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SUMMARY s ~ - y;;

The temperature.dependence of the virion-associated
polymerase activity of seven temperature sensitive (¢s)
mutants of vesicular stomatitis virus (VSV) (ts10,4,11,14,16B,

28 and 29) has been examined in vitro and compared to the
heat-resistant parent (HR). The”polymerase of six of the
mutants (tslO,4,11, 14 16B and 28) appears to be 51gnificantly
more temperature-sensitive than that of HR. Because certain
pairs of these mutants can complement each,other“S'ig vitro
polymerase activity, it appears that-in vitro some compo- ?5?
nents involved in the polymerase of one virion can be uti- |
’lized by another virion. Examination of 19 revertants of

tsll and ts16B which had regained theirvability to replicate

at 38°C showed that their in yitro polymerase activity had

also become less temperature sensitiye,’ Furthermore, it was

found that the pairs of mutants which showed in vitro comple-'lj

mentation of polymerase activity were‘those which had shown

complementation in yielding infectious progeny in mixedly-
infected cells. These two observations suggest that the
temperature sensitive behavior of the in vitro polymerase ac-—
tivity of the five mutants isfrelated to their inability to

- replicate at the non-permissive temperature..
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Introduction

As a model system for studying the intéraction of an en-
veloped single-stranded RNA virus with a mammalian cell, our
laboratory has chosen vesicular stomatitis virus (VSV) and
Earle's L cells. This system has several advantages. For ex-
ample, L cells are a serial cell line which can be grown either
in suspension or in monolayers. In addition, VSV has a rela-
tively short growth cycle, cén be easily assayed by its ability
to form plaques on cell monolayers, and can grow to high titres
over a wide temperature range (Holloway et al, 1970), Further-
more, the virus has a high degree of plating efficiency (Galasso,
1968; Katz, personal communication), and it is easy to obtain
reproducible one-step grbwth curves (Wong, 1969). Moreover,
VSV'S relatively small genome whose molecular weight has been

estimated to be 3 to 1+x106

daltons (Huang & Wagner, 1966; ,
Brown et al, 1967; Nakal & waatson, 1968; Mudd & Summers D.F.,
1972) codes for relatively few proteins. For example, Kang &
Prevec (1971) suggest that only five spécies constitute the total
number of differeﬁt VSV-specific proteins. .
Since 1967, a number of virion-associated activities have
been reported for animal viruses, including VSV. One of these
activities which is present in VSV is an RNA-dependent RNA-
polymerase (Baltimore et al, 1920). This enzyme appears to
catalyze the synthesis of messeﬁger RNA rather than virion RNA

(Baltimore et al, 19703 Huang gﬁ al, 1970), that is, it appears

to be a transcriptase rather than a replicase.



Our laboratory has isolated temperature-sensitive (ts)
mutants of VSV and is presently attempting to characterize
these mutants with respect to their virion-associated trans-
criptase activity. If a mutant has a temperature-sensitive de-
fect in some activity, then one can switch this activity on or
off merely by changing the temperature of the mutant's environ-
ment. Hence, such a mutant provides a valuable tool for studying
the nature of the transcriptase activity and its importance
in the process of infection. For example, by using ts mutants,
one would expect ﬁo demonstrate whether or not the virion-~
associated polymerase must be functional in order for the virus
to replicate.' One might then determine, by means of temperature
shift experiments, the period in the growth cycle in which
this activity must operate. Furthermore, one might be able to
discover relationships of the transcriptase activity to other
activities. For example, if one causes transcriptase activity
to stop, perhaps another acfivity will cease concurrently.
Matants with a temperature-sensitive transcriptase might also
be used to elucidate the mechanism of an anti-viral agent since
the effect bf the agent on viral.activities could be studied in
the presence or absence of transcriptase activity. Furthermore,
by the use of complementation studies, one might be able %o shéw
whether the transcriptase molecules can be exchanged among
virions.

Studies of the virion-associated transcriptase of some of

our ts mutants in cells infected in the presence of actinomycin




D and the protein inhibitor, puromyecin, have been described by
Wong (1972), while this thesis concerns the characterization

of our ts mutants by'the in j;ggg polymerase assay described

by Baltimore et al (1972). Wong (1972), on the basis of the
ability of pairs of mutants to complement each other in a mixed
jnfection of L cells at the nonpermissive temperature to produce
infectious progery, also classified most of the mutants into
three complementation groups. It was found that the members

of one of the complementation groups appeared to have a
temperature-sensitive virion-associated polymerase activity.
Furthermore, the reciprocal nature of the complementation sug-
gested that in mixedly infectéd cells, an exchange of components
concerned with the transcriptase activity could occur. The in
vitro studies described here support these conclusions and also
suggest that the virions of another complementation group have
a temperature sensitive defect in another component of the

transcriptase.



'LITERATURE REVIEW
I Some Properties of Vesicular Stomatitis Virus

Because of its characteristic shape and structure, VSV
has béen designated the prototype of the Rhabdovirus family
(Melnick & McCombs, 1968). A comparison of the three sero-
types of VSV (Indiana, New Jersey, and Cocal) indicates that
these three serotypes are morphologically similar (Braddish
and Kirkham, 1966; Bergold and Munz, 1967; Thormar, 1967).
VSV is a large single stranded RNA-containing virus (Prevec
& Whitmore, 1963) and stocks usually contain two kinds of par-
ticles, designated B’ (bullet-shaped) and T (transmissible)
particles (Cooper & Bellet, 1959). Infectivity appears to be
associated with the B particles which are approximately 180 ?ﬁ
long and 65 mfxwide and contain an internal striated component
~surrounded by an envelope with projecting spikes (Howatson &
Whitmore, 1962, Reczko, 1962). This striated éomponent is a Sl
helically wound nucleoprofein (Klimenko et al, 19663 Simpson |
“and Hauser, 19663 Bergold & Munz, 1967; Nakai & Howatson,
1968). |
The T particle appears to be a truncated from of the B
particle and has a similar width, ultrastructure, buoyant
density, antigenicity, ability to incorporate 3H-uridine during
replication in the presence of B particles, capacity to in-
hibit cellular RNA and interferon synthesis (Huang et al, 1966),

and protein composition (Kang & Prevec, 1969; Wagner et al
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1969a, 1969b; Mudd & Summers, 1970, 1970b). Although the

T particles described by Huang et al (1969) éppear to be
approximately one-third of the length of B particles, another

type of T particle whose size was intermediate between the

other two types of particles was found by Petric & Prevec (1970)
who named the particles long and short T particles. Two sizes of 1
particles have also been observed by Bishop & Roy (1971a).

Both these laboratories found that the moleculsr weight of the e
RNA of the long T particle was approximately 1/2 that of the o
B particle while the molecular weight of the RNA of the short
T particle was approximately 1/4% that of the B particle.
Furthermore, hybridization studiesvpérforméd by Bishop and Roy
(1971b) indicate that the RNA species extracted from the long
T, short T, and B partiéles are not complementary to each
other.

T particles are not inféctious and are produced preferen-
tially in cells infecﬁed at‘high multiplicity with undiluted
passage (Cooper & Bellet, 19595 Huang & Wagner, 1966a; Huang
et al, 1966). They also interfere with the growth of infec-
tious B particlesl(Hacket, 19643 Huang & Wagner, 19663; Huang
et al, 1966; Crick et al, 1966; Hacket et al, 19673 Brown
et al, 1967). | _

If cells are infected with a preparation of B particles:
free of T particles, examination of the infected cell extracts
reveals that only three species of single-stranded RNA are
produced: 40S, 285, and 13S(Stampfer et al, 1969). This is



observed even if input multiplicities as high as 100 PFU

per cell are used (Stampfer et al, 1971). If T particles

are also present.in the infection, there are at least two
additional species 6f singlé-stranded RNA detected by sucrose
gradient analysis, and this suggests that the mechanism of
interference of B particles of VSV by T particles is at the
level of RNA synthesis (Stampfer et al, 1969).

The 40S RNA species which appear in cells infected by B
partiéles has the same sedimentation constant as RNA extracted
from B particles (Huang & Wagner, 1966b) and is indistinguishable
from virion RNA by base ratio analysis (Newman & Brown, 1969).
On the other hand, 285 and 135S RNA are associated with polysomes
and are complementary to the virion (Huang et al, 1970).

Hence, 28S and 13S RNA are probably messenger RNA species. Due
to the lack of resolution on sucrose gradients, it is not
known if more than one species of messenger RNA was in each of
these fractions. However, preliminary gel electrophoresis
studies indicate that there are at least two RNA species in
the 13S fraction (Huang et al, 1971).

~ Pulse labelling experiments indicate that, in VSV replica-
tion, thefe are no precursor polypeptides which are cleaved
to form several individual polypeptides (Wagner et al, 1970,
Mudd & Summers, 1970b). Since there appear to be at least
five species of proteins found inﬁVSV virions, as indicated in

Table I, one would expect at least five different species of
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messenger RNA, There méy be more than five different VSV-
specific proteins, but i1f more exist, they are probably small
polypeptides because a cdmﬁarison of the sum of the molecular
weights of the five proteins with the molecular weight esti-
mated for the viral genome suggests that practically all of
the genome is used in coding for these five proteins (Kang &
Prevec, 1971)° As thevnext section of the literature review
describes, five enzyme activities associated with VSV virions
have been detected. It has not been proven whether any or all
of the five proteins found in VSV virions are responsible for
these activities.. Howevér, experiménts reported at the Roscoff
Symposium (A. F. Holloway, personal communication) suggest
that the proteins NS and N are required for in vitro tran-

scriptase activity.



II Virion-Associated Enzyme Activities in VSV

(1) RNA-dependent RNA Poiymerase

This activity was first detected in VSV by Baltimore et
al (1970). Two observations led the Baltimore laboratory
to predict the presence of this enzyme in VSV virions. First,
RNA of VSV virions (Huang & Wagner, 1966b), unlike the RNA
from arboviruses (Wecker & Schafer, 1957) and from picornavi-
ruses (Colter et al, 1957; Koch et al, 1958) is non-infectious.
Second, in VSV-iﬁfected cells, the polysomal RNA involved in
the synthesis of VSV-specific protein is complementary to
virion RNA. This suggested that the virion RNA served as a
template fof messenger RNA synthesis using either a polymerase
found in the virions or the host cell.

Baltimore observed the virion-associated polymerase ac-
tivity by measuring the ability qf a suspension of VSV virions
to cbnvert 3H-GTP into an acid-insoluble product. In order
to detect the activity, it was necessary to remove the virion
envelope and expose the nucleocapsid by treating the virion
with a nonionic detergent such as Triton N-10l. The nonionic

detergent could not be replaced by sodium deoxycholate. The
| requirement for the nonionic detergent, Triton N-101, was con-
firmed by Bishop and Roy (1971a) who also reported that this
detergenﬁ could be substituted by Nonidet P-40.

Baltimore also showed that the reaction was dependent
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upon Mg++, and on the pfesence of all four nucleoside tri-
phosphates. Furthermore, Mnt++ could not replace Mg++, and the
optimum Mg++ concentration was found to be 4-émM., The
reaction was stimulated in the presence of NaCL (or KCE)

and also by FB- mercaptoethanol. In a subsequent publication
(Huang et al, 1971), Baltimore's laboratory found that the pH
optimum of the reaction was 7.3 and the optimum temperature
was 32°C. Bishop's laboratory confirmed the requirements

for the polymerase (Bishop & Roy, 1971la) but found different
optimum conditions (Aaslestad et al, 1971). For example,

they found an optimum Mg++ concentration of 8 mM, a pH optimum
of 8.2, and an optimum temperature of 28°c, In both lab-
oratories, however, it was found that the polymerase ceased

to function after an incubation of approximately one hour

at 37°C, while linear incorporation at the optimum temperatﬁre
occured for several hours.

Baltimore et al (1970) found, as expected for the pro-
perties of an RNA-dependent‘RNA polymerase, that the reaction
was insensitive to DNase, actinomycin D, or rifampicin, but
was sensitive to RNase. Morever, the enzyme was shown to be
associated with the virions by centrifuging a purified pre-
paration of VSV through a sucrose gradient and demonstrating
that the O'DQHO (mainly light scattering) peak of the virions
coincided with the peak of polyme?ase activity. The template
for the activity was assumed to ﬁe that of the'virion since
no template RNA was added to the reaction mixtures. In fact,

Bishop and Roy (1971a) have demonstrated that the addition
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of 288 Hela RNA, polio RNA, Q RNA, or RNA from B or T par-
ticles, poly rI, poly rG, poly rC, poly r&, or poly U either
depresses or has no‘effect on this in vitro polymerase
activity.

Bishop'(l97l) has also examined the storage properties
of this activity. He reports that 10% of the enzyme activity
is lost per week of storage at e20°C in 30% glycerol., He
was unable to conserve activity whether he used isotonic,
hypertonic, or hypotonic salt-conditions; 10% dimethylsulfoxide;
30% glycerol; or whether he stored the preparations at -70°C,
-20°%, or 4°. |

On examining the product, Baltimore et al (1970) found
that although it was digested by RNase, it was 94% RNase
resistant afﬁer it had been annealed in the presence of excess
virion RNA. Since both the product of the virion-associated
polymerase and the RNA from polysemes of VSV-infected cells
is complementary to the RNA of the virion (Huang et 21, 1570),
it appears that this polymefasé is a transcriptase rather
than a replicase, that is, it catalyzes the synthesis of mes-
senger RNA rather than virion RNA.

If transcription is allowed to proceed for 3 hours at
28°C, the resulting product, when annealed to the endogenous
template, rehders the template 94% RNase resistant (Bishop,
1971). Bishop interprets this oﬁéervation as complete tran-
scription of the virion RNA. At§37°C, only 1/3 of the virion
RNA appears to be transcribed (Bishop & Roy, 1971b). Hence,
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complete transcription is not a prereqﬁisite to the release
of product species. Furthermore, Bishop and Roy also demon=-
strated that after a‘polymefase reaction has proceeded for
60 min at 3700, not all of the product anneals to endogenous
template. However, if additional virion RNA is added before
annealing, all of the "excess"™ product becomes RNA'se resis-
tant. This indicates that transcription is repetitious and
that the product speciles do’not replicate autonomously. |

By performing a gel electrophoresis study on 32P-labelled
products of a polymerase reaction in which the RNA of the
virus had been JHE-labelled, Bishop and Roy (1971a) also demon-
strated that the product was initially associated with the
template., Huang et a1}(197l) have examined the products of
the polymerase reaction by analysis on sucrose gradients.
These studies also indicate an association of the polymerase
product with the templéte in the form of an RNA'se resistant
complex. MoreoVer, a studj by Bishop and Roy (1971a) of the
incorporation of a pulse of 32P-UTP,which was subsequently
‘chased by unlabelled UTP,demonstratéd that after being asso-
ciated with the template, the product was released as a free
species, Freed products were detected after 7 min incubation
at 28°C or after 5 min incubation at 37°c (Bishop, 1970).
Although all of the 5 min product 1s associated with the temp-
late, limited RNA'se digestion;solubilizes approximately
50% of the product label (Bishbp & Roy, 1971b). This suggests
that the complex is miltistranded containing single-stranded -
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tails. Moreover, Bishop and Roy (1971b) have demonstrated
that product-template complexes migrate at a different rate
during gel electrophoresis than do free template or free
product molecules. Furthermore, gel electrophoresis experi-
ments demonstrated that the complex can be melted by heat
treatment into undegraded free template and product molecules.
This indicates that the product is not covalently linked with
the template. |

By using the criterion that only those virions which
can form product-template complexes have polymerase activity,
Bishop (1970) reports that only 30% of the particles in the
VSV preparation which he was using had polymerase activity.
These preparations consisted of virions whose template was
3H-1abelled. Since the product was 32P—labelled, and since
the product-template complexeslcan be separated by gel elec-
trophoresis from the fréed product and template species, the
percentage of templates involved in forming complexes can be
estimated.

Furthermore, by using studies of this kind, Bishop calcu-
lates that at 28°C,'it takes approximately one hour to com-
pletely transcribe the template. Bishop also reports that
the preparation_of purified VSV used in this study had a par-
ticle to PFU ratio of 500:1. Since approximately 30% of the
particles.had transecriptase activity, it appears that not all
particleé having transcriptase activity are infectious,

Transcriptase activity also appeared to be associated with
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the non—infeétious long T particles (Bishdp & Roy, 1971b).
Moreover, all of the product formed at 37°C could anneal

to the RNA extracted from these particles while this product
did not appear compleméntary to the short T particles. 1In

a recent publication, Roy and Bishop (1972) demonstrate that
there is no transcriptase activity associated with the short
T particle. Furthermore, under the conditions which permit
the complete transcription of the viral genome, they report
that the early product of the transcriptase canrot anneal
with the RNA extracted from the short T,particles, while RNA
synthesized after 120-180 min at 28°C can be hybridized with
the short T particle RNA. This suggests that in vitro trans-
seription is sequential in that not all regions of the RNA
of the B pérticle>ere transcribed.aﬁ the same time.

The virion-associated polymerase has also been studied
in vivo by infeéting celis in the presence of a protein in-
hibitor. This kind of study was first performed by our lab-
oratory (Cormack et al, 1971). Later, Marcus et al (1971)
using a similar method, reported a study 6n the effects of
interfefon on the virion-associated transcriptase. Their
studies indicated that in cells infected with VSV in the pres-
ence of cycloheximide, 55% of the RNA synthesized could be
annealed to virion RNA. This was probably a conservative
estimate of the amount of RNA that was complementary to the
virion RNA because the amounts of unlabelled cellular RNA

present may have interfered with the annealing of the viral
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RNA molecules. Nevertheless, it was found that the virion-
associated polymerase was inhibited not.only in cells pre-~
treated with interferon dérived from an homologous cell system
but also in cells treated wifh polyriboinosinate ¢ polyribocy-
tidylate.

Recently, Huéng and Manders (1972) have studied this
method of detecting the virion-associated polymerase and used

it to help elucidate the mechanism by which T particles in-

terfere with the replication of B particles. In their studies,

they found that in the presence of a protein inhibitor, such
as cycloheximide, RNA synthesis depénds on the input multipli-
city (i.m.) of the virus, while in the absence of the protein
inhibitor,'RNAvsynthesis reaches a maximum at an i.m. of 4O
PFU/ cell. Comparable observationé have been made in our lab-
oratory (D.V. Cormack, personal communication). Moreover,
Huang and Manders (1972) also demonstrated that only 28 S and
13-15S RNA species are synthesized in the presence of cyclo-"
heximide. These species are single-stranded as indicated by
their sensitivity to RNA'se and are completely complementary
to the 40S found in the virion. (Ninety-seven percent of the
product was RNA'se resistant when annealed in the presence of
virion RNA.).. |

Since the 40S RNA of the virion is not synthesized in
the presence of cycloheximide,fthese conditions provided an
opportunity,for studying the effect of the presence of T par-

ticles on the virion transcriptase activity of B particles,
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When Huang and Manders compared the virion-associated tran-
scriptase activity in cells_infected in the presence of
cycloheximide by a mixturé of B and T particles (in a 1l:1
proportion) with the virion;associated transcriptase activity
of the same number of B particles in the absence of T particles,
no difference was detected in the amount of RNA synthesized

or in the types of RNA species formed. Simdlaf results were
observed if the cells were pre-infected with the T particles
one hour before the addition of B particles; However, in an
experiment performed under the same conditions, but in the
absence of cycloheximide, the T parﬁicles inhibited the growth
of the B particles by 90% and caused a 90% inhibition of RNA
synthesis, Hence, it appears that the interferehce of B'parti-
cles is probably aséociated with réplicase activity rather \
than transcriptase activity.

It is interesting to compare the results of Huang and’
Manders with some of the results of experiments studying the
in vitro behaviour of the virion-associated transcriptase.

For example, it appears that the products of this enzyme
syntheéized in vivo differ in size with those produced in vitro.

The molecular weights of the RNA products observed in the gel

electrophoresis studies of Bishop and Roy (1971a) indicate

that only 13-15S species are produced in vitro. Furthermore,
the absence of the 285 specieé in the in vitro polymerase
assay is probably not due to nucleases in the preparation

since tests for the presence of such enzymes were negative.

+
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Bishop and Roy's studieé also indicated that during the in
vitro reaction, the template was undegraded. Another dif-
ference between the in g;;ig and the in vivo systems is the
optimum temperature., The optimum for in vitro transcription
was found to be 28-32°C (Huang et al, 1971, Aalestad et al,
1971), while the optimum temperature in vivo appears to be 34-
37°C (Huang & Manders, 1972). The reason for these differences
between the in vivo and the in vitro reaction has not been

established,

(2) Protein Kinase

This activity was found in VSV virions by Strand and
August (1971). It was detected by incubating virions™in the
presence of )’—32P ATP and measuring the incorporation of 32?
into an acid-insoluble product. The reaction was stimulated
by the addition of detergent and is dependent on the présence
.of Mg++, Adding cyclic AMP to the reaction mixturé did not
stimulate activity. Although Strand and August indicated that
all five of the VSV proteins which they detected were phos-
phoryléted, reports at the Roséoff symposium indicate that only
the NS protein is phosphorylated (A.F. Holloway, personal com-
munication). Although protein kinase appears to be involved
in the regulation of metabolic processes in cells, its role

in VSV infections has not yet been determined.
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(3) Nucleotide Triphosphate Phosphohydrolase (NTP'ase)

NTP'ase activity associaﬁed with VSV virions haé been
found by Roy and Bishop (1971). This activity was measured
by incubating virions with a Bf-32P NTP and determining the
~amount of free phosphate released by means of paper elec-
trophoresis. Additionai experiments using the 32P-labelled
substrate indicated that the NTP is degraded to a nucleotide
diphosphate (NDP) but not to a nucleotide monophosphate (NMP).
Adding unlabélled NTP's which were different than the labelled

one,‘inhibited the reaction. This indicates that all the NTP's _;

are hydrolysed at a common site. NTP'ase activity appears to
be supressed by the presence of a nonionic detergent. A role

of this enZyme‘in VSV infections has not been determined.
(4) ©Nucleoside Triphosphate Phosphotransferase

This enzyme activity in VSV viribﬁs was also detected
| by Roy and Bishop (1971); The activity involves the exchange
of the ¥ -phosphate between NTP's. The reaction was detected
by incubating one ¥ -32p 1abelled triphosphate (AfP, for
example) with detergent-treatéd VSV virions in the presencé
of different unlabelled NTP'S, (GIP, UTP, and CTP, for ex-
ample). The exchange was measured by using the technlques
of paper chromatography and Dowex-1 (C17) column chromatog-
raphy. ‘ ‘

PhOSphdtransferase activity 1p§olving CTP was not detected .




- 19 -

while UTP was involved to a lesser extent than ATP and GTP.
The transfer of theX-32P phosphate does not appear to be
associated with the breakdown of the donor triphosphate,
Rather, the exchaﬁge appears to occur directly between tri-
phosphates since labelled free phosphates and pyrophosphates
were not incorporated into unlabelled NTP., Experiments using
93, ¥-32p) ATP as a substrate indicated that only the ¥ -3%p
was transferred. The reaction was stimulated by Triton
N-101. No role was suggested for this enzyme in VSV infections.
Roy and BishOp (1971) state that they will demonstrate,
in a future communication, that both the phosphotransferase
and NTP'ase can be separated from the nucleoprotein cores and

the polymerase of VSV,
(5) Proteinase

Holland et al (1972) have.reported the presence of a
proteinase activity in several highly purified preparations
of animal viruses, including VSV. This activity was detected
in VSV by incubating detergent-treated virions in tris buffer
containing dithiothreitol for 20 hours at 37%. The'activity
was measured by examining the proteins after incubation by
gel electrophoresis. Heét-shocking the virion or treating it
with a nonionic detergent is req@ired to demonstrate this
activity. Pre-treating the viriéns with irreversible inhibitors

of proteinases does not inhibit the VSV-associated proteinase
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D

activity. It was also shown that the nucleoprotein was the
most stable of the five proteins of VSV detected in the gel
electrophoresis examinatioﬁ. Whether or not this activity
has some biological role in VSV infections, such as in the

mechanism}of fusion and penetration, has not been determined.
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III Virion-Associated Enzymes in Other Viruses
(A) Kern Canyon Virus (KCV), another Rhabdovirus

Aaslestad et al (1971) found an RNA-dependent RNA poly-
merase activity in KCV and compared this activity with the
VSV transcriptase. As in VSV, the RNA synthesized by the
virion-associated polymerase is complementary to the virion
RNA. Furthermore, the optimum conditions of these two viruses -
are similar with respect to pH, temperature, and Mg++, Nat, o
and detergent concentration. Mn++ could not substitute for
Mg++ for either virus. On the other hand, the polymerase of
KCV was stimulated to a greater extent than that of VSV by |

| sulfhydryl agents. In KCV, dithiothreitol was found to
cause a greater stimulétion than mercaptoethanol and dithi-
oerythritol. Under optimum conditions, the Specificvactivityf
of the enzyme of KCV was only 4% of that of VSV, k

(B) Paramyxoviruses

A virion-associated RNA-dependent RNA polymerase activitﬁ
has been described‘fér Sendai virus (Stone et al, 1971,
Robinson 1971, 1972; Hutchinson et al, 1972) and for New-
castle disease virus (NDV) (Huang et al, 1971). Robinson's
studies on Sendai virions are especially interesting since

he has tested the virion-associated polymerase both in yivo




(in the presence of cycloheximide) and in vitro. As in the
studies with the VSV virion-associated transcriptase (Huang &
Manders, 1972), THE RNA species produced in vivo in the presence
of cycloheximide were complementary to virion RNA and were
similar in size to the RNA species complementary to virion
RNA produced in the absence of cycloheximide (Robinson, 1971),
On the other hand, the RNA species produced by the enzyme
in vitro (Robinson, 1972), although complementary to the virion
RNA, were smaller than those species prbduced in vivo. How-
ever, some nuclease activity was detected ihtfhe;Sendai virus
preparations. _ ‘

In the studies of NDV polymerase by Huang et al (1971),
ajcomparisoh was made with the virion-associated polymerase
of VSV. The prOpertieé ofithe NDV polymerase were similar to
that of VSVJexcept that the Spécific activity of the NDV
polymerase was only 1-3% of the specific activity of the VSV
polymerase. Both viruses had the éame optimum pH, temperature,
and Mgt++ concentration., Neither virus had polymerase
activity{if Mn++ was substitutéd for Mg++ in the reaction
mixture, Furthermore,lin the initial peribd of the reaction,
the RNA ﬁroduct was found in a complex with the virion RNA
template.

Other virion-associated enzyme activities have been
detected in paramyxoviruses. For example, NDV and Sendai
virus appear to have a nuclease which can degrade poly A and

poly I but not poly C nor poly U, (Rosenbergové'and
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PristaSora, 1972).
In addition, protein kinase activity has been detected

in virions of parainfluenza virus (Hatanaka et al, 1971).
(C) Myxoviruses

RNA-dependent RNA polymerase has been detected in ine
fluenza virus.(Chow & Simpson, 19713 Penhoet et al, 19713
Skehel, 1971) It is interesting to note that like VSV, which
also has a virion-associated polymerase, the RNA of influenza
virus is non-infectious but ribonucieoprotein of influenza
virus (which probably contains polymerase) is infectious
(Hirst & Pons, 1972).

The study of Chow and Simpson (1971) is also interesting
‘since the properties of thé polymerase of‘inflﬁenza-virus wére
compared to the polymerase of VSV. They found that, unlike
VSV, Mnt++ rather than Mg++ was required for polymerase activity.
The polymerases of both viruses, however, required the pres-
ence of a nonionic detergent for activity.

Influenza virus is also associated with the fellowing
enzyme activities: NTP'ase and nucleotide phosphotransferase
(Roy & Bishop, 1971), protein kinase (Hatanaka et al, 1971),
proteinase (Holland), and a nuclease (Rosenbergova &
Prista§oré, 1972) which can degrade poly C, poly A, poly U,
poly I,and denatured and native DNA. Rosehbergova and

PristaSord (1972) also detected this nuclease activity in fowl
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plague virus.
(D) Double-stranded RNA viruses

An RNA-dependent RNA polymerase activity has been found
in the virions of REO virus (Borsa & Graham, 1968; Shaktin
& Sipe, 1968) and in wound tumor virus (Black & Knighf, 1970).
In addition to an RNA polymérase, an NTP'ase activity was
found associated with purified REO virions (Borsa et al, 1970).

(E) RNA tumor virus

The 1arges£ variety of virion-associated enzymes are
found in RNA tumor viruses. Implications with respect to the
biological roles have been made for only five of the virion-
associated enzymes that have been detected 1h tumor viruses,
namely, RNA-dependent DNA polymerase (Baltimore, 19703 Temin
& Mizutani, 1970); DNA-dependent DNA polymerase (Spiegelman
et al, 1970; Mizutani et al, 1970); DNA ligase and exonuclease
(Mizutani et al, 1971) and endonuclease (Mizutani et al, 1970).
Some of the other enzyme activities which have been detected
are as follows: protein kinase (Hatanaka et al, 1971; Strand
& August, 1971), nucleotide kigase, phosphatase, hexokinase,
and lactlc dehydrogenase (Mizuﬁani & Temin, 1972); NTIP'ase
and nucleotide triphosphate ph65photransferase (Roy & Bishop,
1971); transfer ribonucleic acid synthetase (Erikson & Erikson,
1971); and ribonucleic acid methylase (Grantt et al, 1972).
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(F) DNA Tumor Viruses

Endonuclease activities have been reported to be associated
with the virions bf adenovirus (Burlingham et al, 1971;
Burlingham and Doefler, 1972), of SV4O (Kaplan et al, 1972),
and of polyoma (Cuzin et al, 1972).

(G) Pox Viruses

The folloﬁing five enzyme activities have been reported
in Vaccinia virions: DNA-dependent RNA polymerase (Kates’gg
al, 1967; Munyon et al, 1967), nucleotide phosphorylase (Gold
& Dales, 1968), endonuclease, and two exonucleases (acid and
neutral DNA'ase) (Aubertin & McAuslan, 1971). Except for
endonuclease activity, all of the above activities have also
been reported in Yaba virions (Schwartz & Dales, 1971). More-
over, Aubertin & McAuslan (1971) repbrted that the three nuclease
éctivities were also in rabbitpox. In addition, DNA-dependent
RNA polymerase and the exonuclease activities also have been
demonstrated in insectvPoxviruses (Pogo et al, 1971;

Lewandowski et al, 1969).
- (H) Bacteriophages
Most of the enzymes associated with bacteriophages appear

to be concerned with attachment and penetration. For example,

a lysozyme-like enzyme has been reported to be present in
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T~ even phages (Barrington & Kozloff, 1954; Koch & Weidel &
Primosigh, 1958), and phage A (Fisher, 1959), and in phage G
(Murphy, 1960). Furthermore, an endo-glycosidase activity,
also probably associated with attachment,has also been found
to be associated with a bacteriophage (Strim et al, 1971).
However, Datta & Franklin (1971) have detected a DNA-dependent

RNA polymerase associated with the bacteriophage PM2.

L EER e
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IV Ts Mutants of VSV

In order to increase the understanding of the biochemi-
cal and macromolécular events which occur during the in-
fection of a mammalian cell by VSV, our laboratory has
isolated temperaﬁure-senéitive (ts) mutants of the virus
(Holloway et al, 1970). At least two other laboratories
(Flamand (1969); Pringle (1970)) are also studying ts mutants
of VSV. By studying the ability of the mutants to comple-
ment each other to préduce infectious progeny in a mixed
infection at the non—permiséive temperature, Flamand's
laboratory has classified their mutants into five complemen-
tatioh groups (Flamand, 1969, 1970). Two of these groups
could not'synthesiZe RNA at the non-permissive temperature
(RNAT) while the other three groups were able_ﬁo synthesize
RNA at the non-permissive temperature (RNA+).

Pringle (1970) found four complementation groups, two
of which were consistently RNA= (Pringle & Duncan, 1971).

Our laboratory has found 3 complementation groups (Wong,
1972, see Table Ia), two of which are RNA™ when i.m.'s of
10-HO‘PFU/ cell are used.

Five virion-associated enzyme activities have been
found in VSV virions (see section II of Literature Review).
It has not been established whether or not it is the virus
or the host cell which suppliés the genetic information for
the synthesis of these five ehzymes. 'However, our laboratory

has found that one of our ts mutants, tsll has a defective
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virion-associated polymerase activity (Cormack et al, 1971).
This finding indicates that the VSV genome codes for at
least part of this enzyme activity.

Although no other laboratory has published any studies
on the characterization of this enzyme or any other virion-
associated enzymes in ts mutants of VSV, J. Szylagyi of
Pringle's laboratory has reported at the Roescoff conference
that the virion-associated polymefase of two of their mutants
appear to be temperature-sensitive (Szylagyi & Holloway,
personal communication). These two mutahts belong to com-
plementation group I which cérresbonds to the complementation

group to which our tsll belongs (Pringle, Cormack, & Holloway,

personal communication).

. Additional studies regarding the behaviour of the
virion-associated polymerase of our ts mutants in L cells
have been described by Wong (1972), while this thesis reports
the in vitro behaviour of this enzyme in some of our ts

mutants.
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MATERIALS AND METHODS
Cells and Medium

Earle's L cells obtained from Dr. G. F. Whitmore of
the Ontario Cancer Institute were used in growing all virus
preparations. The cells, grown in continuous suspension
cultures at 37°C, were maintained between '5):10)+ and 1+x105
cells/ml in mediumvCMRL 1066 obtained from Schwartz
Bioresearch. The medium was prepared as follows: Twenty-
two ml of a 10% sodium bicarbonate solution and 10 gm of
dried medium were mixed in.sufficient triply distilled water
to bring the final volume of fhe solution to one litre.

After the pH of the medium had been adjustéd to 7.2-7.%, the
medium was sterilized-by millipore filtration through a pore
size of 0.22p. Before use, sterilized medium was supplemented
with 5% foetal calf serum, Penicillin (100 I.U./ml) and
Streptomycin (50 gm/ml).

In the preparation of L cell monolayers, the culture was
first diluted by approximately 25% by the addition of fresh
medium. Sixty mm Falcon petri dishes, which were used for
plaque assays, were seeded with 5 ml (approximately 2x106
cells) of the diluted culture, while 16 oz. Brockway bottles,
which were used in growing virﬁs preparations were seeded
with 25 ml (approximately'1x107 cells). The cells were in-

cubated twenty-four hours prior to use in a humidified 37°C

incubator with an atmosphere of 5% 002 and 95% air.
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Preparation of virus stocks

The Indiana serotype of VSV was obtained from Dr. A.
F. Howatson, of fhe Ontario Cancer Institute. An HR strain
of this VSV stock and ts mutants derived from this stock
were obtained from Dr. P. K. Y. Wong (Wong, 1969). The
permissive temperature used for the mutants is 30°C, while
the non-permissive temperature is 38°C. In order to disting-
uish ts mutants isolated in Winnipeg from those isolated
elsewhere, a "W" may be inserted after the‘gﬁ. If no symbol
appears after the ts, it may be assumed that the mutant re-
ferred to was a Winnipeg isolate. |

Virus preparations wefe grown and harvested as follows:
Monolayers of L cells in 16 oz. Brockway bottles were infected
with 1 ml of the appropriate dilution of a virus stock in
phosphate buffered salinev(PBS), pH 7, to achieve an input
multiplicity (i. m.) of 10 plaque-forming units (PFU) per cell.
After a 30 min absorption period, 25 ml of fresh medium
were added per bottle, and the bottles were incubated at 30°C
in a 5% CO2 incubator for 24 hours. The resulting lysate was
clarified by centrifugaﬁion for 10 min at 10,000 rpm in the
#870 head of an International centrifuge. The virus in the
clarified lysate was pelleted by centrifugation in the In-
ternational centrifuge for 60 min at 16,000 rpm, resuspended
in 0.5 ml of 0.1 M tris buffér, pH 7.9 (approximately an 80

fold concentration), and dispersed by'ultrasonicatioyn°

!
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Virus preparations of the same type were pooled and assayed
for PFU and in vitro polymerase activity. A suspension of
virus prepared in this way will be referred to as a standard
virus preparation. Standard virus preparations were used in
all experiments except where noted in the text. If the virus
preparation was not used immediately, it was stored at 4°C.
In most virus preparations, except those of complementation
group I, neither pélymerase activity nor the amount of in-
fectivity decreased significantly after two weeks of storage
at 4°C. However, both infectivity and polymerase activity
in the preparations of the group I mutants began to decrease
after 1 week of storage. In general, the experiments described
in this theéis were performed before any signigicant decrease
had oceurred in the infectivity and polymerase activity of
the preparations. Some preparations were further purified
by rate zonal centrifugation followed by isopycnic centri-
fugation. The details of these proé%ures are described in
the appendix.

The virus stocks were derived from isolated plaques and
were examined, after negative staining,kby electron microscopy

to ensure that the content of T particles was less than 5%.
Plaque assay

Thé virus preparations were assayed using a technique

similar to that of Dulbecco and Vogt (1954). A suitable
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dilution of the virus was made in PBS, pH 7, and O.l.ml of
6

the dilution was added to a monolayer of 2x10° L cells from
which the medium had been removed. After the virus was allowed
to absorb for 30 min at 38°C, an overlay of 3 ml of medium
containing Penicillin, Streptomycin, serum, and 1.1% agar
were added to the monolayer. It was then placed in a CO, in-
cubator for 20 hours at 38°C or for 44 hours at 30°C. To
enhance the'visibility of the plaques which had formed, 1 ml
of a 1:5,000 solution of neutral red in PBS buffer, pH 5,

was added and the monolayer was incubated for an additional

3 hours. The plaques whose size were now approximately 2mm
were then counted.

i

In vitro polymerase assay

The virion—aééociated RNA polymerase activity was assayed
essentially according to the method of Baltimore et al (1970).
To a series of test tﬁbes, 50/11 of a standard virus prepara-
tion were added and mixed with SOIJ1 of tris buffer (unless
otherwise stated)., After the tubes had been placed in an
ice béth, 200}11 of a stock reaction mixture were added so
that the final reaction.mixture in each tube consisted of,
in addition to virus, the following: 25)Jmoles tris-HC1l, pH
7:9; 1.6f4moles of MgCl,; 1f4mole [~ mercaptoethanol; 30}J
moles NaClj O°2P moles ATP, CTP, UTP; 0.02 H’moles of 3H;GTP
(containing 1 rACi);_and 0.25 mg Triton N-101l. All reaction
mixtures tested for polymerase activity had a final volume

of 300 ’Jl. Tubes were then removed from the ice bath, and
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placed in either a 30°%C or a 38°C water bath. At various
times, tubes were removed from the water baths, and the reac-
tion was terminated by rechilling the tubes in the ice bath,
adding 2 drops of yeast RNA (4 mg/ml) and 2.5 ml of cold 5%
trichloroacetic acid (TCA) in 0.02 M sodium pyrophosphate,
and mixing. 'After 10 min at hOC, the samples were filtered
through Whatman glass filters and washed in 30 ml of cold 5%
TCA. The filters were placed in glass scintillation vials,
dried, and 0.5 ml of a 1:3 mixture of NCS tissue solubilizer
and toluene were added to each vial. After 30 min at room
temperature, 7 ml of Liquiflour-toluene mixture containing 1%
glacial acetic acideere added.' The vials were then counted
in a liquid scintillation counter for 10 min or 2000 counts
(2 standard deviations) o B

The radioactivity due’ to non-specific background was
determined by measuring a sample which had not been incubated. ;
The average value of this background'calculatéd ffom 96 deter-:;
minations done dver 34 experiments was approximaﬁely 50 cpm
(standard deviation = 25 Cpm)/and this value was subtracted
from the experimental results to give a measurement in net

cpm.
Chemicals
3H-GTP was obtained from Schwartz Bioresearclh Inc.,

Orangeburg, N. Y.; ATP, GTP UTP, CTP from P. I“'Biochemicals,  

Milwaukee, Wisconsinj; NCS tissue solubilizer, and L amino
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acid-th mixture from Amersham / Searle, Arlington Heights,
I1linois; Liquiflour from New England Nuclear, Pilot Chemicals
Division, Boston, Massachusetts; Triton N-101 from Sigma

Chemical Co., St. Louils, Missouri.
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RESULTS

I Ability to Detect RNA-dependent RNA Polymerase Activity
by the Method of Baltimore et al (1970)

The experimental data shown in Table II demonstrate
that RNA-dependent RNA polymerase activity can be detected
in our VSV preparatibns by means of the incorporation of
3H;GTP'into an acid-insoluble product. The table shows that
this acid-insoluble product is RNA since it appears to be
sensitive to RNase. The product does not appear to be
produced by an enzyme like polynucleotide phosphorylase be-
cause incorporation cannot be demonstrated if UTP is omitted
from the reaction mixture. Bécause incorporation occurs in
the présence of Actinomycin D, the product is not due to the
presence of DNA-dependént RNA polymerase. Furthermore,
Table II shows that this RNA-dependent RNA polymerase activity

| occurs only when a prépération of VSV virions is added to B
the reaction mixture. The three types of experiments in
Table II have been repeated once.

in experiﬁent I of Table II it is seen that there was
slighty less incbrporation when Actinomycin D was in the reac-~
tion mixture. A éimilar small degree of inhibition in the
presence of Actinémycin D was observed in the same experiment
when the polymerase activity'of the virions of ts 16B were
tested, It could be‘interpreted that the small decrease in
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TABLE II

RNA-DEPENDENT RNA POLYMERASE ACTIVITY
IN PREPARATIONS OF HR VIRIOKS

NET CPM
AFTER 20
MIN AT 30°
EXP.. T :
complete reaction mix(a) 3330
complete plus 5 g of actinomyein D 2770
EXP.11 : | |
complete reaction mix(a) , Li45
complete plus 25 g RNase - . 25
complete minus virions 25
EXP. 111 :
complete reaction mix(@) 4830
complete minus UTP ‘ 35

(a) A complete reaction mix is essentially that described
by Baltimore et al (1970) and has been described in
materials and methods. The titres of the three HR
preparations used in these experiments are all 2x10
PFU/ml.

11
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incorporation in the presénce of Actinomycin D is due to the
inhibition of contaminating cellular DNA-dependent RNA poly-
merase. However, when the experiment was repeated with a
preparation of HR virions, there was essentially no difference
in the amount of incorporation in the presence and in the
absence of Actinomycin D. Furthermore, since all virion pre-
parations compared in an experiment are usually grown in cells
from the samé spinner éulture, and are harvested under the
same conditions, it is likely that all the preparations

would contain the same amount, if any, of cellular DNA-
dependent RNA polymerase.' Therefore, in comparisons of the
polymerase activities of mutant virions and their parent, HR,
any smali contribution to the total RNA polymerase aétivity
due to cellular polymerase would be the same in bbfh types

of virus preparations.
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II Temperature Dependence of the Virion-associated RNA
Polymerase Activities of HER and ts Mutants

The temperature dependence of the virion-associated
RNA polymerase activity of HR and of several of our ts
mutants was examined by comparing their ability to in-
corporate 3H-GTP into an acid-insoluble product at 38°C
and 30°C. Fig. 1-3 are three examples of experiments which
show the kinetics of incorporation at these two temperatures
for.HR and some ts mutanfs. In Fig. 1 and Fig. 2, in
order to facilitate the comparison of the ability of the
virus preparations to synthesize RNA at 38°C relative to
30°C, the curves were normalized at the'twenty min point
at 30°C. In Fig. 3, in order to demonstrate, in addition,
the low activity of thé polymerase of tsll compared to that
of HR, this normalization was not done. Instead, the
amount of incorporation of tsli and of HR were plotted on
different séales. “

In Fig. 1, it‘qah be seen that, relative to the incor-
poration at 30°C, the incorporation by the polymerase of
£s16B and of ts28 at 38°C is considerably less than HR, while

the temperature dependence of the polymerase activity of

ts29 appears similar to HR. In Fig. 2, the virion-associated

polymerase of tsléB (a different preparation than the one
used in Fig. 1) again appearsfto be more temperature-
sensitive than HR, while the temperature dependence of the
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Fig. 1 Kinetics of ihcorporation by the virion-
associated polymerases of HR, ts29, tsl16B,
and ts28. The net cpm of the four prepara-
tions have been normalized to the 26 min
point at 30°C. The PFU in each reaction
mixture were as follows: HR (1x107 PFU);
£529 (3x10° PFU); ts16B (3x107 PFU); ts28
(7x109 PFU). The cpm of each preparation
after 20 min of incubation before normalizj
ation were as follows: HR (770 cpm); ts29
(900 cpm); ts16B (1660 cpm); ts28 (780 cpm).
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Fig. 2 Kineties of incorporation by virion-
associated RNA polymerases of HR, tsléB,
and ts10 at 30° and 38°C. The experimental
data were treated as described in Fig. 1.
The PFU in each reaction mikture were as

10 pry); ts16B (1x107PFU);

follows: HR (1x10
£s10 (2x10° PFU). The net cpm after 20 min
incubation at 3090 before normélization were
as follows: HR (6,240 cpm); tsléB (1,870

cpm); tsl0 (1,930 cpm).
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Fig. 3 Kineties of inéerporation of virus-associated
RNA polymerase of HR and of tsll at 30°C
-and 38°c. |

O—0@, O>—O =R at 30°C and 38°C, res-

/

pectively;

B--3, A---A  tsll at 30°C, an_d 38%,

respectively.

The PFU in each reaction mixture were as

follows: HR (4x107 PFU); ts1l (9x10%° PFU).
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polymerase of tsl0 is intermediate between HR and tsléB.
Fig. 3 demonstrates thét}the polymeraée to tsll appears
more temperature-sensitive than HR.

In order to calculéte'an average value for the tem-
perature dependence of the'polymeraée activity of a mutant
tested in several different experiments, a temperature
dependence 1ndex (TDI) was calculated as follows:

net incorporation (epm) in 20 min at 38°C

TDI = s X 100%
net incorporation (cpm) in 20 min at 30°C

The index is based on a'20 min incubation since this is
the longest time at 38°C during which the polymerase ac-
tivity of HR always remained linear. Table III shows an
example of experimentél results for 30°C and 38°C incuba-
tions, and the TDI's which were calculated from these results.
Ihe data suggest that the virion-associated polymerase ac-
tivities of allbthe mutants in the table except ts29 arev
- more temperature-sensitive than HR.‘ The observation that
even HR shows a TDI of less than 100% is consistent with the
other observations of temperature dependence of the virion-
associated polymerase activity (Aaslestad et al, 19713 Huang
et al, 1971). Most of these mutants have been tested suffi-
ciently bften for meaningful statistical analyses, and the
average TDI of these viruses is shown in Table 1V. This
table demonstrates that the temperature-sensitivity of the
» polymerase activities of tsll, ts28, tslO, and tsléB, but not
ts29 is significantly greater than HR. .
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TABLE III

EXAMPLES OF EXPERIMENTAL RESULTS FOR
POLYMERASE ACTIVITIES OF HR AND ts MUTANTS
AFTER A 20 MINUTE INCUBATION

(b)

(e)

VIRUS  PFU/ PLAQUE NETP NETP 7pI1°
REACTION  RATIO®  CPM ~ CPM
MIX ' 30°% 38°¢
R © 2x107 1 2910 1790 61%
£s29 3x107 3x107 2200 1260 574
ts10° 2x1010  1x1072 2130 655 31%
ts16B 3x109 1x10-3 620 70 11%
gsh 5x10% 1x10™* 230 13 6%
511 1x1010 1x10"3 100 10 109
ts1l 4x10Y 1x10-3 - 360 40 11%
528 3%10% 3x10~% 600 o 7%
(a) The ratio of the number of plaques formed in 24 hours

at 38°C to that formed in 48 hours at 30°C.
Experimental results have been corrected for background
activity as described in materials and methods.
incorporation after 20' at 38°C
incorporation after 20' at 30°C

TDI =

x100% .



~ . TABLE IV

AVERAGE TDIZ? VALUES

MUTANT AVERAGE TDI 'NO. OF
, EXPERIMENTS
 mR 60T 6% 40
829 52£ 21% 6
£s10 34t 3% 8
ts16B 13t 2% 36
ts1l 8% 11% | 16
ts28 5% 2% | 8
(a) - "Incorporation in 20 min at 38°¢
TDI = x100%

Incorporation in 20 min at 30°C



- 45 -

The relative ability of the mutants to synthesize RNA
at 30°C was also studied. This was measured by using the
following ratio:

incorporation (epm) in 20 min at 30°%

A= . x 1010
PFU/ml at 30°C

This ratio was calculated for the mutants, and then
in order to compare them with the preparations of HR grown
in cells from the same Spihner and tested in the same ex-

periment, the ratio; A AHR was calculated. Data was

mutant®
used from experiments which had been performed within a
week after the virus was harvested. If the ability
(measured in.cpm/PFU) of a mutant to synthesize RNA at 30°%C
was similar to the ability of HR, then the ratio would
approximately equal unity, while the value would be less
than unity for those mutants which made relatively 1little
RNA at 30°C compared to HR.

Table V shbws the avefage ratio of the mutants shown
in Table III and, wherever possible, 95% confidence limits
were assigned. The data indicates that the polymerase ac-
tivities of tsk, tsll, tsl4, and ts28 have changed from HR
since these mutants synthesize relatively little RNA per
PFU even at 30°C. This change appears to be especially
severe in tsh, tsll, and tslH‘since incorporation smaller
than 150 cpm over background is typical for these mutants even

in preparations containing as'many as 1x1011 PFU/ml. When
the activity at 30°C is so low, small variations in the
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TABLE V

ABILITY OF MUTANTS TO SYNTHESIZE RNA

AT 30°%C
A(zaL) /
MUTANT/A.
“HR
MUTANT GEOMETRIC . 959
| MEAN CONFIDENCE
LIMITS
£529 0.86 0.31-2.8
ts10 "~ 1,50 0.99-2.2
ts16B 1.30 0.72-2.50
tsll 0.02 0.01-0.0k4
£s28 0.22 0.12-0.%3
t sl 0.19 b
ts1k 0.06 b
(@) , - INCORPORATION IN 20 MIN AT 30° T

PFU/ml AT 30°

(b) INSUFFICIENT DATA TO DETERMINE
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non-specific background havé'a strbng influence on the varia-
tion of the TDI. This is probably the reason why the range
of the 95% confidence limits of the TDI of tsll is rela-
tively large. A similan‘difficulty arises in assigning an
average TDI to tsk and tsllt, both of which have been tested
only in two experiments. ‘Perhaps in éuch cases, the ratio
which indicates the relative ability of a mutant to syn-
thesize RNA at 30°C is more meaningful to describe an altered
polymerase than the TDio | |

Table V indicates that even for those mutants which can
synthesize RNA at 30°C approximately'as well HR, there was
considerable variation in the;amount'of RNA synthesized per
PFU. However, in compiling the data for Table V, it was
noticed that there was little vériafion in the amoﬁnt of in-
corporation per ?FU, when the same préparation was tested
in different experiments. That is to say, the variation in
Table V appears mainly to be dué to differences in the pre-
parations. For example,‘the results used in Table V for ts
29 were from the 6 experiments referred to in Table 1v. In
one of these exﬁeriménts, tﬁe value of the ratio  describing
the ability of ts29 to synthesize RNA relative to HR was 2.7.
When the experiment was repeated on the following day, the
value was again 2.7. However, when a different set of HR
and ts29 preparations were tested in another experiment, the
value was 0.37. In another experiment with these preparations

the ratio was essentially the same (0.36).
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ITII Relationship between Virus Concentration and Polymerase
Activity |

Fig; 4 shows the polymerase activity at 30°C for various
concentrations of HR, tsl6B, and ts28 preparations. These
concentrations were obtained by édding to a series of test
tubes, various volumes of a standard virus preparation (see
Materials and Methods) and bringing the volumé up to 100 Pl
with 0.1M tris buffér. Two hundred./Al of a stock reaction
mixture (see Materials and Methods) were then added to each
tube. it will be noted that the polymerase activity increases
linearly with the amount of virus added, up to 50 /Jl per
300 f*l of reaction mixture. Seveh other standard virus pre-
parations have been studied at 30°C, and for all the prepara-
tions, the incorporation was proportional to the volume of
virus added up to 50 f&l. The volume of standard virus pre-
paration used in each complete 300 f41 reaction mixture was
normally 50 fAl, that is, in‘the linear region of the concen-
tration curve. However, as Fig. 4 illustrates, the polymerase
activities of tsléB and fs28 are more temperature sensitive |
than that of HR, even at coﬁcentrations beyond the linear

regionse.
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Fig. % Relationship between incorporation and the

volume of standard virus preparation used

in the polymerase assay. To 200ul of a
stock polymerase reaction mixture, 10, 25,
50, or lOO;Ll'of a standardvvirus prepara-

tion (see Materials and Methods) of either

HR (&), ts16B (B), or ts28 (C) were added,

and the final volume was brought to 300

Hl. The reaction mixtures containing virus

were then incubated for 20 min at 30°C
(O——=0) or at 38°C (O——0O). The
standard virus preparations contained the
following PFU/ ml; HR (7x10%0); ts28 (3x10

45168 (1x1019),

10);
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1V Temperature Shifts from 30°% to 38°%

Temperature shift-up eXperimentS were done in order to
investigate whether the temperature-sensitive polymerase ac-
tivity of some of our mutants might be due to a defect in a
different activity which must occur before the virion-
associated polymerase can function. For example, perhaps
the polymerase requires activation by the virion-associated
protein kinase (Strand and August, 1971). In these experi-
ments, virus preparations in poiymerase reaction mixtures
were shifted to 38°C after the virion-assoclated polymerase
had been allowed to function at 30°C for 10 min. If a'mutant's
only defect were in a function which must precede the polymer-
ase activity, the mutant's polymerasé should be able to func-
tion like HR after shift. Fig. S showé an éxample of an
experiment which indicates that the polymerase activities of
ts16B and ts28 but not HR cease shortly after shift. The
behaviour of HR and éf ts1l6B has been confirmed by four addi-
tional experiments, whilé’tsQB's behaviour has been confirmed
by 2 additional experiments.v Fig.6 shows that the virion-
associated polymerase activity of tsll also shuts off after
shift, while Fig. 7 shows an example of 2 experiments which
demonstrate that the behaviour of ts29 after shift is like
HR. Fig. 8 shows an example of 3 experiments which demonstrate
that ts1l0 synthesizes some RNA:after shift. However, since
the rate of tslO's polymerase activity drops after shift to
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that of the same preparation of tsl0 incubated continuously
at 38°C, it appears that a defective activity prior to poly-
merase'activity is not responsible for the increased tempera-
ture sensitivity of tsl0 shown in Fig. 2, Table III, and
Table 1V. |
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Fig.. 5 Comparison of the effect of a temperature

shift-up on the polymerase activities of
HR, tsl6B and of ts28. Reaction mixtures
containing»#irﬁs were incubated for 10 min
at 30°C and then shifted to a 38°C water
bath.. The PFU in each reaction'mixture
were as follows: HR (7x108

(1x10% PFU); ts28 (5x107 PFU).

PFU); ts16B
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Fig. 6 Effect of a temperature shift-up on the
polymerase activities of tsll and of HR.

O——— incorporation by tsll;

O———~0 incorporation by HR

The PFU in each reaction mixture were as

follows: tsll (9x107 PFU); HR (4x10° PFU).
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Fig. 7 Effect of a temperature shift-up on the
| polymerase activities of ts29 and of HR.

(O—— incorporation by ts29;

O——0@ incorporation by HR.

The PFU present in each reaction mixture
were as follows: ts29 (4x10° PFU);
IR (1x1010 pFU). |
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Fig. 8 Effect of a temperature shift-up on the poly-
merase activity of tsl0.

O—O, —{) incorporation by tsl0 incu-
bated continuously at 30°C

and at 38°C, respectively;

o—0 incorporation by tslO before

and after temperature shift-

up.

The PFU in each reaction mixture were 1.5x10°

PFU.
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\') Polymerase Activity in Mixtures of Mutant Virions and HR

A Virions

Experiments in which mutant ﬁreparations»were mixed
with HR preparetions were done to imvestigate the possibility
that the polymerase activity of the preparations of some
mutants appeared temperature sensitive because, unlike HR,
they contained cellular. RNase and/or proteases Which were
more active at 38°C than at 30 C. If a mutant preparation
agppeared to have a temperature-sensitive polymerase because
of such enzymes; then it would be expected that the amount

. of polymerase activity at 38°C in a mixture of HR)and
such a mutant, would be reduced, by these cellular enzymes,
to approach the activity seen for the mutant alone. Table
V1l (a), shows “the 1ncorporatlon after 20 min incubation at
38°C, when ZOO‘rxl'of a stock reaction mixture were added to
100 I 1 of the following types of mixtures: SO/ql of HR plus
50 p 1 of tris buffer; 50 M1 of a ts mutant plus 50, 1 of
tris buffer; 50 };1 of R plus 50 f’l of the ts mutant. This
table demonstrates that no reduction of the polymerase acti-
vity oecurs in mixtures of HR with ts28 or with tsll, while
there is a,slight reduction in the mixture of HB,with tsl6B.
-In order to facilitate the comparison of the results of
several experiments, an inhibition index (I.I.) was calculated

as follows:




(a)
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TABLE VI

POLYMERASE ACTIVITIES IN MIXTURES OF HR

MUTANT VIRIONS

VIRIONS WITH

COMPONENT #1 COMPONENT #2 MIXTURE
(#1+2)
NET NET | NET
ts no. CPM-38°C ts no. CPM-38%C CPM-38°¢
HR 1790 ts16B 230 1490
HR 1790 ts1l 20 1920
HR 1790 ts28 50 1870

The net acid-insoluble cpm given in the table were ob-
tained after the reaction mixtures had been incubated
for 20 min at 38°C. Component #1 or #2 consisted of 50
1 of a standard virus suspension pilus SOlefof tris
buffer, while the mixtures contained 50 /L1 of component
#1 plus 50 /L1 of component #2. The virus preparations
were assayed on L cell moﬁolayers at'30°C and gave the
following titres: HR (4x10%° PFU/ml); tsl6B (2x10%°
PFU/ml); tsll (6x10%0 PFU/m1); ts28 (2x101C pru/ml).

(b) I.I. VALUES

MIXTURE: HR+ts1l HR+ts28 HR+ts16B

EXP. 1 0.9 1.0 1.4
11 0.8 0.9 1.7
111 1.0 1.0 ———
v 0.9 —- 1.7

I.1. = (incorporation by HR alone)+(incorporation by mutant alone)

incorporation by mixture
The experimental data of experiment I have been shown in
part (a).
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(incorporatlon by HR alone) + (incorporation b
. ts mutant aloneg
I‘ [ ] =

incorporation by mixture .
Inhibition (that is; the reduction in incorporation
which occurs in'a’mixtﬁre)’is'coneidered to be absent if
the value of the I.I. is less than or equal to unity. Table
V1l (b) compares the results of 4 experiments. The experi;
.mental data ueed to derive the results of expe}iment I (Table
V1 (b) are those shown in Table Vi (a).. The results of Table
V1l (b) are consistent in showing that no inhibition occurs
in mixtures;of HR with ts28 or with ts1l, while there is
some inhibition in mixtures of R with ’tsl6B. This inhibi-
tion could be due to the presence, in the tsléB preparation,
of a cellular inhibitor.. This is unlikely for the follow1ng
reasons. First, since in these experiments, the HR prepara-
- tion and the,tSléB prepagation had been grown-‘at the .per-
.missive temperature in cells whichyhadt'been growh and har-
vested under the samechAditions it would be expected that
any cellular material present would be the same in both pre-
parations. Second, in Fig. 5, after the temperature shift-
up'thete is no apparent degradation of the RNA that has al-
ready been made at 30°C by tslé6B. Third, data to be pre-
sented in the next section show that, after an incubation at
38°C, a reaction mixture containing ts16B still has poly-
merase activity at 30 °c. 1If a: protease were causing tsléB's

polymerase to.appear"temperature sensitive,-such a recovery

would not occur, Finally, Table,VII shows that the TDI of HR st
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of tsléB is essentially unchanged by further purifiCat‘ion
by rate zonal and isopycnic centrifugation (details about
the purificatidn ai‘e described in the appendix). It appears
more likely that altered components of tsl6B interfere with
the polymerase activity of HR.
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V1l Some Characteristics of the Temperature-sensitive

Polymerase Activities Observed in Various Mutants

(A) Temperature shifts‘from 38°Cc to 30°C
Reversibility of the defective polymerase activity
observed in vitro at 38°C in tsl0, tsl16B, and ts28 has been

tested by incubating these mutants in polymerase reaction
mixtures for fivé minutes at 38°C; and shifting the virus- ...
containing reaction mixes to a 30°C water bath. Fig. 9
demonstrates that both HR and tslO recover after shift to

an activity similar to thevsample kept continuously at 30°C.

On the other hand, the polymerase activity of ts28 hardly

recovers after shift, while tsl6B recovers to a large extent.

(These results have been confirmed by repeating the experi—-

ment once for tsl0, ts28, and HR, and twice for £s16B.)

Hence, accérding to this criterion, ts28 differs~from ts16B

and tsl10.

(B) Polymerase activity in reaction mixtures containing

puromycin

Since the virion-associated polymerase was tested in
vivo in this laboratory by infecting actinomycin D-treated
cells in the presence of purbmycin, it was of interest to
investigate whether puromucin would have any effect on the

polymerase activity in vitro. Fig. 10 (a) demonstrates

that puromycin has little effect on the polymerase'activity
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Fig. 9 Effect of a temperature shift-down on the
polymerase activities of HR, tsl0, tsléB,
and ts28, Reaction mixtures containing virus
were incubated for 5 min at 38°C, and then

shifted to 30°C.

C)_;-(), 00—~ inéorporation when reaction

mixtures were incubated con-
tinuously at 30°C and at
38°Q) respectively.

o—0 incorporation before and
after the temperature shift-

‘d OWne

The PFU present in each reaction mixture were
as follows: HR (1x1010 PFU); ts10 (2x10° PFU);
ts16B (1x10° PFU); ts28 (5x10° PFU).
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Fig. 10 (A) The effect of various concéntrations

of puromycin on the‘kinetics of incor-
porétion by the polymerase of ts16B at
30°C and at 38°C. The incorporation at
30% is indicated by a solid line, while
the incorporation at 38°% is indicated by
 a dotted line. Incorporation was measured
in the presence of 0 ( @ ), 307( 0] 5,

60 ( @ ), and 120 ( A& )pg/ml of puro-
mycin. The number of PFU present in each

reaction mixture was 3x10° PFU.

(B) (C) Effect of puromycih (60 fLg/ml) on

the palymerasé activities of ts28 (B) and

tslé6B (C) after a temperature shift-up.

The reaction mixtures containing virus-were ine
cubated for 10'min at 30°C and then shifted

to a 38°C water bath. |

(®-——) incorporation with no puromycin

in the reaction mixture;

R

O—=0 incorporation with puromycin in

the reaction mixture.

The PFU present in each reaction mixture were
as follows : tsléB (5x10° PFU); £s28 (5x107
FFU). -
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of tsl6B (even at cdncentrations'of’l2olag/ml). To in-
vestigate if puromycin might have had an effect on a mutant's
polymerase at 38°C after its polymeraée had first been per-
mitted to function at 3C°C, a temperature shift-up experiment
as previously described was performed in the presence of puro-
mycin. Fig. 10 (b) and Fig. 10 (c¢) show the results for an
experiment which demonstrates that the polymerase of tsl6B

but not of ts28 appears to function after shift in the presence L

of puromycin (6O}Jg/m1), while ih the absence of puromycin,
both mutants cease to synthesize RNA approximately five
minutes after shift. This type of éxperiment has been re-~
peated two other times for tsléB and the results, summarized
in Table VIII, are consistent in showing increased RNA syn-
thesis aftef shift in the presence of puromycin. The
significance of thié effect of puromycin to the interpreta-
tion of the in vivo experiments is presented in the Discussion.
However, it is interesting to note that this is énbther cha-

" racteristic in which ts16B and ts28 differ.

(C) Complementation of in vitro RNA polymerase activities

in mixtures of‘mutants

The observation that some pairs of our mutants comple-
ment each other at ﬁhe hon-permissive temperature in L cells
to yield infectious progeny, érompted an investigation of
the ability of mutants to comﬁlement each other's in vitro

polymerase activity. Furthermore, there is evidence of
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TABLE VIII

TEMPERATURE SHIFT-UP EXPERIMENTS OF ts16B WITH
AND WITHOUT PUROMYCIN IN THE REACTION MIXTURE (1)

AVERAGE RATE OF INCORPORATION

(CPM/MIN)
yo poromrein 37 - 4 puromycrn )
EXP. 1(2) - 1.3 % 3.2 12,5 % 4,5
EXP. 11 1.7 + 3.4 7.9  + 6.1

(1) Reaction mixtures containing ts16B (with or without
puromycin) were shifted to 38°C after an incubation
of 10 min at 30°C. Five min were allowed for
thermal equilibrium to be achieved, and the average
rate of incorporation with 95% confidence levels
was calculated from the incorporation observed in
the following 25 min (Exp.l) or 15 min (Exp.l1l & 111).

(2) The kinetics of incorporation in this experiment
are shown in Fig.X(b).

(3) A typical complete reaction mixture was used in ob-
taining these results.

(4) A complete reaction mixture containing puromycin (60

[ g/1) was used in obtaining these results,
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in vitro complementafion in other enzyme systems (for
example, Schlesinger, 1964; Nealson et al, 1970; Case et al,
1971; Yeh & Tessman, 1972). In vitro complementation of
virion-associated RNA polymerase’activity was tested by
comparing the poiymerase activity of a mixture of a pair of
mutants with'the polymerase activity of each member of the
pair alone. Fig. 11, which shows the polymerase activity

at 38°C of mixtﬁres of tsl1l6B and tsll in various proportions,
demonstrates that the polymerase activity observed in the
mixtures is several times greater than the activity of observed
for either mutant alone. The polymerase activities of other
mixtures of.mutants are shown in Table IX. Complementation
is conside:ed to have-occured if the incorporation shown by
a mixture of a pair of mutants is greater than the sum of the
two mutants alone. Table IX shows that tsl6B complements

not only tsll, but also tsll and ts28, while tsll, ts1l,

and ts28 cénnot complement each other's polymerase activities.
The mutant tsl0 also éppears to ¢omplement the polymerase
activities of tsll and £s28, but the complementation is less
than the complementation whiéh occurs in the mixtures of
ts16B with ts28 and tsll. -This is not surprising since
tsl0's polymerase is not very temperature sensitive (It has
an average TDI of 3% %, as shown in Table IV.) 1In addition,
the polymerases of tslO and tsl6BAfail to complement each
other. Those mutants which complement each other to give

increased polymerase activity at 38OC also show increased
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Fig. 11 Polymerase activity in mixtures of tsll
with tsl6B. A constant volume (100 f11)
of a mixture of standard virus prepara-
tions was mixed with 200 il of a steck
reaction mixture and incubated at 38°%¢
‘for 20 min. The standard virus prepara-
tion of ts16B had 1x10%° PFU/ ml, while
ts1l preparation had 5x10°C PFU/ ml.
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polymerase activify at 3O°C. 'This suggests that in the
in vitro environment, some of the polymerase is defective
even at 30°C in some of these mutants.

In order to obtain a quantitative measure for comple-
mentation at 38°C, complementation levels of polymerase
activity (C.L.P.) were calculated as follows:

incorporation by mixtures of component #1 with #2

CobPe =incorporation by component #1 + incorporation

; by component #2
Table X shows the C.L.P. values for all the complementation
experiments which have been done except for the mixtures
not involving ts10 or tsl6B. When neither tslO nor ts16B
were present, the net incorporation at 38°C did not exceed
50 cpm. (Mixes of tsll with ts?B have beén tested in 4
experiments, while the mixtures:with.tslh (that is, tslk
with ts28 and tsll+ with tsll) have been tested only in the

experiment shown in Table IX.) The results in Table X

demonstrate that the complementation behaviour of the mutant:

shown in Table IX is consistent in all the experiments

performéd.
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Temperature Dependence of the Virion-associated

Polymerase in Ts+ revertants

If the temperature sensitivity of the virion-
associated polymerase of a mutant is related to its in-
ability to replicate at 38°C then,'the virion-associated
polymerase of a mutant which has regained its ability to
replicate at 38°% (ie., reverted to ts+ phenotype) would
be expected to be 1ess temperature sensitive., Tst+
revertants of two of our mutants, tsll and tsléB, were
isolated by picking HR-like plaques on L cell monolayers
at 38°C. The material isolated.from each plaque was re~
suspended in 2Aml of PﬁS This suspens1on was used to
infect cell monolayers in l6 oz. Brockway bottles at 30 C
(as described in Materials and Methods) in order to ob-

.tain stocks of these revertants. The polymerase actlvity

of one of these revertant stocks of tsll and of 18 dif-
ferent revertant stocks_of ts16B were tested in vitro for
polymerase activity at 36°CQ and at 38°C, and the TDI was
calculated for each of them.. A plaque assaj, as described
in Materials and Methods was done on the tsll revertant
and on the 4 revertants of ts16B which had the lowest
TDI's. The results demonstrated that these preparations
had equal numbers of plaques in the 30°C and 38°C assays.
Examples of some of the experimental data of the tsll

revertant, 11R1l, and a tsl16B revertant, 16R6, are shown
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in Table XI. A frequency distribution of the TDI's of
all the tsléB reveftants,is shown in Fig. 12. The TDI
of the tsll revertant is also indicated. The figure
shows, in addition, the 95% confidence limits of the
average TDI's of HR and some of the mutants with tem-
perature-sensitive polymerases. The TDI's of all the
revertants are greater than those Qf the mutants, and
this indicates that the reason why tsll and tsléB fail
to reélicate at the nonpermissive temperature is'asso-
ciated with their temperature-sensitive behaviour in the

in vitro polymerase assay.
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' TABLE XI

TEMPERATURE DEPENDENCE OF REVERTANTS OF
ts11 AND OF ts16B

PFU/REACTION | PLAQUE yer  cpu(®)
mrx  |rarzo(P)
VIRUS » 30% | 38°% T.D.I.
tsll 1x107 1x10-3 . | 125 | 13 10%
11R1 2x107 | 1 || 1420 [1020 | 724
ts16B 4x109 5x10~ 620 | 70 114
16R6 8x10° 1 | 1590 | u80 30%

(a) After 20 min incubation.

(b) Ratio of the number of plaques formed in 2% hours
at 38°C to that formed in 48 hours at 30°%c.
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| Fig. 12 Frequency distribution of TDI values of
revertants of tsléB., The position in
the distribution of the TDI of the re-
vertant of tsll is shown in the cross
hatched area. The arrows at the top of
the graph show the range of the average
values of the TDIis of HR and of some of

the ts mutants.
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DISCUSSION

The data shown in Fig. 1-3 and Tables III and IV

indicate that all of the mutants except ts29 have a virion- -

associated polymerase activity which is more temperature-
sensitive in vitro than their parent, HR. The tempera-
ture shift-up experiments indicate that this increased
température sensitivity is in the pblymerase itself
.rather than in some preceding function.

Furthermore, the in vitro complementation of the
virion;associated RNA polymerase activity in mixtures of
certain pairs of mutants (Table IX) suggests that, in
VSV,vthe virion—associated polymerase system consists of
at least two components and that there can be an exchange
of componehts amongst detergent-treated virions. Accord;
ing to this model, when two mutants which have defects
in different components of the pblymerase system are
mixed together, increased incorporation océﬁrs. However,
when two mutants have a defect in the same component, no
complementation of polymerase occurs. Hence, if this
model is correct, tsll, tsld, and ts28 have a defect in
a different component of the transcriptase system than
do tsl0 and tsléB. Perhaps the two components involved
in this complementation are the NS and the N proteins
(see Literature Review, p. 8).

It may be possible that complementation of polymerase
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activities also occurs in vivo by a similar mechanism.
Although in vivo compiementation of RNA polymerase acti-
vities per se has not béen studied by our laboratory, the
mutants have been tested for their ability to complement
each other in mixed infections of L cells to produce in-
fectious progeny at‘the non-permissive temperature (see
Literature Review, Table Ia). By comparing Table IX and
Table ia, it can be seen that those pairs of mutants which
complemenf each other in the in vitro polymerase test al-
so complement each other in vivo to produce infectious
virus at the non-permissive temperature, while those pairs
of mutants which fail to complement each other's polymeraéq
activity in vitro, also fail to complement each other in
vivo.

This cdrreSpondence of the in vitro complementation
of virion-associated polymerase activities and the in vivo

complementation'of infectivity suggests that the tempera-

ture-sensitive polymerase activity of these mutants observed [

in vitro is associated with their inability to replicate
in L cells at the non-permissive temperature. The ob-
servation that the polymerase activity of all the rever-
tants of tsléB and tsll have a decreased temperature
sensitivity also supports this idea.

Aifhough neither revertant nor complementation studies
have'thus far been done for tsk, one would predicf on the

basis of its complementation behaviour in vivo (Table XII),
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TABLE X11

l:!'!'C--CELI_.ULAR CONTAMINANTS OBSERVED AT VARIOUS

STAGES OF PURIFICATTON(®)

SOURCE OF 25 VOLUME OF NET(b) CPM CPM EXPECTED IF
(L1 SAMPLE - SOURCE (ML) IN 2511 SOURCE HAD BEEN CON-
o ' . smqpfg; TAINED IN 1.0 ML
(1) PELLET OF 1.0 2610 2610
CELLS+VIRUS
(2) PELLET OF 1.0 2460 2460
CELLS ONLY: ] : |
(3) PELLET OF 1.0 250 250
VIRUS ONLY
(%) BAND FROM 2.5 5 12
RATE ZONAL
CENTRIFUGATION
(5) PELLETED 0.55 1 0.5
VIRUS FROM
~ GRADIENT BAND )
(6) TOP BAND 0.5 1 1
FROM ISOPYC~
NIC GRADIENT )
(7) BOTTOM BAND 0.5 1 1

FROM ISOPYC-
NIC GRADIENT

() The stages at which the samples were removed are indicated

in FIG 23.

(b) The experimental results weré corrected for background
activity by subtracting 25 ecpm (the cpm seen for a vial con-

taining cocktail D only).
an average of duplicate samples.

The data shown in the table are
Duplicates were £10% of

the average or *5cpm whichever is the greater. The net cpm
seen in 2541 of supernatant at stage #1 (pellet of cells +
virus) was 260 cpm.
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that it has similar properties to tsll, tsll, and ts28.
Hence, the indications are that in tsk, tsll, tsll, ts28,
ts10, and tslé6B, but not in ts29, there is a defect in the
virion-associated polymerase system which prevents the re-
plication of these mutants in L cells at the non-permissive
temperature. In order to confirm these indications, studies
are in progress on the nature of the RNA made by the mutants
in infected L celle at the permissive and non-permissive
temperatures,

The above interpretation is, in general, subported by
in vivo studies ﬁerformed in this laboratory (Wong et al,
1972). For example, the temperaﬁure dependence of the
virion-associated polymerase activity of ts29 (of comple-
mentation group III-see Literature Reviéw5 appears similar
to HR not only in vitro (Table IV, Fig. 1) but also in vivo.

_Three other observations agree with the idea that
ts29 does not have a defect in its virion-associated trans-
- eriptase activity. First, as indicated‘by temperatufe
shift-up experiments, tsé9 appears to have a defect in a
late function. Second, heat inactivation experiments give
no evidence that ts29 has a defect in a structural component
eritical to virion infectivity. Third, in mixedly infec-
ted cells at 38°C ts29 can complement the six mutants yhieh -
appear to have a temperature sensitive transcriptase in

the in vitro study.
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Moreover, the temperature dependence of the virion-
associated polymerase activity of the mutants of comple-
mentation group I (tsk, tsll, tsll, ts28) in vivo is simi-
lar to the in vitro behaviour in that the virion-associated
transcriptases of these mutants appear to have an increased
temperature sensitivity relative to HR. In addition, in
vivo studies such as temperature shift-up'experiments,
which sﬁggest that the défect in these muténts is an early
function, and the heat inactivation experiments, which
show an increased heat lability of these mutants relative
to HR,are cbnsistent with the idéé that these mutants have
a virion-associated tranécriptase which is teﬁperature-
sensitive.'

There are also many similarities in the in vitro and
in vivo studies with ts10 and tsl6B (complementation group
1V). As discussed previously, there is a parallel in the
complementation behaviour. The observation that these
‘mutants do not synthesize RNA at 38°C in the presence of
actinomyecin D with low i;m.‘s (10-50 PFU/ cell) indicates
that there is a temperature;sensitive defect associated
with the RNA synthesis of these mutants. In addition, the
temperature shift experiments which indicate that the
defect is in an early funct;on, support the idea that these
mutants have a defect in RNA synthesis. The in vitro

polymerase studies similarly indicate a defect in the RNA
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polymerase activities of these mutants (Fig. 2,‘Tab1e III
and Table 1V).

Another similarity is seen in the heat inactivation
studies.. The in vivo studies indicate that tslO and tsl16B
have heat inactivation rates similar to HR, while Fig. 9
demonstrates that the degree to which the ;g'zlggg poly-
merase activities of tsl0 and tslé6B recover from an incu-
bation at‘38°C is more like HR than ts28 (which is a mem-
ber of the complementation group whose mutants are more
heat labile than HR).

However, when cells are infected in the presence of
| puromycin with high i.m.'s (approximately 1000 PFU/ cell);
the temperature dependence of the virion-associated poly-
merase activity of tsléB a?d ts10 appeafs similar to HR,
while, as it was mentioned above, this polymerase activity
" in vitro appears more. temperature sensitive than HR. It

is interesting to note, that the presence of puromycin

. appears to enhance the RNA synthesis of tslO and tsléB in
vivo. An enhancing effect of puromycin in vitro hes been
shown‘for tsléB in Fig. 10, (b). This enhancing effect

of puromycin does not explain entirely the difference be-
tween the in vivo and in vitro observation because both
ts10 and tsl6B have some virion-associated RNA polymerase
activity at 38°% in vivo, even in the absence of puromycin.
This &iscrepancy is especially surprising in tslé6B, since,

as it was discussed previously, the in vitro studies of
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the revertahts sﬁggestﬁthat'the temperature-sensitive be—
haviour of tsléB's in 21339 polymerase is-related to the
mutant's inability to replicate at 38°C. Fhrthermore, the
in vitro complementation studies suggest that tslO has a
similar defect to that of ts16B.

Perhaps,.there is a eritical temperature-sensitive de-
fect in the virion-assoc1ated polymerases of ts16B and tsl0,
but this defect 1is expressed differently in vivo than in z;t;g.‘
For example, perhaps both in z;zg and in vitro, at the
nonpermissive temperature, the transcriptase dissociates
from the\template before.synthesizing a cohplete messenger
4RNA molecule, and returns to an’ihitiation site on the tem- A
plate to synthesize more RNA. Hehce, the RNA produced would
4 be non—functlonal. However, perhaps at 38°C the transcrip-
tase dissoclates sooner or more often from the template in
vitro. Moreover,‘the efficiency of re-initiation of transcrip-t
tion may be less in vitro than in vivo. This model could :
“explain why the virion-associated transcriptase of a mutant
like ts16B appears temperature_sehsitive”;g vitro but not in
vivo but yet this temperature sensitivity of the virion-
associated transcriptase of the mutant decreases when rever-
sion to a ts+ phenotype occurs.

The analyses of the RNA made in yvivo at the permissive
and non-permissive temperatures in the presence and absence
of purogycin by tslO and ts16B, which are currently being
performed, may indicate whether or not the above model is
correct. On the basis of this model, one would predict that;:

at the non-permissive temperature, the Species of messenger

RNA of ts16B or tslO would be smaller than that of HR.
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APPENDIX

A flow diagram of the basic procedure used in purifying
VsSv preparétions is shown in Fig. 20. The percent recoveries
indicated in the parentheseé represent the recovery of PFU
from one step to another. The details of the procedure are
as follows: The virus in approximately 500-1000 ml of clarified
lysate of HR or ts 16B, obtained as described in Materials and
Methods, was pelleted by centrifugation in an International
centrifﬁge for 1 hour at 16,000 rpm and then resuspended in
approximately 40 ml of tris buffer. The virus was pelleted
again and resuspended in 1 ml of tris buffer. The concentra-
ted virus was then purified further by rate zonal and isopycnic
centrifugation. Ali gradients contained F;;mercaptoethanol at a
concentration of 3mM. Also, all gradients were made in a two
eylinder gradient maker which mixed the gradient solutions by
means of a small magnetic stirring bar. Isopycnic centrifuga-
tion followed the rate zonal centrifugation since the isopycnic
centrifugation also concentrated the virus to the extent
necessary for the polymerase test.

 Several conditions were tesfed for the rate zonal centri-
fugation But, except where indicated, the centrifugations were
doné in an SW27 rotor with 39 ml gradients.

One condition that was used was a 9 to 33% (solute weight%
of solution weight) linear sucrose gradient. Centrifugation
was done at 23,000 rpm for sixty ﬁin. After centrifugation,
only one band was consistently seen in the gradient. This

band appeared to contain most of the virus since, when a gradient
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Fige 13 Outline of procedures used for purification of
VSV preparations. Details are given in text.
Recoveries observed from step to step are

given in parentheses.
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vhich was run under essentially the same conditions (An{sw25.3
rotor was used instead of an SW27 rotor) was fractionated,

the region which contained the visible band also contained no
less than 70% of the PFU., An example of a gradient profile
obtained under these conditions is shown in Fig. 21.

If the virus was centrifuged for 60 min at 23,000 rpm in a
gradient of 9-29% (solute weight % of solution weight) potassium
tartrate (KT), two bands appeared c¢nsistently. The uppermost
band was more dense and contained at least 80% of the total
PFU seen in the two bands. Only the dense band was further
purified.

Floating below the virus bands in either the KT or sucrose
gradients were clumps of material, presumably cellular fragments,
since they were not infectiéus. Furthermore, these fragments
were of varying size because they did not form discrete bands.

Exceptvih the cases where a gradient fractionation was
performed, the virus bands were isolated by using the P—L
method (in piercing needle, out drain tﬁbe) of a Beckmann frac-
tion recovery system. The band was contained in 3-5 ml. The
isolated virus band was then diluted approximately ten fold in
tris buffer and the virus was pelleted in the Internationsl
centrifuge for 1 hour at 16,000 rpm (In one case, the virus was
collected by polyethylene glycol (PEG) precipitation by mixing
into the diluted virus suSpension,SS gm of PEG and 1 gm of NaCl
and allowing the mixture to stand for 1 hoﬁr at 4°c prior to

pelleting). This procedure, however, seemed_to make no apparent
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Fig. 1% Distribution of infectivity (PFU/ ml) after
rate zonal centrifugation. Centrifugation
was.done with a 50 ml gradient of 9-33%
(solute weight % of solution weight) suerose
in an SW 25.3 rotor for 60 min at 23,000
rpm. After centrifugation, the tube was
punctured at the bottom andVS ml fractions

were coliected and assayed at 30°C for PFU.
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differenoe‘inythe recovery;x The'pellet was resuspended in
0.5 ml of tris buffer and the'resuspended virus was layered
‘ona 5ml linear sucrose gradient (16.5-62.5% (solute

weight % of solution weight)) and centrifuged to equilibrium
for twenty hours at 50,000 rpm in an SW65 rotor. CsCl was
not chosen for a gradient material for isopycnic centrifu-
gation because, on the one attempt of using CsCl, the total
recovery of the infectious input was only 0.01%. Recoveries
of infectious virus using KT or sucrose were similar to
eachother. However, if KT gradients were used, it was obli-
.gatory to dialyze out the gradient material since the con-
centration of KT in_the virus band would‘probably inhibit
the VSV associated polymerase;~while.polymerase activityican
be demonstratedvin VSV virions isoiatedpimmediately from a
sucrose gradient (Baltimore et al (1970)). Hence, sucrose

| offered the most flexible system: If the virus bands ob-
served after centrifugation appeared relatively faint, only
a small amount of virus was probably present. When this

_ occurred, the virus bands were isolated and immediately test-’
ed for polymerase actiyity without prior dialysis. In such

a case, dialysis is undesirable, since the resulting dilu-

tion of the virus would probably be sufficient to dilute the pst

polymerase activity of the preparation to an undetectable
1euel. However if all of the virus was not going to be used
immediately, and there appeared to be a relatively large

amount of‘virus, dialysis was performed to reduce possible
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dieruption of the virus by sucrose (McCombe et al (1966).
Dialysis was done overﬁight against 1 litre cf 0.1M tris-
HCl,va 7.9, which contained 3mM of f&-mercaptoethanol.

In the absence of ﬂS-mercaptoethanol, a loss of up to 99 99
of the PFU’occured, while recovery was virtually 100% in
the presence of f3-nercaptoethanol.

Whether the isopycnic centrifugation followed rate
2ona1‘centrifugation in KT gradients or in sucrose gradients,
_ two bands appeared after centrifugation; Bofh bands con-
tained PFU and polymerase activity (see Results, Table VII).
If any of the material from the bands remained after the
assays, the material was examined on the electron microscope.
An electron micrograph of the bottom band, shown in Fig. 15,
appears\to be a relatively homogeneous preparation of B
particles. The nature of the topvband is unknown. Two pos-—
~ sible explanations for the appearance of two bands are that
the top band'consists of T particles contaminated with B
particles (51nce PFU were present) or that the top band con-
sists of B’particles altered by the effect of the gradient
material (McCombs et al (1966). If the top band did consist
of T particles, it must mean that there was an inadequate
'separation of T and B particles in the rate zonal centri-
fugation step. Rate zonal centrifugation with a less dense
sucrose gradient (9-29%) was investigated in attempt to
improve.such a separation. The virus suspension was cen-
trifuged through the gradient for 75 min at 20,000 rpm in
the SW27 rotor (These conditions are essehtielly those of

McSharry & Wagner (1971)). Only a single visible band was
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Fig; 15 Electron micrograthOf VsV viriohs iso~
'lated from the bottom band of a sucrose
fiSOpycnic gradient. The virions were
negatively stained with 1% PTA, pH 7. 2,
and the magnification is 48,300 X._
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present and the cellular debris,‘instead of being suspended

"below the‘virus band, had been pelleted to the bottom of

the tube. When the’Virus was isolated from this band and
centrifuged to equilibrium in a sucrose gradientAas de-

scribed previously, two bands which had PFU and polymerase

activity were present again.

An investigation of the nature of the difference of the

virus in the two bands was not continued. The appearance

of two bands was probably not significant to our studies be-

'~ cause this phenomenon oocurred for both HR and tsiéB prepa-

ratlons and the temperature dependence of the polymerase of

the virus from the top band was essentially the same as the

-

- bottom band.

HoWever; it appeared imoortant‘tovdetermine if the
additional purification:procedures removedtoellular.material
from the peIleted virus oreparations thatvwere usually used ";
in the polymerase test. ) o | A | k-

McSharry & Wagner (1971) have shown that the degree of
purity of VSV preparatlons can be measured either by an in-
crease in specific infectivity (PFU//;g protein) or by the _
¢ g labelled cellular proteins. The latter a
method was chosen since it was found that the former re- |
quired relatively large volumes of lysate to obtain a suf-
ficient amount of viral protein necessary to measure the

specific infectivity easily.f Morever, the results of the

former method were obscured by any loss of 1nfectivity of

the virions during purification. ThlS ‘loss has been reported
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to be high (at least 90%) in all the investigations in
which the recovery of input infectivity has been indicated
(Huang et al, McSharry & Wagner, 1971; Bishop, 1971).
Although McSharry & Wagner (1971) used the radiocac-=
tively labelled debris from cells disrupted by sonicetion,
it might be poséible that this debrié is not representative
of the kihd of cellular contaminants that are present in
the lysate of a VSV infection. To eircumvent this possiQ
bility, a method was used which was based on the observation
of Kangf& Prevec (1969) that progeny'VSV from cells which

qu amino aéids had no detectable

had been prelabelled with
amount of label incorporated into them. Hence, the lysate
of prelabelled cells should offer a source of labelled conl
taminants with no appreciable amount of label in the virus.
The experiment was carried out as follows:

Two 16 oz. Brockway bottles were each seeded with 12.5
ml of an L cell spinner culture containing 3.8xloscells/ﬁl.
After the cells had attached to the glass of the bottles,

0,5 ml of 14

C-labelled amino acids (approximately 3HC1)

were added to each bottle. The cells were incubated for

24 hours at 37°C in a CO, incubator. Since 24 hours is lon-
ger than the doubling time for L cells in log bhase (18
hours), the monolayer had now become thicker and the proteins
of the newly formed cells ought to be radiocactively labelléd.
The medium was then removed and the monolayer was washed

three times with 25ml of PBS,pH7.0. After the wash, 25 ml
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of non-radioactive ﬁedium were added to each bottle and the
bottles were incubated for an additional 4 hours at 37°C.
After this incubation, each monolayer was infected with
7x109 PFU of HR as described in Materials and Methods. After
this incubation, each monolayer was infected with 7xlO9 PFU _
of HR as described in Materials and Methods. After 24 hours
at 30°C in a 002 incubator, the monolayers had been completely
lysed and the bottles were vigorously shaken to suspend the
cellulsr debris. The lysate of the two bottles was pooled,
‘divided into two halves designated A and B and run through
the purification procedure as.shbwn in.Fig. 23. Before cen-
trifﬁgation approximately 5x109 PFU were added to part A in
order to serve as a marker in case the amount of original
virus present was insufficient to make the virus band visi-
ble. As indicated in Fig. 23, 25 M 1 samples were taken with
a capillary pipette at various stages in order to monitor
the disappearénce of 1abelled cellular protein. |

Table X1V demonstrates that after pelleting the virus,
approximately 10% of the label is still present, while after
the rate zonal and isopycnic centrifugation, there was no
detectable radioactivity in the sampies.' Hence, this pro-
cedure appears to remove cellular proteins from the viral

preparations.,
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Flow diagram of the experiment used to

determine if cellular protein was being

removed from the virus preparations

during the purification procedure. Sam--
ples were removed at various stages (#1-7).
The cpm measured in these samples are

shown in Table XIV.
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