virus varied considerably.
The release of haemagglutinin‘and lactate dehydrogenase followed the same
kinetics as the release of infectivity, Therefore elther of these para-
meters can be used as a convenlent marker forraleasedivirus. Neither is
as sensitive as a plaque assay, but both are much quicker,

Infection of chick embryo fibroblasts with SFV caused a dramatic in-
hibition of host cell protein synthesis, The total rate of proteln synthe-
sis declined during viral infection to 50% of the normal level by jh after
infection, and to 10% by 12h.after infection. The rate of viral prbtein syn-
thesis was maximal = between 6 and Sh after inféction. Part of this inhibi-
tion was due to the presence of actinomycin D but parallel experiments with
uninfected cells indicate that some of the inhibition was a direct effect of
the virus infection., The extent of the inhibition of host cell protein syn-
thesls varied.between the différent cell types., The size of the inhibitory
effect caused‘by SFV infection was similar to that reported bty Strauss et al
(1969) for Sindbis virus and by Friedman (19680) for SFV. The magnitude of
the observed changes was dependent on multiplicity of infection, suggesting

that it wés dependent on the concentration of a product of the virus

genome, Previously Waite &nd
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Pfefferkorn (1970b) had shown that the inhibition of'phospholipid Syn-
thesis was a secondary effect of Sindbis virus infection of BHK-21 cells,
‘resulting from inhibitlon of host cell RNA and protein synthesis, FEx-
periments with temperature sensitive mutants had shown that some viral
RNA synthesls was essential for inhibition of host cell synthesis of
macromolecules, but that functional virion proteins were not requlired,
Double~stranded RNA 1s known to inhibit protein synthesis (Ehrenfeld
and Hunt, 1971). Stollar, et al, (1972) have suggested that the varying
quantities of double~-stranded RNA in different cell types might be the
cause of the differing extents of inhibition of protein synthesis. This
hypothesis has been tested (W, Schlesinger, personal communication) by
measuring the inhibitory effect of double-stranded RNA from chick and

BiX-21 cells in an in vitro protein synthesizing system. These results
were not consistent with the extent of the inhibitory effect measured in

vivo, suggesting that the phenomenon was.more complex,

SFV RNA synthesis started within lhr of infection, reaching a maxi~
mun rate between / and 5h: after infection, It preceded virus-~specififed
protein synthesls and the release of infectious virus, RNA polymerase
activity measured in an in vitro system, was not detectable until 3h
after infection, but its maximum activity was reached at - 5h aftér in=-
fection, The in vitro system is very much less sensitive than the techni-

ques used for detecting RNA synthesis in vivo,

Since all the experiments reported here were carried out in the pre-
séncexof actinomyein D host cell RNA synthesis was inhibited almost
éompletely. The antiblotic was added concommitantly with the virus so
that all RNA synthesis detected from 0,5hr after the end of the absorp-
tion period was virus directed, It also follows that any new proteins

synthesized then are either translated from virus RNA or from long lived
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host cell RNA, or finally from host céll RNA whose synthesis i1s regis-
tant to actinomyein D, The last possibility can be set aside because

- 1t has been shown that the small amount of RNA still synthesized in the
presence of actinomycin D 1s the same size as, or smaller than, transfer

RNA (Gandhi and Burke, 1970).

Five virus-specified proteing could be readily detected from 3ihr
after infection onwards. Two of these had the same mobilities in poly-
acrylamide gels as the two proteins in the virus particle, Unlike Schlesinger,
et al (1972a) no second envelope protein could be detected. According to
these authors, in their preparations of Sindbis virus two envelope proteins
were present in equimolar quantities, The molecular weight of the two was
53,000 and 44,000 but the smaller, newly detected one, was not present in
infected cells, They suggested that the better resolution of the Laemmli
(1970) gel system enabled them to separate the two proteins, Using this
gel system, or any of the several others tested, no second envelope pro-
tein could be identified im purified preparations of either SFV or Sindbis
virué. Neither could it be detected in extracts from infected cells,

The second envelopeprotein was not found by analysis of the virus-
specified proteins extracted from cells infected with elther the Sindbis
or SFV series of temperature sensitive mutants under restrictive conditions
(Scheele and Pfefferkorn, 1970; Lomniczl and Burke 1970). No other group
A togavirus{.’has been reported to have a second envelope protein, See,
amongst others, Dorsett ;nd Acton (1970; Mayaro virus) and Igarishi

(1970; Chikungunya virus). The fallure to find the second envelope pro-
tein could be because the polyacrylamide gel systems used did not have

enough resolution or because it was not present, The first explanation
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is unlikely since all the systems tested’were able to cleanly separate
the envelope protein (m.w, 53,000) from ovalbumin (m.W.44,800). A
possible explanation for the detection of the second envelope protein
in the virus prepared by Schlesinger et al, could be that there are
defective particles:present which contain the second envelope protein,
Such defective virus particles have been produced by serially passaging

the virus in BDiK-21 cells (Schlesinger et al 1972b) and these authors

suggested that the cause of the defect lay in the haemagglutinin, Deg-
pite attempts to reproduce the results of Schlesinger et a1 (1972a), two
parameters were not checked, These were the possibility that the second
envelope 1s formed in only some strailns of virus, or that it was only

produced when the virus was grown in certain types of cells.

Three:of the five protelns found in chick embryo cells infected with
STV were not present in the virion, These were NVP95, NVP72, NVP63,
NVP95 and NVP63 had been detected previously by several groupé including
Strauss gt al, (1969) and Hay et al, (1968), These particular polypeptides
had also been detected in cells infected with Chilungunya wirus (Igarishi,
1970), Strauss et al (1969) had also claimed detection of about another
ten proteins in cells infected with Sindbls virus, Most of these extra
proteins were identified on the basis of minor fluctuations in the base
line, Of these ten proteins only two have been found in the present wbrk,
'NVP127 and NVP72, The group of polypeptides detected by Strauss gz_gl (1969)
that migrated with the electrophoretic front would presumably be lost
by dialysis in the present experiments, The other proteins reported by

these authors have not been detected,

Hay et al (1968) described four non-virion polypeptides extracted
from cells infected with SFV, These had estimated molecular weights of
106,000, 63,000, 23,000 and 11,000, The protein with a molecular weight



85.

of 106,000 probably corresponds to NVP95, while the protein of 63,000
is probably NVP63, In this work, occasionally a very small peak with
the same as the protein of molecular weight 23,000 could be detected,

Hay et al (1968) reported that the two smallest proteins were very minor

components,

Using a double-labelling technique a partial amino acid composition
was deduced for NVP72 and NVP63, The method gave absolute values, since
the relative composition of the proteins, derived expérimentally,could
be compared with those obtained from the amino acid analysls of the enve-
lope and core proteins (Kénnédy and Burke, 1972), This method could be
used generally‘to obtain a comparison of the amino acid composition of
any prbteins that are synthesized concurrently, They can then be labelled
together, removing problems of>aifferent pool size, or permeability.

In these experiments NVP72 was shown to be different in composition from
NVP63 and the virion proteins. It was also possible to demonstrate that
the core protein contained too much lysine to be derived from elther
VP72 or NVP63, The enveiope protein and NVP63 were very similar in
amino acid compositiéna: The similarities of the envelope protein and
NVP63 extends to thelr carbohydrate composition} both were shown to con-
tain glucosamine and fucose. The quantitles 6f carbohydrate present in
NVP63 and the envelope protelin wére almost the same, but the envelope
protein contained slightly less glucosamine, When the homogenate prepared
from cells infected with SFV was treated with antiseramthat neutralises
the envelope protein,lboth NVP63 and the envelope were precipitated, This
ahtiserandoes not precipitate the envelope protein from Sindbis virus
growh in the same cells as SFV whose envelope protein can be neutrallsed,
(SeI.Te Kennedy, personal commmnication), The antiseresis therefére

probably active against the polypeptideﬁportion of the envelope protein,
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gesting that the polypeptide components of NVP63 and the envelope

protein are related,

If NVP63 and the envelope protein are structurally similar, then
olther one is a precursor to the other, or NVP63 is an end product that
1s not incorporated into the virus.particle, When a long (9hr) labelling
period was compared with a short (lhr) period, the proportion of NVP63
was decreased while that of the envelope protein was increased. This
suggests that the envelope protein is an end product, and that NVP63 1s

being broken down, but it does not prove that NVP63 is being converted
into envelope protein,

If this hﬂpothesis is accepted, then what is the difference between
NVP63 dnd the envelope protein? If the carbohydrate molety is removed
by enzyme treatment from the envelope protein, the mobility on'poly-
acrylaride gels is not altered.(Kennedy, 1973). However Ranki,Kaariainen
and R enkomen (1972) have reported the existence of a carbohydrate rich frag-
ment with an apparent molecular weight of 20,000, These authors suggest
that in the conversion of NVP63 into envelope protein, this glycopeptide
is specifically removed, If the fragment is carbohydrate rich, the very
similar amino acid composition of NVP63 and the envelope protein is ex-
plained, because the loss of a few residues would be insufficient to change
the: overall composition greatly. Theifragment may be identical to the
minor protein with a molecular weight of 23,000 detected by Hay'gﬂngL
(1968), The non-additive values for the molecular welghts (63,000~
53,000#20,000) could be because the apparent molecular weight of glyco-
proteih can vary on different concentration polyacrylamide gels, especlally
1f the carbohydrate is a substantial pbrtion of the molecule (Bretscher,

1971).

Concanavalin A is a plant lectin thal specifically binds sugar
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residues with theo( ~=D-mannopyranoside, o =D-glucopyranoside andol=D-
glucosaninyl residues at branded or terminal non-reducing ends of poly-
sacharides (qudstein, Hollerman and Smith, 1965)., When the homogenate
from cells infected with SFV was treated with concanavalin 4, not

only were NVP63 and the envelope precipitated, but NVP95 as well, This
confirms the evidence obtalned by labelling the virus infected cells

with glucosamine, that KVP95 contains some carbohydrate, The relationship
between VP95 and the envelope protein and NVP63 was investigated further
by the use of FNAG, Since NVPG3 and the envelope protein contain carbo-
hydrate, then an inhibitor of the glycosyl transferases should cause an
accurmlation of the non=glycosylated ¢precursor; When the inhibitor of
carbohydrate synthesis, FNAG, was present a protein the same slze as NVP95
accumlated and there was less envelope protein., Agaln this suggests the
hypothesis that NVP95 is converted into NVP63 and envelope protein and
that this process is inhibited by the presence of FNAG.

Both Burrell et al (1970) and Strauss gt al (1969) had previously
proposed That NVP95 was a precursor to the structural proteins, This
sugzestion had been strengthened by the evidence that TPCK caused an
accunulation of NVP95 (Prefferkorn and Boyle,1972). The pulse chase
experiments in chick embryo flbroblasts and BlK-21 cells reported here
demonstrate a movement of radioactive label from NVP95 to NVPG3 and the
envelope protein, In the presence of TPCK this movement of label was
confirmed, as well as revealing two more non=-virion polypeptides; NVP165
and NVP127, In the absence of TPCK 1t was not possible to show an increase
in the amount of core prdtein during the chase, while it wag possible to
éhow this in its presence, By investigating the effects of amino acid
analogues and of inhibiting virus dlrected protein synthesis by a tempera-
ture jump, it was possible to show that NVP95 and NVP63 were intermediates
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in the conversion of IIVP165 and NVP127 into the structural proteins and
NVP72,

These results disagree with those reported by Friedman (1969) who
sucgested that the SFV proteins were primary gene products. The success
reported here in unequivocally demonstrating arprecursor-pyqduct
relationship lies in the method used for extractihg proteins, Method
IT (see Methods section) prevents any metabolic activity continuing
extremely quickly, by the lmmediate freezing of the sample, The sample
13 then denatured completely by the treatment with TCA and acetone, Nor=
mal extraction methods take much longer before metabolic activity is
halted, In the case of experiments carried:out in the presence of
chericals such as TPCX and the amino acid analogues it is possible
that the results could be due to a specific inhibition of incorporation
into the lower molecular weight specles, This possibility is unlikely
because all the results, from the different techniques, are in agreement

that the high molecular weight species are precursors to the remainder,

Two schemes are shown in Table 1l for the cleavage of the proteins.
Although there is no evidence that NVP165 is a precursor of NVP127 or
that the primary sequonce of one of them is duplicated in the other,
model A,proposes that NVP1Z7 is the first cleavage product of NVP165.

If it is assumed that NVP72 and the two virion protelns are the three unique
end products, then the single transcript precursor would have a predicted
nolecular weight of 175,000, The estimated molecular weight of NVP165

could be somewhat inaccurate'as it was obtained by extrapolation fron the
known markers. NVP165 is therefore proposed as the single transcript
precursor translated from the 263 RNA, The 263 INA has an estimated
molecular weight of l.8x106 which . .s just sufficlent coding capacity for

a protein of thils size,



Table 11,

Two models of the formation of SFV proteins are shown., Polypep-

tides containing carbohydrate are marked ( * ).
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It has to be recognised that the identification of NVP165 and LVFP127
13 doubtful for three reasons, These are the low counts in the peaks,
the abnormal conditions under which they can be detected, and the diffi-
culty in obtalning a reproducible pattern at the high molecular weight

end of a gel,

A feature of the suggested model is that all of the possible cleave
ages can toke place-under different conditions, From an Intensive study
of the cleavages that prbduce the structural proteins in two different
strains of poliovirus, Cooper, Swmers and Maizel (1970) suggested that
there could be ambigulty in the post-translational cleaiages. It vas
proposedvthat the ambigulty arose because there are many possible sites
of cleavage, and that these are used in varying combinations in different
étrains; A sinilar phenomenon may be taking place in the cleavage
of'tho SIV protelns under the different conditions used in these experiments,

There are several doubtful parts of the proposéd model A, First,
although MVP63 is related to the envelope protein no movement of label
could unequivocably be demonstrated between NVP63 and the envelope pro-
toln by pulse chase experiments, Even when processing of NVPG3 was
apparently inhibited completely, some label was present in the envelope
protein, This agrees wlth the results reported by Ranki (1972) that
labelling of the envelope protein could not be completely inhibited by
canavanine treatment, DBoth of these observations could be explained, if
there was a socond envelope protein (see dlscussion below), Second,
the molecular welghts of the proteins do not add up correétly to fit the
precursors. Thls scheme postulates that a precursor such as ﬁVP127 is:cleaved
to prodﬁce NVPi72 and the core protein (M.W.36,000); Addition of the
molecular welghts does not give 127,000, The molecular weights of these



three polypeptides are unlikely to be this inaccurate since none of
then contain carbolydrate, Third, this shceme does not explain the
very broad lIVP95 peak under certain conditions, which in some expefiments

actually forms a double peak (see Fig.26).

These criticisms are removed in Scheme B, but 3 new assumptions are
made, These assumptions are firstly that there are two envelope proteins,
both of similar size, secondly thg coding capacity of the 265 RNA has been
under estimated, and finally that the broadening of NVP95 is due to a
new protein, NVP105, If these assumptions are accopted then scheme B
proposes that the single transeript precursor NVP165 is cleaved into NVP
127 and KVP105, It 1s suggested that NVP105 is broken down to yleld KVP
72 and the core protein, If 1t exists NVP105 would be very similar in
size to NVP95 and very difficult to separate from it, The accurmulation
of NVP127 and NVPL05 (shown as a broadening of the peak of NVP95) occurs
only when there 1s a real decrease in the rate of formation of core pro-
tein, This night suggest tﬁat the core protein is derived from both of
them, Previously Igarishi (1970) had demonstrated the existence of a
tfansient polypeptide of molecular weight 105,000 in cells infected with
Chikungunya virus which might be same as NVP105, KVP1R7 is cleaved to
release the core proteiﬁ and NVP95, which 1s the precursor to both
enfelope protelns (El and Ez). If there are two envelope proteins it is
proposed that they have almost the same mobillty on polyacrylamlde gels,
NVP95 1s then broken into NVP63 and the second envelope protein (Ez).
NVP63 1s the direct pfecursor to the first envelope protein (E;).

In both schemes NVP95 is the molety that is glycosylated., If NVP

95 was a precursor to the core protein as in model A, this would pose

problems either about the site of the glycosyl transferases or about the
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cove protein having to cross the membranes of the endoplasmic reticulun
twice, This is because the glycosyl transferases are known to be sited
on the external side of the membrane (Spiro, 1970). On the other hand if
VP95 contains both envelope proteins, then the carbohydrate moiety can be
added on to the polypeptide on the exterior surface of the membrane, Then
the completed envelope proteins only need to be inserted into the outer

leaflet of the plasma membrane, and to migrate to the sites of virus

release,

The only evidence on the order in which the genes are arranged along
the RIA, is provided by the existence of both NVP127 and NVP95 or NVP105,
It 1s suggested that the core proteln sequence 1s common to both precurs—
ors, and will represent an overlap in thelr sequence. Experinents using
pactamycin and emetine (antiblotics that inhibit protein synthesis) wquld

enable the correct order of the genes to be deduced (Rekosh, 1972),

In order to differcntiate between the schemes, the exlstence or
absence of a second envelope protein needs to be unequivocably demon-

strated, Also the conformation-independent molecular weight of the 265

RNA could be estimated, Finally any hypothesis rests upon the accuracy
with which the molecular weights of the polypeptidésvcan be estimated.
In the case of any glycopeptide this problem is increased by the uncer-
tainfy of the behaviour of the carbohydrate in forming an SDS complex
and its mobility upon polyacrylamide gel electrophoresis, Different
.glycoprotelns behave differéntly; ovalbunin with a carbohydrate content
of 2% migrates correctly while the glycoprotein derived from erathrocyte
membranes by Bretscher (1971) has an apparent molecular weight three times -
its real molecular weight of 33,000, This glycoprotein has a carbohydrate
content of 66%, In this discussion the estimated molecular weights of -

the glycoproteins have been used, taking no account of any possible effect
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of the carbolydrate molety on their mobility, In particular this would
affect the estimated sizes of NVP95, NVP63 and the envelope protein
decreasing the size of the polypeptide component, Previously Strauss

et al (1970) had estimated that the carbohydrate content of the envelope
protein of Sindbis virus was 1%, Iow this would affect its behaviour

on electrophoresis igs not known,

In both schemes the end products of the procéss are NVP72 and the
virus structural proteins. Vhat function does NVP72 have? From the
various methods of sub=cellular fractionation it appears to be associated
with the RIA polymerase, The ease wilth vhich the core protein was removed
from the preparation with no loss of activity, suggests the the template
for the polymerase 1s not the nucleocapsid particle, However the kineties
of 1ts appearance and the inhibition of its synthesis on treatment with
cyclohexinide or puromycin at 3ihr after infection, would suggest that
NIVP72 was not an essential part of the enzyme complex, It must be emphasised

that thls evidence 1is very circumstantial,

Burge and Pfefferkorn (1963) described the division of the tempera-
ture sensitive mutants of Sindbls virus into five complementation groups.
Two of these complementation groups are RNA™ while the other three are
RNA*. One of the RuAY groups was shown to be defective in the core pro-
tein, and another in the envelope protein (Burge and Pfefferkorn, 1967).
Incidentally, the biochemical tests used to differentiate the complenenta-
tlon groups would not have distinguished between two envelope proteins if
indeed there are two envelope proteins, Indeed if NVP95 is the precursor
to the two envelope protelns it may be possible to create only one comple~
mcntafion group for both envelope proteins, The third complementation
group contains %20, the only mutant that is not more heat labile than the

strain from which the mutants derived, Both Burge and Pfefferkorn (1968)
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and Yin and Lockart (1968) had argued from this and the properties
of the mutant, that the lesion could not be located in.the structural

proteins, It is possible that the lesion in this complementation group

is concerned with NVP72,

The role of the 265 RNA as the major messenger RNA, and its trans-
lation into the structural proteins and NVP72 takes place only from 3hr
after infection onwards. Before that the structural proteins cannot be
detected. At early times after infectlon Scheel and Pfefferkorn (1969Db)
demonstrated that puromycin inhibited the formation of 26S RNA preferen-
tially. A similar result was obtained by shifting cells infected with
a RNA™ temperature sensitive mutant from the permigssive to the restrict-
ive temperature, Under both conditions, the viral RNA produced was shown
to be fully active biologically. From these experiments it appears that
the RNA polymerase is completed early, Therefore it is quite probable
that the RNA specles that is the major messenger RNA at late times after
infection (265) is neither the first messenger RNA nor does 1t code for
the RNA polymerase, The 265 RNA only represents a fraction of the coding
capacity of the 423 RNA, which is the specles present in the virion,

Mso present in the infected cell are 335 and.38S RNA species, both of
which are single~-gtranded. Therefore any of these specles could act as

a supplementary messenger RNA at early times in the course of infection.
Indeed 335 has been recovered from polysomes extracted from infected cells.
Butthe 333 and 383 RNA have the same kinetlecs of appearance aé the 268 :
RNA, arguing against them being the early messenger. The question of

the identity of the messenger RNA and the genes thal it carries will be

resolved when in vitro protein synthesising systems have been success=
fully developed.

The single-stranded RNA species were shown to be derived from the
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double- and multi~-stranded species, The first specles labelled was the
replicative intermediate, The replicative Intermediate was also the

major RNA specles extracted by the M band techniqﬁe and was found in the
polymerase fraction, From the replicative intermediate all the other RNA
specles are derived, There is not sufficient evidence~to‘decide whether
replication is conservative, semi- or non-conservative, Depending on this,
the replicative forms are either an end product (as in polio virus replica-
tion) or an essential intermediate in the formation of the single-stranded

species, Neither the composition of the three replicative forms 1s known,

nor their individual roles in replication.

The partial purification of the RNA polymerase shows that 1t is a
large membrane bound structure with a sedimentation coefficient of about
270S. It appears to be assoclated wlith materlal from the mitochondrial
fraction., Inside infected cells the membranes are substantially reorgan=—
i13ed, Vesicles, appear, which Friedman (R.M, Friedman, personal communica-
tion) has shown to be the site of the RNA palymerase, These are probably
the structures that are being purified, The enzyme purified by these pro-
ceaures does not appear to be fully competent, in that no large amounts of
the single-stranded specles are synthesised in vitro. Unllke previous
reports (Levin and Friedman, 1971) the enzyme does synthesise a product
that 1s .sensitive to ribonuclease, But this is the replicative intermed-
iate. The reasons for the incomplete reaction in the in vitro system
could either be because one of the substrates may be present in a limiting
amount, or an essential element 1s lost in the purification procedure,

The first is unlikely, because Morser (1971) investigating the kinetics
of a similar pdlymerase preparation, demonstrated that the only material
present in a limiting quantity was the enzyme itself, Therefore the RNA

polymerase wag probably damaged durlng the extraction,
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The removal of KVP63 and the structural proteins from the RNA poly=
merase suggest that they are not the polymerase proteins, This was
confirmed by the insensitivity of the in vitro enzyme assay to antiseram
preparations that neutralise either the core or envelope proteins. Since
a1l the remaining.proteins that it has been possible to identify were
precursors to the structural proteins, it follows that they are unlikely
to be the polymerase proteins, This leaves, bty exclusion NVP72 as a
possible candidate for the polymerase protein. Other, as yet undetected

virus specifled polypeptides may be involved,

As well as the alterations of the internal membranes to form the RNA
polymerase, the plasma membrane is also altered by the incorporation of
the envelope protein into it. Bose and Brundige (1972) showed that as
well a3 envelope protein, the core protein was present, In the results
presented above, only the envelope protein was detected, This difference
wag probably due to the lonlc conditions under which the extraction took
place. In neither report was NVPG3 detected in the plasma membrane,
suggesting that the conversion of NVP63 into envelope protein took place
in some other location. Both reports found‘several non~virion proteins
present in tho endoplasmic reticulum fraction, but Bose and Brundige
(1972) failed to find any structural proteins. ‘The nucleocapsid is
assembled independently in the cytoplasm and migrates to the sites of
virus release (Friedwman and Berezesky, 1967). Since the arrival of the
core particle and envelope protein at the site of budding is independent,
how does one locate the other? Presumably by some modification of the
internal surface of the plasma membrane, since it has been shown that there
Ls a continuous lipid bldlayer separating the envelope protein from the
mcleocapsid (Harrison, Davis, Junblatt and Darnell, 1971)
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The evidence presented here suggests that SFV (and other group A
togaviruses) should be placed in animal virus class IV (Baltimore, 1971).
These viruses possess a genome of single stranded RNA and the messenger
TNA 1s the same polarity as the virion RN, But the replicative cycle
appears more complex than that of poliovirus, a typical member of €lass
IV, In particular it appears that the replicative cycle can be divided
into early and late phases, and there appears to be more than one species
of messenger RNA, It is interesting to note that the proteins which
might be specified by an early messenger, are the polymerase proteins.

Tn class V viruses it is precisely these proteins that are in the vjrions.
Thus the group A togaviruses in some respects seem to represent an inter-

mediate batween the Class IV and Class V viruses,



SUMMARY
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1, The growth cycle of SFV in chick embryo fibroblasts, BHK-21, HEL and
1~929 cells was described, as were the resultant effects on RNA and pro-
tein synthesis, The release of haemagglutinin and LDH from infected

- cells was assayed, and shown to parallel the releasenof infectious virus.
The effect of altering the temperature of incubation on the growth of the
virus, and the concommitant change in mécromolecular synthesis , were
investigated, There was a substantial inhibition of host cell protein
synthesis from 3h after infection onward, under all the conditions

investigated. -

2, TFive proteins could be readily detected in any of the four cell

types when they had been infected with SFV for at least 3h, These five
proteins were present throughout the growth cycle, whether the temperature
of incubation was 30°¢, 37°C or 39°C. Five proteins of the same size
were also present in chick cells infected with Sindbls virus., Two of

the five were the structural proteins, the other three were NVP 95, NVP

3, On the basis of 1ts amino acld composition, 1ts carbohydrate compo-
sition, and its kinetics of labelling, NVP 63 appears to be a precursor
of the envelope protein, NVP 95 also contains some carbohydrate,

4. DPulse-chase experiments were carried out in infected.chick and BHK-
21 eells, The information from these experiments was supplemented with
results from pulse-chase experiments in which the cells had been treated
with TPCK,or NaF, or with amino acid analogues, or subjected to the
reversal of a temperature jump. From’these results, two further high
molecular weight proteins became detectable, NVP 165 and NVP 127, It
was possible to demonstrate that NVP 165, NVP 127 and NVP 95 and NVP 63
were precursors to NVP 72 and the structural protelns. Two models were

proposed, based on the presence or absence of a second envelope protein.
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5. The proteins present in the plasma membrane and endoplasmic reticu-
lum were investigated, The only protein contained in the plasma membrane
was the envelope protein, while all the proteins normally found in in-

fected cells were present in the endoplasmic reticulum fraction.

6. On the basis of the proteins synthesised on inhibition with cyclo-
heximide and puromyein, and because of the timing of their formation, it

vas suggested that none of the proteins so far identified was the RNA

polymerase,

7. A method for obtaining a partially purified preparation of the RNA
polymerase was described. The RNA and proteln species assoclated with
the enzyme were analysed. The M band technique was also utilised to
obtain a further fractionation. By a combination of these methods, it
was shown that the replicative intermediate 1s the first RNA specles

formed, while only NVP72 was associated with the RNA polymerase.

8, An in vitro assay for the RNA polymerase was described. The product
was replicative intermedlate and replicative form. It was shown that the
assay was not sensitive to antlserum preparations that neutralised the core

or envelope proteins,

9. A method for pulse labelling the RNA was described, using the

inhibition of macromolecular synthesis caused by glucosamine, It was

demonstrated that the replicative intermediate was the first RNA specles

formed,
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ADRREVIATIONS




1) ATA
2) ATP
3) BX
L) BoA

5) c.p.m.
é) C.T.P,
7) DFP

8) EDA
9) TFNAG
10) FpPA
11) GTP
12) MTL
13) M
1) m,0.1.
15)AD

16) WAG
17) NADP
18) Prp

19) p.feu,

20) P.O.P'O.P.

21) P,0,P,
22) RIA
23) RSBD
2,) 805
25) SFV
26) TCA
27) TRMED
28) TNE
29) TPCX
30) tris
31) UTP

107,

aurinotricarboxylic acid
adenosine triphosphate
baby hamster kidney
bovine serum albumin
counts/min

cytidine triphosphate

ddlosoproryl phosphate

Earle's medium containing dialysed calf serun and actinomycin D

N=flurcacetyl glucosamine
fluorophenyl alanine

guanosine triphosphate

human embryo lung

minimal Barle's medium

multiplicity of infection
nicotinamide dinucleotide

Neacetyl glucosamine

Nlcotinamide dlanucleotide phosphate
phosphoenol pyruvate

plaque forming unit

1,4 ~di( 2=(5-phenoloxazyl)=-lenzene
2,5, =diphenyloxazole

ribo uclel acid

Reticulocyte standard bulfer containing dextran sulphate 50
godium dodecyl sulphafe

Semliki Forest virus

trichloracetic acid
NNN'N'-tetramethylenthylené diamine

Tris NaCl, EDTA buffer

tosyl-phenylalanyl chloromethione

2=amino =2-hydroxymethyl propane=2,3-diol

uridine triphosphate



