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THE REPLICATION OF TOBACCO NECROSIS VIRUS IN COWPEA
LEAF PROTOPLASTS

Abstract Tobacco necrosis virus (TNV) is an icosahedral plant virus
with a single stranded RNA genome; it has been extensively studied both
in whole plants and iﬁ_ééﬁéé investigations of RNA transcription and tran-
slation, TNV is of considerable interest because some strains serve as

"helpers" for a very small, serologically unrelated virus, satellite toba-
cco necrosis virus (STNV). For the successful production of STNV partic-
les TNV must be present in the infected cells, A protoplast system has
been developed with a view to investigating this particular relatiomship
and its potential application to elucidating the control processes of
viral ENA replication.

dowpea primary leaf protoplasts have been selected because they can
be isolated rapidly, and reproducibly utilised in controlled experiments.
Short plant growth periods allow for rigorous physiological contrel of
culture procedures. The single-step protoplast isolation, with a direct
virus infection, osmotic "step-up", and temperature reduction is opitimal
for TNV infection, This rapid procedure, and the degree of control aff-~
orded ét each stage, is essential in producing material for. biochemical

analysis.

The course of virus replication in protoplasts has been investigated
by infectivity assay of nucleoprotein and viral RNA; UV absorption by
- protoplast extracts on sucrose gradients; and virus specified proteins
i_.\ incorporating radiochemicals, aswdetected by polyacrylamide gel electro-
\QZE phoresis and flucrograrhy. The rate of virus synthesis has been demon-
strated by these criteria to peak at 18 hours post-inoculation. At this
> stage, RNA dependent RNA polymerase activity has been extracted from the
protoplasts and assayed iﬁ §i£¥6; the activity extracted from infected
protoplasts is clearly increased over that extracted from "mock-infected"
or healthy protoplasts.

Fluorography revealed three protein species stimlated by TNV infec~
tion. One protein of 30,000 M corresponds to the capsid protein, while
iwo other proteins also stlmulated correspond to 23,000 M and 100,000 M .
The protelns Were not characterlsed further.

The advantages of the protoplast system, and the possibilities of
extending the system to analyse the "satellite/helper“relationship are

considered.,
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1 INTRODUCTION

Studies of plant virus multiplication have lagged far behind gip-
ilar studies with bacteriophage and animal viruses, partly because for
many years a synchronous infection system for isolated cells has not
been available. Consequently we know relatively little of the methods
by which RNA plant viruses redirect host cells to synthesize virus spec-
ific products. Nevertheless, in common with animal virus and bacterio-
phage systems it is clear that the molecular processes of virus prolif-
eration: +translation, nucleic acid synthesis and virus assembly are

precisely related to the viral genome structure.

Accordingly, much work has gone into examining primary RNA seguences
that are able to serve as messengers, and more recently into considering
ﬂow their secondary structures participate in the replication events
(Kaesberg et al., 1981). Fundamentally the plant virus genome must be
conpatible in primary and secondary structure with the synthetic machin-
ery of the eukaryotic host iﬁ which it replicates. In general this means
that plant viral RNAs will conform to the restrictions usually shown by
eukaryotic ribosomes in only translating 5'-cistrons directly and noi in-
itiating protein synthesis at internal sites (Kozac, 1978). L o

With respect to RNA replication, viral RNAs and their protein prod-
ucts must be compatible with (and more or less dependent upon) host-coded
RNA~dependent RNA polymerases (Fraerkel-Conrat,1979) to account for <the
rapid and specific synthesis of viral RNA following the infection of a
host cell with a plus-strand RNA virus.. Viral-coded proieins (Paterson
& Knight, 1975; Sakai et al., 1977) have been postulated to confer trans-
criﬁtional control on a host replicase core (Romaine & Zaitlin, 1978),
possibly in conjunction with membrane binding (Stussi-Garaud et al., 1977)
but demonstrations of this mechanism are still lacking for plant viruses.

Trenslational Strategy There are three basic methods by which

plant viral BNAs overcome the restrictiohs of eukaryotic Tibosomes end

code for viral proteins in the host cell. 1) The viral genome ma2y be
divided into subgenomic RNAs at some or all stages of the replication
cycle, Subgenomic RNAs hay then be translated from a previously closed
initistion site at the 5! end. 2) The viral RNA may allow read-through
of one or more stop codons to give more than one protein from a single

region of RNA. 3) The whole of the viral RNA may be @raﬁslated as a



monocistronic messenger into a single polyprotein. Functional viral

proteins are then obtained by proteolysis of the polyprotein.

Plant virus translation strategies usually involve a combination
of the above mechanisms and the programming of protein synthesis in
iiiéé using plant viral RNAs has revealed the extent of translational
strategic diversity (Davies, 1979). Turnip yellow mosaic virus (TYMV)
employs all three mechanisms (Morch & Benicourt, 1980) for example,
whereas brome mosaic virus (BMV) and cowpea mosaic virus (CPMV) each em-
ploy a single mechanism; subgenomic RNAs (Shlh & Kaesberg, 1973) and
proteolysis of a polyprotein (Davies et al., 1977) respectively, Most
other viruses appear io adopt similar or intermediate strategiesy however
two possible exceptions have been reported to the usual restrictions on
interpal initiation.

The iﬁ.ﬁiﬁéﬁ translation of internal cistrons has been reported for
both carnation mottle virus (CarMV) (Salomon et al., 1978) and tobacco
necrosis virus (TNV) (Salvato & Fraenkel-Conrat, 1977) each in a wheat-
germ cell-free system. Both viruses have been subject to tests for sub-
genomic RNAs,-and their messenger function is associated only with the

respective genomic RNAs, Translation products include the respectlve L

coat proteln for CaxMV and: two .proteins 'not yet ' detected in infected tls

sues, TNV specifies a range of protein products including the capsid
protein and these will be considered in detail later.

~ Viral RNAs have been used as models to probe mechanisms of plant

. gene expression and the regulation of plant messenger translation (Hall,

1979). The 80 S eytoplasmic ribosomes 'of wheat germ extracts can trans-
late polycistronic messénger RNAIfrom bacteriophage Qp (Davies & Kaes-
berg, 1973) and some plant messenger RNAs may be polycistronic. Although
the divergence of‘virus strategies, and the multipartite character of
some viruses (Jaspars, 1974), has been related to the problems of plant
cells in handling large polycistronic messengers (Reijnders, 1978), some
viruses may have evolved or retained a polycistronic genome. Such a
strategy would have implications in any hypothesis concerning virus
evolution, and the analysis of virus products in vivo may clarify the

nature of the proteins produced by in vitro translation (Davies, 1979).

RNA—Dependent RNA Polymeraseé The rapid Synthesis of viral RNA
following infection of a host cell By a plus-strand RNA virus requires

the presence of an active RNA—deEéndent RNArpolymerase. For many years

—
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it was generally assumed that, since no role was postulated for an RNA

replicase in healthy cells, RNA viruses must contain the genetic infor-

"mation necessary for RNA replication. However, since the demonsitration

of RNA replicase activity in healthy Chinese cabbage (Astier-Manfacier &
Cornuet) in 1971, similar activity has been extracted from all normally
metabolising plant tissues tested (Astier-Manfacier & Cornuet, 1981).
Studies of poliovirus (Flanegan & Baltimore, 1979) and the bacteriophage
Q B (Kamen, 1975) have shown that host proteins may be involved in RNA
replication in conjunction with virus products. The involvement of a
hybrid enzyme complex in virus replication is consistent with the small

LY

size and limited coding capacity of many plant viruses.

The enzymes stimulated in plant cells as a result of virus infection
do not apparéntly replicate cellular RNAs and must be able to select RNA
templates. A'distinetion might thus be expected between healthy and -
virus-stimulated replicase activities based on their specificity for tem-
plate RNAs of viral origin. Viral proteins stimulated maximally in the
‘early stages of infection (Hariharasubramanian et al., 1973; Paterson &
Knight, 1975; Sakai et al., 1977) have been postulated to play a role in
determining femplate specificity by modifying the host replicase core
(Romaine & Zaitlin, 1978). However, the only virus-coded protein so far
detected in association with a replicase complex is the capsid protein
on alfalfa mosaic virus (AMV) (Clerx & Bol, 19?8). In the case of CPMV,
replicase function has been associated with a single RNA species and by
analogy with poliovirus (Etchison & Ehrenfeld, 1980), may turn out to be’
a membrane-bound (Mr= 58,000) polypeptide. Generally there is no clear
distinction between RNA polymerase preparations from healthy and infected
tissues (Ikegami & Fraenkel-Conrat, 1978a,b; Ikegami & Fraenkel-Conrat,

1979; Duda, 1979).

Viral replicase activity is usually associated with membranes and
possesses an.endogenaus viral template (Fraenkel-Conrat, 1976; Weening &
Bol, 1975; Zaitlin et al., 1973; Van Vloten-Doting & Jaspars, 1977; White
& Dawson, 1978); fqr:TNVy,membrané binding has been shown to have no -
effect on RNA elongation (StussihGaraud et al., 1977) but is probably
crucial for specific initiation. Most replicase preparations show little
template specificity and low specific activity (about 1 % of that des-
cribed for‘Q;B) which probably reflects the loss of celluiar localisation

and membrane binding during the purification procedure.

In contrast an enzyme has beén_described (Hardy et al., 1979) which

. -
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displays a high level of activity and template specificity when extracted
using mild isolation techniques from infected tissue. This enzyme was
prepared from barley leaves infected with BMV, and showed more than fifty
times the activity detected in corresponding extracts from healthy tissue.
A similar procedure was used to investigate replicase activity in BMV-in-
fected and uninfected protoplasts (Okuno & Furusawa,,1979). Four prote-
ins were shown to be specific to BMV infection in various protoplast sys-
tems, three of which were located in the membrane-bound polymerase frac-
tion. The protoplast system appears to overcome many of the problems en-
countered in studying early events in virus replication (Takebe, 1975),

=

including RNA polymerase activity.

Tobacco Necrosis Virus (TNV) TNV is the type member of the loosely
related Tobanecro virus group. Many members of the group have little or

-

no serological relationship, and some TNV isolates have such widely diff-
ering nucleotide compositions that they may be distinct viruses rather

than strains. In general, strains of TNV occur in the roots of otherwise
seemingly normal plants. The virus is transmitted between rooté by zoo-

spores of the fungus Olpidium Brassicae, the mechanism of transmission

has been discussed by Temmink et al. (1970) and by Kassanis.and Macfar-

lane (1964, 1965, 1968). Strains of TNV have been found responsible for
a necrotic disease of cucumber (Dias & Doane, 1968), and associated with
the "rusty-root" disease of carrots (Barr & Kemp, 1975; Kemp & Barr, 1978)
Aimost all strains elicit a hyperSensitive response when inocculated onto .
the leaves of host.plants. ' o

The properties of TNV were examined closely in the early 1960s with
regard to thermal inactivation, serological relationships, and behaviour
in plants (Kassanié, 1960; Kassanis & Niion, 1961; Babos & Kassanis, 1963
a, b & c; Kassanis & Welkie, 1963). TIn particular, TNV was shown to sup-
port the replication of a satellite virus (satellite tobacco neérosis
virus ; STNV) which modifies the host response to infection (Kassanis,

1962), by reducing lesion size as STNV concentration increases.

When virus interactions were reviewed by Kassanis in 1963, STNV rep-
resented the only known example of the satellite phenomenon, in which one
vifﬁs is obligately dependent upon another for its replication. Since
then, satellites have been found associated with many plant viruses,.inc-
Juding the associated satellite'of cucumber mosaic virus, CMV-CARNA 5
(Kaper & Waterworth, 1977). - In th%s case the effects on symptom expres-

>



sion make CARNA 5 economically important., The defective interfering

particles of predominantly animal viruses often show similar properties,
but they are derived from (and therefor serologically related to) their
respective helper viruses (Huang & Baltimore, 1974). Satellite viruses
are distinet in oxigin and have no obvious evolutionary relationship to

their respective helper viruses.

There are several serologically distinct strains of STNV which are
activated only by specific serotypes of TNV (Kassanis & Phillips, 1970;
Uyemoto et al., 1968), and the ability to activate different satellite
strains (Rees et al., 1970) has been related to the host range of the
helper strain rather than serological relationships betﬁeen helpers.
This specificity is probably analagous to the compatability of RNA com-
ponents among divided genome viruses (Lane, 1979) and takes similar ad-
vantage of vector transmission. Competition or interference occurs be-

tween coinfected strains of the satellite (Kassanis & White, 1972) as

" evidenced by the change in relative yields of progeny virus. The presence

of a compatible satellite also reduces the yield of TNV in the infected
tissue (Kassanis, 1962), although the propogation host is important in
regulating relative virus yields (Salvato & Fraenkel-Conrat, 1977) and
the two viruses can differ markedly in their optimum requiréments (Késs;
anis, 1968). The Urbana, Yarwood and AC 36 strains of TNV have been var-
iously used as SINV activators (Roy et al., 1969; Uyemoto & Grogan, 1969;
Fraenkel-Conrat, 1976; Lesnaw & Reichmann, 1970), and TNV, has been shown

to neither contain nor support a satellite virus strain (Babos & Kassanis,

- 1963b; Kassanis & Phillips, 1970).

TNV has isometric particles éf 26 to 27 nm diameter with a molecular
weight of about 7 x 106. Each pérticle éontains a single=-stranded (ss)
RNA molecule of 1.3 x 106 to 1.6 x 106Mr (Bishop et al., 1967; Lesnaw &
Reichmann, 1969; Uyemoto & Grogan, 1969). The capsid sub-units have been
reported as Hf=133,500, probably grouped as 32 morphological units arran-
ged in a T = 3 lattice (Lesnaw & Reichmamnn, 1969). Alternatively, the
sub-units have been determined as M _= 22,600 (Uyemoto & Grogan, 1969) and
postulated to form a T= 4 lattice or a T = 3 lattice with an internal
protein core. The forces responsible for stabilising the virion have not
been characterised in an&-great detail. "Changes in sedimentation coeff-
jcient have been described for TV, (McCarthy'gilgl.,_1980) that accom-
pany alterations in the pH between 5 and 7. These changes are‘reversible

and suggest that virion stability and diameter are -dependent on salt lin-
A )



kages between protein and BRNA at pH 7, whereas at pH 5 other types of
bond may predominate, This is consistent with observations of thermal
inactivation (Babos & Kassanis, 1963a) and a pH dependent response to
sodium dodecyl sulphate (SDS) (Ronald & Tremaine, 1976) and has conse-
quences for virus recovery and identification on sucrose gradients.

The lack of systemic hosts for almost all strains of TNV restricts virus
propagation to hypersensitive hosts.where conditions are optimal for any
particnlar TNV strain (McCarthy et al., 1976; Wieringa-Brants, 1978;
McCarthy et al., 1980). Virus yield can be optimised by maintaining a
suiltable temperature and humidity regime during propagation.

Satellite Tobacco Necrosis Virus (STNV) STNV is betteg character=
ised than TNV and has an icosahedral shell (Sjoberg, 1977) built of 60
protein sub-units, The sub-unit has been estimated as M =.22 800 by -
amino acid analysis (Rees et al., 1970) and as M = 22, 900 and M_= 22,700

by neutron (Chauvin et al., 1977) and x-ray (Sgoberg, 1977) scatterlng

respectively. This gives a particle molecular weight of about 1.85 x 10

and a diameter of 18 nm incorporating ssRNA of M= 2.8 to 4,0 x 105 (
Reichmann, 196l4; Chauvin et al,, 1977).

The complete nucleotide sequence of STNV RNA has been derived from
the direct sequencing of 5' (Leung et al., 1979) and 3' (Merregaert et al.
19?9) terminal regions, and the sequencing (Ysebaert Eﬁiél-- 1980) of a
INA copy cOmfrising some 80 % of the genome (van Emmelo éfjéi., 1980).

In total the genome contains 1,239 resldues and much of the RNA is prob-

ably of non-coding function.

The antigenicity of STNV is a feaigre'of the satellite strain and
is not influenced by the activator TNV strain (Kassanis, 1966). It thus
appears that STNV RNA codes for its own coat protein. Additional featw:
ures of the RNA must account for replication, control, packaging and
maintaining the stability and overall shape of the molecule. Thermal
denaturation kinetics suggest suggest that a high proportion of STNV
nucleotides are involved in base pairing (Mossop & Francki, 1979). Al-
though the satellite has never been isolated from plant tissue without
TNV being present (Kassanis, 1968), STNV RNA is extremely stable in vivo
and has been ‘shown to survive for up to 10 days in the host cell without
degradation;before being "rescued" by TNV and subsequently'replicating.
This persistence of STNV RNA in the host cell would be favoured by a high
degree of secondary and terfiary/éﬁ:ucture as indicated by base pairing,

B



and must be of great stralegic importance to the virus at the cellular
level (Mossop & Francki, 1979).

The major differences beitween TNV strains and STNV strains facili-
tates efficient procedures for their separation and purification. These
include sucrose density gradient centrifugation (Salvato & Fraenkel-Conrat
1977) and differential precipitation by ammonium sulphate from crude ex- .
tracts (Fraenkel-Conrat, 1976). Alternative propagation hosts may be re-
quired in order to regulate the yield of the respective viruses (Salvato
& Fraenkel-Conrat, 1977; Kassanis, 1968).

In Vitro Translation Although both TNV and STNV lack the 5'-term1na1
cap structure (Wimmer et al., 1968; Lesnaw & Reichmann, 1970a) usually
associated with eukaryotic messenger function (Kozac, 1978), both RNAs
function as messengers in cell-free translation systems. STNV RNA has :
been translated in prokaryotic (Clark et al., 1965; Klein et al., 1972;
Rice & Fraenkel-Conrat, 1973) and eukaryotic (Klein et al., 1972; Leung

et al., 1976; Salvato & Fraenkel-Conrat, 1977) in vitro translation sys-

tems with greater or lesser fidelity. Analysis of the amino-terminal tri-
peptldes of the STNV coat protein gives identical results whether synthe—
sized in vivo (Klein et al., 1972) or in vitro in a variety of systems
(Lundqulst et al., 1972; Klein & Clark, 1973) indicating a unique initia-
tion site. No other significant translation products have been reported
for STNV RNA (Salvato & Fraenkel-Conrat, 1977)}. The addition of a 7-met-
hyl guanosine cap to the 5'-terminus does not énhance STNV.RNA activity. ‘
as a messenger in a wheat germ translation system (Smith & Clark, 1979),
and the RNA presumably contains compenséting features for ribosome bind-
ing and translation initiation. The RNA may also contain features which

reduce the efficiency of translation when intact ENA is used as a mess-— -
enger. -

Models of STNV secondary structure (Browning et al., 1980; Ysebaert

et al., 1980) suggest that the coat protein initiation site can be brought =

into close proximity to the 5'-~terminus by the formztion of a terminal
hairpin loop., A segment of RNA around this initiation site is protected
by wheat germ ribosome binding against ribonuclease digestion (Leung et
al., 1976; Browning et al., 1980). In addition, the ribosome-protected
region could bind to a complementary region about 1,000 nucleotides down-
stream (Ysebaert et al., 1980). If by such a long range interaction these

regions were stably base paired, then a cryptic ribosome Bihdihg site

[ 13



would be produced. The formation of such a structure would account for
the similar messenger efficiency of STNV RNA in the wheat germ system,
both with and without a 5° cap (Smith & Clark, 1979).

The model also includes a tBENA clover-leaf-like structure at the 3+
terminus, similar to many plant viral RNAs, It is not yet known if the
RNA will accept the methionine residue indicated by the anticodon of the -
clover~leaf sequence; +the structure certainly assists in protecting the

RNA from ribonuclease digestion, a role postulated for the terminal poly

'(A) segments common to many eukaryotic mRNAs (Huez et al., 1977) and

lacking in TNV and.STNV RNAs.

Translation of TNV RNA in ah.ig vitro wheat germ system (Ssalvato &
Fiaenkel~Conrat, 19?7) yields‘coatrprotein as evidenced by size, tryptic
digesf pattern and antigenicity. Additionally, a series of proteins are -
produced in quantitles too small to represent structural proteins. This
messenger function is retained if TNV RNA is heated and fractionated
under conditions designed to dissociate RNA complexes of turnip yellow
mosaic virus (TYMV) (Klein et al., 1976; Pleij et al., 1976). Messenger
function in TNV appears to be associated with the genomic RNA, The non-

structural proteins presumably serve a catalytic or regulatory function,

they include polypeptides of 63,000 M and 43,000 M_ and one of 35,000 M

which has been attributed to the endogenous wheat germ residue. Proteins
of 26,000 M .and less were shown to share coat protein antigenicity and
were assumed to represent degradatlon products. The TNV genome could

carry the information to specify three polypeptides including 63,000 and

43,000 Mr proteins together with the 30,000 Mr coat protein and additio-
nal degradation products.

Co~translation of TNV and STNV ;g ziigg showed that STNV has a tran-
slational advantage over TNV. Much less STNV RENA is reguired than TNV RNA
for maximal translation, and STNV RNA is preferentially translated in the
presence of excess TNV RNA; STNV coat protein and coat protein degradat-
ion products (which share coat antigenicity) prevail greatly over TNV-
specific products.in vitro.

In Vivo Repllcatlon TNV and STNV replication has also been studied

exten51vely in plant leaves as a means of resolving the {translational
strategy (Condit & Fraenkel-Conrat, 1979) and in order to investigate the
competitive satellite relatlonshlp {Jones & Relchmann, 19?3) Three dou-

ble-stranded (ds) RNAs have been 1solated from TNV-lnfected tohacco leaves
e

T
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which by RNA-RNA hybridisation and fingerprinting techniques appear to
be of viral origin (Condit & Fraenkel-Conrat, 1979). The smaller EN4s
represent subsets of the genomic RNA derived from the 3' terminus, and
the molecular wights of the ds forms are reported as 2.6 x 106, 1.05 x
106 and 0.9% x 106 M_. The dsRNAs fit the criteria of replicative forms
(zfs) for viral mBNA synthesis, and their size and location would lezd %o
messengers capable of specifying polypeptides of 77,000, 6000 and L3,000
Mr at maxipum. In an iﬁ.iiigg translation system the smallest dsRNA has
been shown to specify a product similar to the coat protein in eleciro-
Phoretic mobility. The method by which the dsRNAs may be synthesized in
vivo is not known, but their interpretation as rfs for mRNA synthesis
would classify TNV as a virus requiring processing and/or cleavage prior
to translation of the 3' poxrtion Qf the RNA.

Double stranded forms of TNV RNA and two smaller components have
also been isolated from the replication products made in vitro by the
membrane-bound replicase fraction from TNV-infected tobacco (Frazenkel-
Conrat, 1976; Stussi-Garaud et al., 1977). This replicase fraction has
high polymerase activity, and contains a 60,000 Mr polypeptide which re-
sembles the larger in vitro product in the wheat germ translation systen,
and possibly corresponds to the maximum coding capacity &7?7,000 M_) for
TNV mRNAs., A similar product has also been identified as a result"of THY
infection in tobacco leaves (Jones & Reichmann, 1973).

. 8ix virus-induced or virus-stimulated proteins were detected in
tobacco leaves infected with TNV, including coat protein, and proteins of
64,000, 41,000, 23,000, 15,000 and 12,000 Mi. Co-infection with STRV
resulted in the additional synthesis of STNV coat protein and a suppres-
sion of TNV coat protein synthesis. The degree of suppression by STHV
was shown to depend on the strain of THV used as the helper virus with
more efficient helper. strains being most sensitive to interferance. Iue
to the asynchronous nature of leaf infection, the proteins could not be
divided into products of early or late message translation. Similz=rly,
no distinction could be made between host- and viral-coded proiein spe-
cies in the products detected as a result of TNV infection, except in

the case of viral coat proteins,

Clearly, a synchronous infection system would be an advantage in
studying the replication‘events'and_translation strategy of TNV, The re~
1atibnship, and apparent competifion, between TNV and STHV may also prove

advantageous as a tool in studying virus replication in general,
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Isolated Protoplasts Studying the early events in virus replication

is difficult in intact plant tissues because infection efficiency is low
and replication proceeds asynchronously (Jones & Reichmann, 1973; Takebe,
1975) Cultured cells have been used to study TMV replication (Murakishi
et al., 1971; Jackson et al., 1972) and more recently soybean mosaic virus
(Fang-Sheng Wu & Murakishi, 1978), btut since the initial observations by
Cocking (1966) and exploitation by Takebe (1968) isolated protoplasts have
made the major contribution to molecular studies of infection. Technigues
involving protoplasts have revolutionised plant virus studies, enabling
for the first time simmltaneous inoculation of large numbers of cells,
which then support synchronized, one-step viral replication. A high prop-
ortion of cells can be infected and the material can be controlled precis-
eiy and handled quantitatively, yielding high virus titres or virus-relat-
ed prédﬁcts. This technique has been used to investigate the synthesis .
of virus-related products during infection (Zaitlin et al., 1981), genome
organisation.(Franssen‘gilgl., 1981), and the mechanisms of resistance
(Boulton et al., 1981), necrosis (Kopp et al., 1981), and cross protect-
jon (Barker & Harrison, 1981)., The applications of protoplast technology
to plant virology have been extensively reviewed (Zaitlin & Beachy, 1974;
Takebe, 1975, 1977; Wood et al., 1979) and the scope continues to increase,

however there are still limitations to the use of protoplasts in virus re-

search,

Initially, isolated protoplasts may prove difficult to handle, and
reproducible results difficult to achieve., 1In addltlon, results obtalned
using a protoplast system cannot be taken as representlng the situation
in the intact plant. Major phy51ologlca1 and structural differences bet-
ween the two systems must be recognised and a number of "short-term"

stress responses induced by protoblast iéolation taken into account.

Isolation Responge Many of the treatments used in protoplast isol-

ation lead to marked changes in cellular metabolism. - Osmotic stress has

been shown to reduce amino acid (Ruesink, 1978) and nucleic acid (Premecz

et al., 1978) incorporation by protoplasts, and induce changes in ribo-

nuclease and protease levels (Lazar et al., 19?3) Both BNA and protein
precursors are lost from. protoplasts 1nto the culture medium (Rubin &
Zaitlin, 19?6) and cellulase treatment has been shown to cause the plasma-
membrane to become leaky (Taylor & Hall, 1976).‘ However, different cell-
unlase preparations used in protoplgét isolation vary considerably in

their effects on subsequent amino aeid incorporation (Ruesink, 19?8)'.

-

[ 16



Some metabolic responses to protoplast isolation might be regarded
as "short-term". Protoplasts derived from cell suspension cultures have
been shown (Kulikowski & Mascarenhas, 19?8) to adopt a patiern of RNA
synthesis high in poly(A)-containing sequences and deficient in TRNA pro-
cessing. However, within 24 hours these protoplasts resume a pattern of
RNA synthesis similar to that in whole cells. Transpoit studies on simif
larly derived protoplasts (Mettler & lLeonard, 1979a, b) show them to have

similar transport properties ito cells in suspension culture, despite cel-
lulase treatment. ' |

Isolation of protoplasts from leaf tissue results in cellular chan-
ges not easily related to physiological conditions, such as the altered
protein profile immediately protoplasts are incubated in culture medium
(Fleck et a2l., 1979). A general stimulation of carrier synthesis has
been postulated (Robinson & Mayo, 1975) during the first hours of proto-
plast culture and the polysore pattern differs markedly from that in the
intact leaf (Ruzicska et al., 1979). The isolation of the cell from its
normal environment has been suggested as the most important factor in
these alierations in metabolism. Burgess (1978) has reviewed some of
the work on isolated protoplasts which illustrates the "short-term” res-
ponses. However, while some metabolic changes clearly resuit from tﬁev
stress of isolation (Burgess et al., 1978),,others night be regarded as
"1oné—£erm" responses to the isclated state, and represent an adaptation

to the new environment.

¥For plant virus studies, most interest is generally directed at the
initial‘minutes'or hours following protoplast isolation, since at this
stage the protoplasts are most amenable to virus infection. This is also
the period when isolation responses play a major role in the biochemistiry
of the cell, Accordingly, attempts must be made to minimise  their effect
on the analysis of virus infection. If protoplasts are derived from cell
cultures or suspensions (Jarvis et al., 1981) then mich of the shori-term
stress of isolation is avoided. However, the eellular metabolism of the
cultured state makes the model less representative of the intact plant,

and must reflect accordingly in the response to virus infection.

Allowing the protop;asts recovery time, to regain their normal phys-
iology,,aftgriisolation from leaves (Bufgess, 1978) would necessitate a
second enzyme treatment to remove the regeneraﬁing cell wall before infe-
ction. Alternatively, a rapid isolétion and infection procedure -~ *°

permits a recovery period betweeq;protoplast‘infection and subsequent ex-
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perimental procedures (e.g. addition of labelled precursors) without re-
quiring prolonged enzyme treatment. This would enable many stress-induc-
ed responses to be avoided and the cell,resume normal biochemical behav-

iour prior to the onset of virus induced phenomena.

Cq_paratlve Systems Also with a view to achieving representative

and reproducible protoplast material, stresses and variations in plant
growth conditions must be avoided if responses to virus infection are to
be compared. For protoplasts to survive the isolation procedure, and for
efficient virus infection the initial physiological condition of the
plants is important. Plant material mist be reproducible with respect
to age and any physiological variables encountered during the growth
reriod, Particular attention must be given to photoperiod, temperature
and water stress immediately prior to protoplast isolation. BSuch para-

_ meters are difficuli to regulate over the sixty to seventiy days required
~ to grow tobacco plants suitable for protoplast isolation (Takebe et al.,

19683 .Hubexr, 1979).

A system has been described (Hibi éﬁ él., 1975) which employs cowpea

.seedlings, with a much shorter growth period than tobacco, as a source_of

protoplast material. The primary leaves of cowpea. plants are suitabiéu
for protoplast isolation within nine to eleven days of sowing under con-
trolled light and temperature conditions. Plants can be maintained in
nutrient solutions and fully expanded primary leaves yield pmotoplasts

by a one-step digestion procedure.‘

Although the tolerance limits for the plant growth period are con-
siderably reduced - protoplasts from older or younger leaves have a low
survival rate and give a lower percentage of viral infection - this is
compensated by the degree of environmental control which can.be achieved
over the shorter growth period. A single-step enzyme treatment is more
convenient than a sequential procedure (Takebe éi‘gl., 1968), and appears
to give increased protoplast yields from several planis (Evans éi gl.,
1972; Hibi et al., 1975).

Cowpea protoplasts used for viral infection consist mainly of pali-
sade, and some spongy mésophyll protoplasts. Most epidermal and a prop-
ortion of spongy mesophyll protoplasts are removed by centrifugal washing
procedures.' Virus infection techniques differ'markedly between cowpea
and tobacco protoplaéts even wher uéing the same virus, and this has been
taken to reflect differences in téérplasmalemma (Alblas & Bol, 1977; Hibi

.
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éﬁugl., 1975). The differences in protoplast response and the mechzanisms
of virus infection are not well understood. However, since the cowpea
mesophyll system draws substantially on experience gained with totacco
protoplasts, then comparisons can be usefully made in terms of infection
techniques and parameters.

f5;£6§i£;£ﬂihféé£i;£ The infection of isolaied leaf protoplests
with either virus or viral RNA is promoted by the prior incubation of
virus or RNA in a buffered polycation solution (Takebe, 1975). The pol-
yeation (frequently poly-L-ornithine ; PLO) is thought to aggregate the

virus and buffer ions at pH values which depend on the isoeleciric point

of the virus. A dual polycation role would also involve the formation -
of surface lesions on protoplasts as well as making the cells attrective
to virus aggregates (Burgess, 1973a, b). A differential response has

been observed between tobacco and cowpea mesophyll protoplasts inoculated
) with CPMV or AMV in the presence of FLO. '

PLO is obligatory for the infection of tobacco mesophyll protoplasis
with CPMV, whereas cowpea protoplasis have been inoculated with CPMV in
the absence of polycation. However, in low concentration FIO does have
a stimulatory effect on cowpea protoplast infection (Hibiléﬁ al., 1975)
which is limited by high toxicity as the concentration is increased. The
infection of cowpea and tobacco protoplasts with AMV in a buffered inoc-
vlum with PLO shows a differential pH dependence (Alblas & Bol, 1977) and
comparative infections with strains of TMV have revealed a differential
response to poly-D-lysine (Huber Ei.él-v 1981). Although the use of buf-
fered cations has become a routine infection procedure, the uncerteainty
surrounding the mechanism (Burgess et al., 1973b), and the toxicity of
the polycations (Cassels & Barlass, 1978) has prompted some workers to
investigate alternative procedures.

The initiation of infection with polyethylene glycol (PEG) hzs been
described as such an alternative (Cassels & Cocker, 1980), and may prov-
ide other methods of analysing the infection mechanism as méy extificial
membrane and liposome studies (Cassels, 1978). However, ,the initiztion
of infection with PEG may depend on similar phenomena to those zlrezdy
recognised as factors in buffered polycation systems. . Certainly PEG ser-
ves to aggregate virions and induces osmotic changes at the cell surface;
an osmotic "step-up" is now widely used (Okuno & Furusawa, 1978; Alblas

& Bol, 1978) to enhance infection in conjunction with polyecation treat-



ment. The contributions of localised plasmolysis, endocytoslis, surface
lesions and simple electrical phenomena are largely conjectural. Meas-
urements of protoplast charge (Grout & Coutts, 1974), and the use of
non-physiological temperatures with ionic and osmotic variations (Okuno

& Furusawa, 1978) indicate a combination of several of the proposed mech-
anisms (Kassanis éi §1;, 1977). Although the high rates of infection re-
ported for many experimental systems suggest that technigues can be com-
bined and adapted, there are also apparent contradictions. Cowpea Pproto-
plasts, for example, show enhanced replication of AMV (Alblas & Bol, 1977)
in response to an osmotic "step-up" and a decrease in the amount of TMV
synthesised (Huber et al., 1981). On this basis a judicious combination
of infection techniques must always be optimised for each virus-host com-
bination.

-

Divalent cationé, usually Ga2+, are an important feature of most
protoplast infection systems. In plant tissue Ca?+ ions have been shown
to vetain membrane structure and ionic integrity (Kassanis & White, 19?4;"
Tu, 1978), and in protoplést systems assist in stabilising the plasmalem-
ma. After virus infection using FLO, Ca2+ or Mg2+ ions have been shown
to assist in dlsaggregatlng the infection complexes, and may play an 1mp—
ortant role in virus disassembly (Durham et al., 1977) and subsequent :
cellular regulation (Durham, 1978). Virus multiplication in protoplasts
has been shown to stop if the divalent-ion concentration in the culture
medium is reduced (Kassanis et al., 1975) Thus a washing solution of
Ca 012 in osmotically stablllsed medium is often used directly after pro-
toplast inoculation (Hibi et al., 19?5) or high Ca2 concentrations are
incorporated into the protoplast culture medium (Takebe, 1979; Alblas &

Bol, 1977) to support virus replication.

INV Replication in Protoplasts Cowpea protoplasts have been infected

" with TMV and TNV using a buffered polycation system (Wieringa-Brants et al -

1978). The protoplasts were malntained for two days in a 51mp1e medium
(Caﬂlz in a mannitol osmoticum) with added antibiotics, and virus repli-
cation was assessed by local lesion assay of protoplast extracts. These
initial observations suggest that the infection conditions might be opti-

mised further and TNV replication studied by more rigorous methods.

Such a system should avoid the problems of asynchronois infection
and tisste necrosis which accompany -whole plant 1nfections, and thus be

more compatible with blochemlcal ana1y51s.



2 MATERIALS AND METHOIS

2.1 Viruses and Virus Purification Tobacco necrosié'virus strain D
(TNVD) (Babos & Kassanis, 1963) was originally supplied in French bean
leaves (Phaseolus vulgaris var. The Prince) by Dr, S.R.Chant and Dr.D.
McCarthy and was propagated through single lesion isolates in primsxry

leaves of cowpea (Vigna Sinensis Endl. cv. Blackeye No.5). EKighly

purified virus preparations were obtained from heavily necrosed primary
leaves of cowpea or French bean (var. The Prince or Pinto).

Purification techniques involved differential centrifugation
(Kassanis & Phillips, 1970) or polyethylene glycol precipitation of
virus (Gooding & Hebert,1967) but most consistent results were obtzined
using ‘a centrifugation method based on the procedure of Salvato and
Fraenkel-Conrat (1979).

Five'days after inoculation with TNVD, necrosed primery leaves of
Pinto beans were harvested and frozen at ~20°C. A1l subsequent proced-
ures were carried out at 0 to 4°C. The frozen tissue was homogenised in
a Kenwood homogeniser containing 0.1 M sodium phosphate buffer, oH 7.5
with 1% 2-mercaptoethanol to give a 1:1 ratio (w/v) of infected tissue:
to buffer. '

The resulting homogenate was stirained through 3 layers of muslin
into a measuring cylinder and ethanol was added at 25m1/100ml original
extract. This mixture was stirred for 30 minutes and clarified by
centrifugation at 10,000xg for 20 minutes. '

The supernatant was filtered through 3 layers of muslin to remove
coagulated material and recentrifuged at 30,000xg for 30 mimutes. This
clarified supernatant was iultracentrifuged for 120 minutes at 105,000xg
to pellet the virus. .

‘The virus pellet was resuspended overnight in 20ml distilled HZQ /
100ml. original extract and subsequently clarified by centrifuging at
30,000xg for 30 minuites. Virus was re-pelleted from the clarified super-
natant by a further ultracentrifugation at 105,000xg for 120 minutes.

The resqlting pellet was then resuspended in 0.9ml distilled HZO/
100ml original extract and clarified at 30,000xg for 20 minutes. The
virus content of the supérnatant wWas estimated.speétfophotometrically
usiﬁg a Beckman model 35 spectro?hoidmeter and employing the extinction

1 em 0.1% = 5.5 (Babos & Kassanis, 1963). Prior to

coeff201ent : B 260
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storage in aliquots at -2000, a sample of the virus suspension was taken

to determine the end-point titre on cowpea primary leaves,

Virus was purified from cowpea leaves by a similar method using

necrosed primary leaves 3 to 4 days after inoculation.

Tobacco necrosis virus strain A (TNVA) was originally provided by
Mr. R.F.White and was similarly propagated in cowpea primary leaves.
Highly purified virus preparations were obtained from primary leaves of
Pinto beans 6 days after inoculation, ,using the method described for

TNVD purification.

An additional sucrose gradient centrifugation was employed to
sgparate TNVA and SV, The virus content of the highly purified prep-
aration was estimated as for TNV, and 0.5 to 1 ml of the solution was
1ayeréd onto 23 ml, 10 to 40 % (w/v) sucrose gradients and centrifuged

at 25,000 rpm for 210 minutes in a Beckman SW 30 rotor,

The gradients were sampled by sucrose displacement and monitored
using a Uvicord gradient analyser measuring absorbance at 260 nm. The
collected fractions were dialysed overnight against distilled water and
and the dialysed extract was analysed for virus content as before using
Lem a1 % = 6.5 (Babos & Kassanis,‘1963)i

. 260
for samples containing SV. Prior to storage at -ZOOC, samples were in-

the extinction coefficient E

oculated onto cowpea primary leaves to verify the TNV, and SV designat-

A
ion of the fractions.

All clarification steps were carried out in an MSE Hi-spin 21 cent-

rfifugerﬁsing a 6 x 30 ml rotor at 11,000 rpm and 19,000 rpm (to give

10,000xg and 30,000xg respectively). Ultracentrifugation was variously

carried out in a Beckman L8 using a 45 Ti rotor or a Spinco ultracen-

trifuge using a type 50 rotor, depending on the volume to be centrifuged.

2.2 Plants and Plant Cultivation Cowpea (Vigna sinensis Endl. CV.

Blackeye No.5) seeds were obtained from Ferry-Morse Seed Company, Moun-
tain View, California, U.S5.4A., and germinated in seed trays containming
"Levington's All Peat Potting Compost". High humidity was maintained
during germination and the seedlings were subsequently grown under glass-—
house conditions at 25 + 3°C with supplementary lighting from Phillips
L0 W mercury vapour lamps, providing a 16 hour photoperiod of light in-
tensity between 10 and 20,000 lﬁx.- Plants were selected for inoculation

8 to 10 days after geimination, when the primary leaves were fully ex-
//' -

i
i
'
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panded but prior to emergence of the first trifoliate leaf.

French bean (Phaseolus vulgaris L. cv. Pinto) seeds were. obtained

from The Botanic Supply Unit, Royal Holloway College, Surrey, U.K., and
germinated under similar conditions to cowpea seeds. PFlants were selec-
ted for inoculation 10 to 12 days after germination, when the primary
leaves were fully expanded but prior to emergence of the first trifoliate
leaf, After inoculation the plants were sprayed regularly with water to

reduce desiceation of the tissue and high humidity was maintained.

Cowpea plants used as a source of protoplasts were grown under more
rigorously defined condit;ons. Seeds were germinated in pots of moist-
ened vermiculite under a 16 hour photoperiocd providing 10,000 lux illum-
ination from 24 warm white fluorescent tubes and 9 x 150 W incandescent
tungsten bulbs. The temperaturé was maintained at 2500 throughout and
relative humidity at approximately 50 %.

Four days after seeding, germinated plantlets were trausferred to
bottles of culture solution which was formulated according to Heller
(1953), and stored as 3 stock solutions {see appendix 1). Seedlings in
culture were then maintained under similar conditions for 4 to 8 days
until the primary leaves were fully expanded and suitable for proloplast
‘isolation. Primary leaves were selected just prior to the emergence of
the first trifoliate leaf (Hibi et al., 1975).

2.3 gurface Sterilisation Detached primary leaves of cowpea were

surface sterilised by a procedure similar to that of Coutts and Wood
(19?5):R Using a “Pathfinder" laminar air-flow cabinet the leaves were
washed for 5 seconds in 70 % ethanol. They were then immersed for 15 '
minutes in a 5 % solution of "Domestos" bleach (Lever Brothers, Ltd; a
sodium hypochlorite solution with 10 % available chlorine).

The washing procedure was carried out using large casserole dishes
for ease of handling and sterilisation. Leaves were submerged in the
washing solutidns by weighting with sterile Petri dishes. After steril-
isation, the leaves were rinsed in sterile distilled water and maintained -

in the third wash until protoplast isolation.

2.4 Protoplast Isolation Sterilised leaves were allowed to dry in the
laminar air-flow and the lower epidermis was detached using fine jewell-

ers forceps (5 INOX)._ The peeled leaves were floated (pgeled surface

-
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down) in 7.5 cm diameter sterile plastic Petri dishes containing 25 ml

of 0.5 M mannitol solution. After 10 to 30 minutes the mannitol was
decanted and replaced with 25 ml of enzyme solution containing 0,1 to

1.0 % (w/v) Cellulase Onozuka R-10, 0.05 to 0.5 % (w/v) Macerozyme R-10
(Kinki Yakult Chemicals, Japan) and 0.to 0.1 % (w/v) bovine serum albumin
(Sigma) (Beier & Bruening, 1976) in 0.5 M mannitol at pH 5,6, freshly

- prepared and filter sterilised before use.

The tissue was incubated in Petri dishes sealed with "Parafilm"
(Gallenkamp) in darkness for 2 to &4 hours. Incubation was carried out
in a shaking water bath at 25 to 3500 and 0 or 25 excursions/minute.

For optimum isolation conditions see results section.

After incubation the protoplast suspension was filtered through
77 um nylon bolting cloth (Henry Simon, Ltd.) into sterile MSE, HR 50 ml
tubes and centrifuged at 200xg for 3 minutes in a BTL bench centrifuge.
The suspension was transferred using sterile plastic Pasteur pipettes
(Alpha Laboratories) with enlarged tips to reduce friction damage to
the protoplasts.

The sedimented protoplasts were washed by decanting the enzyme
solution and resuspending in 0.5 M mannitol. The resuspended protoplasts

were washed in 2 further changes of 0.5 M mannitol by centrifugation,

.and resuspended in a measured volume of solution., Protoplast yield was

determined by counting samples fromithe: measured volume in a modified
Fuchs~Rosenthal haemocytometer.

2.5 Determination of Protoplast Viability Protoplast viability was

determined using the exclusion dyes phencsafranine (Widholm, 1972),
and Evan's Blue (Gaff & Okong'O-ogola, 1971) or the vital stain fluor-
escein diacetate (Widholm, 1972).

Phenosafranine was dissolvediin 0.5 M mannitol containing 0.1 mM
Ca C1, to give a 0.1 % (w/v) solution. Samples of protoplast suspension
were mixed with equal volumes of the stain and examined after 10 minutes
using a haemocytometer. Protoplasts which remained green were regarded

as intact and viable, damaged protoplasts stained red.

Evan's Blue was similarly dissolved in mannitol and Caclz solution

and mixed with equal volumes of protoplast suspension. After 10 minutes
viable protoplasts which excluded the blue stain appeared yellow/green.

The metabolic stain fluorescein diacetate was dissolved to give
/ ~ -
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2.5 mg in 0.5 ml of acetone. This was added to 10 ml of 0,5 M mannitol
containing 0.1 mM Ca012 and mixed with protoplast samples in egqual vol-
umes. The mixture was allowed to stand in darkness for 10 minutes and
examined under a fluorescence microscope fitted with exciter filter KP500

and barrier filters LP520 and LP540 using a Fuchs-Rosenthal haemocytom-

eter, Live protoplasts fluoresced bright yellow/green.

. Protoplast viability was assessed in each case using ihe mean per-

centage of viable protoplasts in 10 microscope fields.

2.6 Culture Media and Incubation Washed protoplasts were resuspended

in one of 3 liquid media for incubation under controlled conditions for
upto 64 hours, Takebe's simple salts medium was prepared essentially as
described by Aoki & Takebe (1969) and contained 1.0 mM KNoj, 0.1 m MgSO,
Q:% mM‘CaClz, 1.0 pM XTI, 0.01 M CuSOV, and 0.2 mM KHéIOu in 0.5 M man-
nitol at pH 5.4. This medium was designated virus incubation medium (ox

) VIM).

Root culture medium after White (1943) and modified by Street &
‘McGregor (1952) and Sheat et al. (1959) (Flow Laboratories) was prepared
without sucrose or supplements in 0.5 M mannitol for protoplast culture,

A simplified medium (Alblas & Bol,1977) was also used which con-
tained 0.5 M mannitol and 10 mM CaCl,. A1l media were sterilised before
use bj autoclaving at 121% for 10 to 15 minutes,

~ Protoplasts were incubated in 10 ml batches in 100 ml Erlenmeyer

_ flasks‘for sequential sampling experiments., For discrete samples or

"mlse iabelling" experiments protopiasts were incubated in 1 to 5 ml
aliquots in 10 ml scintillation vials. All culture vessels were washed
in chromic acid prior to sealing with aluminium foil and heat sterilising
at 120°C for 15 minutes.

Unless otherwige stated, protoplasts were incubated under controlled
conditions of 3,000 lux continuous light supplied by “warm white" fluor-
escent tubes and 150 W incandescent tungsten bulbs at 22°¢. Incubation
density was determined using a haemocytometer.aﬁd by making suitable
dilutions of the protoplast suspension,

2.7 Antibiotics Both Nystatin (E.R.Squibb & Sons Ltd.) and chloramph-

enicol (Sigma) were added to culture media before and/or during proto-

plast incubation to control microbi@i contamination (Watts & King, 1973).



Nystatin stock solution containing 75 units of Nystatin in 1 ml of VIM
was stored at —20°C and appropriate volumes added io the incubation

medium before or after protoplast suspension.

Chloramphenicol stock solution was prepared on the day of use. By
dissolving initially in a small volume of ethancl 0.05 g of chloramphen-
icol was added to 25 ml of VIM. The solution was filter sterilised and
added in appropriate velumes to the protoplast incubation medium.

2.8 Uptake and Incorporetion of Protein and ENA Precursors The uptake

of L-(1-1%)Leucine at 59 mCi/muol and (5-H)Uridine at 30 Curies/mmol
(Radiochemical Centre, Amersham) into isolated protoplasts was deter-—
mined essentially as described by Rubin & Zaitlin (1976). Both total
incorporation into the protoplasts and incorporation into acid-insoluble
products were determined, i

Unless otherwise stated, 15 pCi of (14C)-1eucine and/or 150 pCi of
(BH)-uridine were added to 10 ml of incubated protoplasts in Erlenmeyer
flasks, Labelled precursors were added immediately after protopiast

isolation or after preincubation in unlabelled medium, In pulse-chase
experiments, excess of unlabelled precursor was added after being diss-
olved in a small volume of incubation medium following the labelled
incubation period.

In experiments to determine incorporation into acid-insoluble prod-
uets, 200 yl_aliquots were withdrawn at intervals from the incubated
samples. Nucleic acid and protein synthesis was arrested by adding 5 ml
of ice égld 0.5 M mannitol followed by an equal volume of 20 % trichloro-
acetic acid, The samples were maintained at 4°c overnight or until the

conplete time-~course was available for analysis.

Stored samples were filtered onto Whatman GE/C,glaSs fibie filters
and washed 3 times with 5 ml aliquots of cold 10 % trichloroacetic acid
(TCA), followed by 2 washes with 80 % (v/v) ethanol and finally with
5 ml of diethyl ether, After drying,the radioactivity on the filters ..
was measured in 8 ml of a toluene-based scintillation cocktail containing
2 volumes of toluene to 1 volume of absolute ethanol with 0.4 % (w/v) 2,
5~-diphenyl oxazole (PP0) and 0.01 % 1,4-di~(2-(5-phenyloxazolyl))-ben-
zene (POPOP)_(Both Sigma)., The activity was determined using a"Tracer-
lab"coruspectromatic -200 with corrections made for (14G) "cross-over"

counts registered in the (BH)rCOunting channel.

-
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In experiments to compare total uptake of precursors with incorp-
oration into acid-insoluble products a comparative sampling procedure
was followed. Aliquots of 500 pl were withdrawn from incubated proto-
. Plast samples and resuspended in 2 ml of 0.5 M mannitol. The proicplasts:

were centrifuged at 200xg for 3 minutes and the supernatant decznied.

After a further wash in 0.5 M mannitol the protoplast pellets were
homogenised in a grinding btuffer containing 1 mM MgClz, i mM Z2-merceptio-
" ethanol and 50 mM tris/HC1 at pH 7.6, using 1,500 ul of buffer to 500 nl
of washed protoplasts. The homogenised samples were centrifuged at
6,000xg for 15 minutes and the supernatants‘retained for analysis. All
procedures were carried out at 0 to 4°C.

Total incoxporation into the protoplast samples was determined by
mixing 70 pl of the supernatant with 300 }11 of Soluene 100 and 10 ‘ul} of
glacial acetic acid to reduce the quenching effects of Soluene 100 (Paus,'
1970). The solubilised samples were dissolved in 8 nl aligrots of the
toluene scintillant described above and counted similarly in 10 el vials
with Whatman GF/C filters inserted. Duplicate samples were taken.

¢

Incorporation into TCA acid-insoluble fractions was determined from
500 Pl of the homogenate supernatant added'to 500 Pl of ice-cold 20 % TCA
and collected on Whatman GF/C filters. The filters were washed using 3
aliguots of TCA and 2 of B0 % ethanol as previously described znd counted
as above. quorporation was corrected for the relative protoplzst con-

centration in each sample counted.

2.9 Infection of Protoplasts with TNV - Initial infection procedures

Wwere similar to those described by Wieringa-Brants gi,gl. (1979), these

wWere optimiséd by independently varying the different infection para-
meters and assaying the virus infectivity recovered., Individual infect-

ion'.conditions are de§cribed in the results section.

A known number of washed protoplasts were sedimented from 0.5 M
mannitol by centrifugation at 200xg for 3 minutes and resuspended in 10
ml aliquots of inoculation medium in 100 ml Erlénmeyer flasks, The inoc-
ulation medium contained 1 to 100 mM phosphate buffer (or citrate tuffer)
at pH 5.2 to 6.4; 0.5 to 16 ug/ml poly-L~ornithine (Signa, Mr=.122,000)
and 1 to 20 Pg/ml TNVD in 0.5 to 0.7 M mannitol. The mannitol and buffer
solutions were sterilised by autoclaving and dispensed aseptically imme~
diately before use. The buffer solutions were formulated in mennitol to

reduce osmotic changes in thé inocﬁlation medium. Poly-L-ornithine was

o7



freshly dissolved in mannitol solution and the inoculation medium was
pre-incubated for a time at 25°C before protoplast addition. In "mock-

infections" TNV was omitted from the mixture.

Freshly sedimented protoplasts were incubated in the inoculation
medium for 5 to 30 minutes at 0 or 25°C in a reciprocating water bath

at 25 excursions per minute.

After inoculation the protoplasts were sedimented by centrifugation
and washed 3 times in 0.5 M mannitol containing 0.1 mM Caclz. Washed
protoplasts were resuspended in VIM and after adjusting the incubation

density, decanted into culture vessels and incubated as described above.

2;10 infectivity Assay of Ikbtopiaét Extrﬁéts Infected protoplast sus-

pensions were harvested in 1 ml aliquots and assayed for infectious virus-
as both protoplast pellets and incubated samples including incubation
medium,

Aliquots for assey as whole suspensions were frozen divectily at

-20°¢ and stored until a compléte series was available for assay. The
samples were then thawed and dialysed overnight against distilled w§tgx
at 400, Protoplast disruption was ensured by ultrasonicatibn for 1 ﬁiﬁ*
ute and the samples were diluted in distilled water in order to moderate
counfs in local lesion assay (dilution + 1 in 10). Samples were inoc- |
ulated onto prlmary leaves of 10 to 12-day old cowpea plants (Coutts,
1978) grown as described above. .Each sample was inoculated onto at least
10 leaves using sterile cotton-tipped applicators (Johnson & Johnson) and
500 carborundum (The Carborundum Company Ltd.) as an abrasive. Lesions

were counted 3 to 5 days post~inoculation,

Aliquots for assay as protoplast pellets were centrifuged directly
after harvesting {200xg for 3 minutes) and the supernatant was decanted.
The protoplast pellets were frogzen at -20°¢ for storage and assayed as a
complete series, Pellets were thawed and diluted in distilled water as
above before ultrasonication, Inoculation procedures were carried out

as above using the diluted, sonicated pellets.

2. 11 Infectivity Assay of PTotoplast RNA Extracts RNA was extracted

from sedimented protoplasts essentially as described by Coutis et al
(1975). The protoplasts from 1 ml aliquots of culture medium were col-

lected by centrifugation and resuspended in 500 Pl of TNE buffer cont-
. e .

C.
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taining 0.1 M tris, 0.1 M NaCl, and 0.01 M NazEDTA at pH 8.5. An ecqual
volume of water saturated phenol was added containing 15 % (v/v) m—cresol
with 0.1 % para-hydroxy-quinoline. Also added to the mixture were &2 Pl
of 20 % sodium dodecyl sulphate solution (SDS) and 2 pl of 4 % bertonite
prepared according to Fraenkel-Conrat (1956), and the complete mixture
was shaken at 4°C for 10 minutes using a "Griffin" flask shaker, The zg-
ueous phase was removed dfter centrifugaiion.at 300xg for 10 minutes at
4°C and re-extracted with 500 pl of the phenol mixture as before. The
re-extracted agueous phase was recovered and excess phenol was removed
by shaking with 4 changes of water—saturated ether, Remaining ether weas
finally removed in a continuous air stream. All buffers and glassware
were avtoclaved before use and maintained at 4°¢ during the experimental
pfoce@ures.

The extracted agueous phase was diluted with distilled wzter =t uo%
and inoculated immediately onto cowpea primary leaves -as described above,

- 2.12 Sucrose Gradient Analysié of Protoplast Extrécts Protoplast pellets
sedimented from 5 ml aliquots of incubation medium were resuspended in
500 Pl aliquots of protoplast grinding buffer (PGB) comprising 10 mﬂwggl,
2.0 mM EDTA, 5 mM 2-mercaptoethanol and 50 mM tris at pH‘?.é. The Te-

suspended pelléts were stored at ~20°C until a series of samples were

available for analysis.

 After th;wing, the samples were macerated using z Teflon, Potters-
Elversheim bulb arrangement and the homogenate was centrifuged at 10,000xg
. for 10 minutes at 4°c. The supernatant was shzken vigorously with an
equal volume of chloroform and the emulsion was separated by centrifuging
at 1,000xg fBr 10 minutes., The clear, aqueous phase was retained and
200 to 500 pl samples were layered onto 4.5 ml 10 to 40 % (w/v) sucrose
gradients in distilled water.

The gradients were centrifuged at 30,000 rpm and 4°C for 210 minutes
in a Beckman SW 40 rotor and analysed using a Varioperpex peristaltic
pump and 1KB Uvicord gradient analyser. Collected fractions were dia-
lysed overnight against distilled water at 4°¢ ana inoculated onto cow-
Pea primary leaves as described above.

The areas of the peaks on the absorbance traces were compered to
peaks produced by known quantities of virus added to healthy protoriasts

which were similarly extracted and analysed. Virus peaks were loczied



by comparing traces from gradients loaded with purified virus from a
variety of sources., The comparative peak areas were used to quantify

virus yield from infected protoplasts at various times post-inoculation.

2.13 SDS-Polyacrylamide Gel Electrophoresis of Protoplast Extracts At

various times postéinocuiation, infected and "mock-infected" protoplasts
incubated in 2 ml aliquots of VIM were labelled either continuously or in
2 hour pulses with (U-lqc) protein hydrolysate (57 mCi/milliatom carbon;
Radiochemical Centfe Amersham) to give 12.5 pCi/ml. After labelling dup-
licate 1 ml samples were centrifuged at ZOOig for 3 minutes and the prot-
oplast pellets stored in liquid nitrogen.

When required, the pellets were macerated in 20 ul of FGB using a
glass rod to thoroughly grind the tissue. The resulting homogenate was
centrifuged at 10,000xg for 3 minutes and the supernatant was boiled for
5 minutes in an equal volume of loading buffer (Laemmli, 1970; see appen-
dix 2). The homogenate pellet was solubilised by macerating in 20 Pl of
PGB with 1 % Triton X-100 (BDH Chemicals Ltd.) added and after incubating
overnight at 490 the samples were centrifuged and the supermatant boiled
with loading buffer as described above. |

From the disrupted pellet and supernatant fractions 2 pl aliquots
were withdrawn and spotted onto 1 cm squares of Whatman 3MM paper. The
squares were boiled for 15 minutes in a solution of 20 % TCA, 8% NaHzPQu
and 8 % Nauféo? (all w/v) -and washed in 80 % (v/v) ethanol. The radio-
activity in the squares was assessed in 8 ml aliquots of toluene scintil-
lant ashdescribed above, using a Packard Tri-Carb scintillation spectro-
meter,

The scintillation data was uéed to load similar levels of radio-
activity in each lane when the samples were loaded onteo discontinuocus,
15 % polyacrylamide slab gels (lLaemmli, 1970; see appendix 2). The gels
were also loaded with 2 pl of (140) methylated protein mixture (Radio-
chemical Centre Amersham; see appendix 3) in 1 or 2 lanes to serve as
protein molecular weight markers, and electrophoresed at 100 V for 4 to

6 hours.

After fixing the gels overnight in 7 % acetic acid (v/v), radio-
active proteiﬁs were detected by fluorography using pre~flashed film
(Bonner & Laskey, 1974; see appendix 4)}. Kodak X-omat film was exposed
for 14 days to the ITUnimpregnatéd,gels at —?OOC. After-developing, the

-

~
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film was sliced into strips along the gel lanes and these were scazrmed
individually on a Gilford recording spectrophotometer fitted with = gel-
scanning attachment. '

.é:iﬁ ENA Réﬁlicase Aésay of Protdpiast Extrécts At various times post-
inoculation healthy, infected and "mock-infected" protoplasts incuteied

in 5 ml aliquots of VIM were sedimented by centrifugstion at 200xg for
3 minutes and washed in 2 changes of 0.5 M'mannitol with 0.1 mM CaClZ.
- After the final wash the pellets were resuspended in 1 ml of FGB with
10 % (w/v) glycerol added and homogenised thoroughly using a Teflon,
Potters-Elversheim apparatus; The resulting homogenate was centrifuged
at 1,000xg for 10 minutes and the supernatant was further pelleted at
20,000xg for 15 minutes., All steps were carried out at 0 to 2% and 211

buffers and glassware were autoclaved before use at 121°C for 15 minutes,”

Each 15,000xg pallet was resuspended in 400 Pl of incubetion buffer
(IB) containing 10 mM MgCl,, 25 mM (ve )2304' 7.5 oM 2-mercaptoethznol,
1 mM EITA, and 5 % (v/v) glycerol in 50 mM tris pH 8.4, A glass rod was
used to ensure complete disruption of the pellet befbre the suspension

was assayed for BNA replicase activity.

The enzyme suspension was added in 90 pl aliquots to a reaciion mix-
ture containing 0.05 p mol each of adenosine-5'-triphosphate (ATP), cyti-
dine-5'—triphosphate (CTP) and guan051ne-5‘-trlphosphate (cTP), 1.5 pg of
actinomycin D (all Sigma Chemicals) and 2.5 uCi (5, 6-> H) uridine-5'-tri-
phosphate ammonium salt ((BH)UTP) specific activity 10 Ci/mmol (Rzdioch-
emical Centre Amersham),

ATP, CTP and GIF were added as their respective ammonium szlis diss-
blved in IB and stored at -20°C until ready for use. Actinomyein 1 was
dissolved in IB by extensive shaking on a Griffin flask-shaker end siored
at ~20%C. (PH)UTP was stored at -20°C in ethanol/water (1:1 v/v); imme-
diately before use an aliquot was evaporated to dryness using a fine air
stream and the label was resuspended in IB for addition to the rezciion
mixture,

Reaction'mixtures.were incubated for 60 minutes in darkness =zt 3000
in a water bath and the reaction was stopped by adding 500 ul of ice-
cold termination solution containing 10 % (w/v) TCA, & % (w/v). Ka, PO 7
and 4 % NaH2 I Termination solutlon was added to gero-time conirol

reactions immediately after addition of the enzyme to the mixture.



After termination, reaction mixtures were mainiained at 4°¢ and col-
lected on Whatman GF/C glass fibre filters with 10 pl of 10 % {(w/v) bov-
ine serum albumin (BSA) added to the mixtures to serve as a "carrier" in

precipitation,

The reaction precipitates were washed by drawing a series of wash
solutions through the filters; Initially 30 ml of 5% (w/v) TCA with
2 % (w/v) Na4P207 and 2 % (w/v) NeH, PO, was used, followed by 30 ml of
100 mM Na, in 1N HC1; and 10 ml of 80 % (v/v) ethanol. The filters

?
were dxled after passing through 6 ml of diethyl ether and were assessed

~ for radiocactivity using the scintillant and Packard Tri-carb described

eaxlier,

2 15 Comp051te-Ge1 Electrophoresis of Protqplast RNA Extracts At various

times post-inoculation, 5 ml aliquots of infected and "mock-infected" pro=
toplasts were supplemented with 250fmﬁ.of carrier-free (32P)—orthophos—
phoric acid and 50 pe of actinomycin D, After incubation the protoplastis

‘were washed with 0.5 M mannitol by centrifugation, pelleted and stored at

-70°G. (B?P)—erthophosphoric acid was supplied in dilute HC1 solution at
pH 2 to 3 by Amersham International Limited.

The frogen pellets were thawed and extracted as described for the
RNA infectivity assay except that after removing the ether by evaporation
the RNA was precipitated in 2 volumes of cold ethanol. The ENA precip-
itate was coilected by low speed centrifugation and the ethanol was rem-
oved 1n a nltrogen stream. The precipitate was resuspended in distilled
water and 2 Pl aliquots were withdrawn from each sample and dried onto
Whatman 3MM squares. Thesé were assessed for radioactivity by sc1nt111-

ation counting in 8 ml aliquots of the scintillant previously described.

The RNA samples were adjusted to contain equal amounts of radio-
activity and heated at 60°C for 15 minutes in 5 M urea, 10 % (w/v) suc-
rose, 4 % bromophenol blue (BDH Chemicals) and 2 x normal strength TAE
buffer mixed 1:1 (v/v) with the RNA samples.

These samples were subject to electrophores1s at 25 mA for 2 to 2.5
hours at 4°C on slab gels containing 2.4 % acrylamide, 0.12 % methylene-
bisacrylamide and 0.45 % agarose in TNE buffer pre-electrophoresed for
10 to 15 minutes before 1oading. Electsophoresis was carried out in TNE
buffer with 0.2 % (w/v) SDS added. After electrophoresis the SDS was re-
moved by equilibrating in changes_of TNE buffer before staining with tol-

uidine blue (0.1 % (w/v) in water) for 3 minutes and destaining in watex,

’
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Radioactive bands were detected by autoradiography for 2 to 5 days
at —?OOG using Kodak X-omat film and an intensifying screen (Kodzk regular).

cowpea and French bean were analysed by electrophoresis in 7.5 x 0.5 cm
diameterucylindrical gels cast in glass tubing. Virus protein wes res-
olved on 10 % acrylamide using 0.1 M sodium phosphate electrode buffex
at pH 7.2 containing 0.1 % (w/v) SDS.

TNV was denatured in-10 mM sodium phosphate buffer at tH 7.2 con-
taining 1 % (v/v) 2-mercaptoetbanol, 1 % (w/v) SDS, 0.5 M suc*ose and
0.12 % (w/v) bromophenol blue by heating in a water bath at 80 C for 2
minutes. 25}ﬂ.a11quots of denatured TNV were loaded individuzlly or
mixed 1:1 with similarly denatured mixed marker solution conteining cyt-
ochrome C (Mr= 12,384), ovalbumin (Mr= 47,000), human gamma globulin .
heavy (Mr= 55,000) and light (Mr= 23,500) chairs and bovine serum 2lburin
(Hr= 67,000).

Electrophoresis was carried out at 4 mA per gel for 1 hour and sub-—
sequently increased to 8 mA per gel unfil the bromophenol blue lefi the
gel tubes. After electrophoresis the gels were extruded and stzined.in
a mixture of methanol : 7 % acetic acid (1:1 v/v) contzining 0.25 % Coom-
assie blue (BDH Chemicals) and stored in 7 % (v/v) acetic acid. The gels
were scanned at 280 nm using the Gilford spectrophotometer described pre-

viously.

2 1? Production of 3H--La.'belled TNV To obtain 3H—la'belled virus pmener—

ations, French bean leaves cultivated as described previously were cut

off 2 to 3 days after inoculation. Each was immersed in and allowed to
imbibe 25 pCi of (3H) amino acid mixture at 1 mCi/ml (Radiochemicel
Centre Amersham) in 509 ul of water. The leaves were maintained in sm=il
sample tubes and allowed to imbibe several changes of water before harve-
sting. High humidity was achieved by regular spIayiné and the leaves
were kept in an enclosed cabinet with a 16 hour photoperiod at 5,000 to
10,000 lux and a temperature of 2500 After 3 days the leaves were fro-

zen at -20°C and TNV was purlfled by the differential centrifugsiion
method described.

2.18 Preparation of Antiseium‘to fﬁb‘ Two methods were used to raise

rabbit antiserum'to'TNVﬁ'using'pooled samples of highly pﬁrified virus
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in distilled water at 0.44 mg/mil.

In procedure "“A", 700 pl of virus suspension was mixed with 700 Fl
of Freund’s complete adjuvant and injected into a rabbit intramuscularly
in each hind leg on 3 occasions at 2 week intervals, The rabbit was
bled 10 m1 from the ear before each injection and bled completely by
cardiac puncture 3 weeks after the last injection., The blood was all-
owed to clot at room temperature for 4 hours then stand at 1% overnight
before it was centrifuged at 1,000xg for 15 minutes and the supernatant
serum stored at -20°C.

Procedure "B" required 2.25 ml of virus suspension injected into a

‘rabbit intraveinously after a 10 ml bleed. A further 2.25 ml was injee=

ted intraveinously after 3 weeks, and a 2.25 ml intramuscular injection
after-7 weeks. The rabbit was bled 10 ml before each injection and also
1 week before the final injection. A final complete bleed was taken 4
weeks after the final injection and the blood was treated as in the pre-

vious method.

Antiserum to plant prodﬁcts was adsorbed using acetone—extracted
powderprepared from frozen French bean leaves direcily after harvesting,
and extracted with 200 % (v/w) ethanol (80 % v/v) at 80°C for 10 minutes.
The powder was washed in 3 changes of phosphate buffered saline (FBS),
comprising 1.45 M NaCl in 4.5 mM sodium phosphate buffer.

Washed powder was added at 1 % (w/v) to the rabbit serum and stirred
at room'temperature for 1 hour. ‘The mixture was centrifuged at 1,000xs
for 20-minutes and the supernatant was again mixed with 1 % (w/v) washed
powder., After stirring for 1 hour and éentrifuging, the serum was stored
in aliquots at -20°C.

Antisera were assessed by Ouchterlony tests using 0.5 % (w/v) Oxoid
Ionagar No.Z in 10 mM sodium phosphate buffer at pH 7 containing 0.02 %
(H/V) sodium azide 1a§ered ohto clean microscope slides. Double diff-
usion gel-precipitation tests using wells cut in the'agar with Pasteur
pipettes were carried out with serial dilutions of virus and antiserum.
The slides were kept for 2 to 4 days in Petri dishes at room temperature
with high humidity to ﬁevelop precipitin bands. After equilibrating in
distilled water the slides were stained with Coomassie blue as described
for cylindrical gels. .



3. RESULTS: PROTOPLAST ISOLATION AND INCUBATION

3.1 Introduction The techniques of Hibi et al.(1975) provide a con-
venient starting point for cowpea protoplast isolation, and open up the

Possibility of investigating TNV replication in vivo, in isolated proto-
plasts. Accordingly, the protoplast isolation procedures were optimised
for maximum yield under the conditions available, and the protoplasts

investigated with respect to viability and metabolic activity.

The effects of isolation procedures on cultured protoplasts have
been investigated (Ruesink, 1978) and shown to cause changes in proto-
plast metabolism. Variations in precursor incorporation into protein
(Rubin & Zaitlin, 1976) or RNA (Premecz et al., 1978) would strictly:.
Iimit the application of labelling techniques to studying virus replicat--
ion (Paterson & Knight, 1975; Siegel et al., 1978; Rottier et al., 1979)..
‘Thus, the factors influencing precursor incorporation required investi-

- gation before studying virus replication. Protoplast incubation medium
(Zelcer & Galun, 1976}, incubation density (Rubin & Zaitlin, 1976) and
the addition of antibiotics (Watts & King, 1973; Wieringa-Brants, 1978)
all influence precursor uptake, and rates may change with the duration of
incubation (Robinson & Mayo, 1975). In addition, plant cultivation con-
ditions can affect protoplast quality (Zaitlin & Beachy, 1974; Huber,
1979) and required standardisation in order to give reproducible, comp-

arative results.in the present study.

" Gross responses to isolatlon treatment were initially considered in
terms of protoplast yield and viability. More sophisticated changes were
monitored in precursor uptake and incorporation rates at different times
after isolation. -
- 3.2 Flant Cultivation Tnitially, protoplasts were isolated from prim-

ary leaves of cowpea Plants cultivated in either greenhouse or a variety

of growth cabinet conditions. Reproducible leaf material was obtained
using the conditions described in detall under Materials and Methods, and

the isolation procedures were optimised for such material (Fig. 1.).

Seasonal variations in the environment accelerated or retarded plant
dé%elopment,:and the sampling criteria for maximum protoplast yield were
accordingly based on primary leaf expansion and the emergence of the tri-
foliate leaf rather than a strict comparison of plant growth periods.

Protoplast yield was low if ‘a leaf was not fully expande&;_ whereas plants
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Fig. 1. Cultivation of Plants for Protoplast Isolation

Cowpea plants used as a source of protoplasts were grown under
a 16 hour photoperiod providing 10,000 lux illumination from 24 warm
white fluorescent tubes and 9 x 150 W incandescent tungsten bulbs.
The temperature was maintained at 2500 throughout and relative humidity

at approximately 50 %.

Seeds were germinated in pots of moistened vermiculite, and trans-
ferred to bottles of liquid culture solution after 4 days growth.
After 4 to 8 days in liquid culture, fully expanded primary leaves were
selected for protoplast isolation, just prior to the emergence of the

first trifoliate leaf.



harvested after trifoliate development produced frzgile, unstable prot-
oplasts. All harvested leaves were sterilised by the methods of Coutts
& Wood (1975) before protoplast isolation techniques were investigated.

3.3 Enzyme Treatments Pre—plasmolysis and enzyme treatments were carried

out as described in Materials and Methods using 0.5 M mannitol after pre-
liminary observations of protoplast stability. Variations in enzyme con-
centration, incubation temperature and duration were investigated by com-
paring the yield of viable protoplasts per gram of leaf material. The
use of a shaking water bath accelerated  protoplast release at the minimum
oscillation rate (i.e. 25ﬂexcursions/minute), whereas. more vigorous shak-
ing caused protoplast damage and reduced yield-and viability. The data
in table 1 were -obtained using a 3% hour incubation at 30°C and 25 excur-

sions/minute.

Table 1. 'Irotoblastﬁiéolation‘U31ng'DifferentnEnzyme,concentrations

- |

Protoplast. isolation enzymes in 0.5 M mannitol |-Protoplast yield
adJusted as necessary to.pH 5. 6: .1 pex gram of leaf
,.Q_llﬂléﬁé_gnpzuka R-10 __ Macerozyme R-10 E Ltiss?e=, _
(#w/v) S o(Bwv) | (x10®)
0.6 | 0.075 | 3.37
0.5 | 0.075 .95
0.5 0.100 6.87
0.5 .- 04125 5,77
T 0 S 0.075 1.l
0.4 ‘ 0.100 6.13

An incubation temperature of 2500 Iéquired an overnight digestion
to give comparable protoplast release and a temperature of 3500 reduced
the viability of the protoplasts released after 3% hours incubation.
Using the optimum enzyme concentrations from the data above-.(i.e. 0.5 %
#/v Cellulase Onozuka R-10 and 0.1 % w/v Macerozyme R-10} a reduced inc-
ubation time at 30°C resulted in a large yield of cells retaining a cell-
ulose wall, Incubation for 4 hours or more reduced the viability of the

protoplasts released.

Bovine serum albumin (BSA) was added to the enzyme solution (Beier
& Bruening, 1976) prior to pH determination and the effect on protoplast
viability was recorded (Table 2.)."



Table 2. Effect of Bovine Serum Albumin on Protoplast Yield

Protoplast isclation solution containing 0.5 Viable protoplast
M mannitol at pH 5.6 with: yield per gram of
Cellulase Macerozyne Bovine serum leaf tissue:
Onozuka R-10 R-10 albumin (BSA)
(Fw/v)  (%wv)  (Bwv) | (x1070)
0.5 0.1 - 6.87

0.5 0.1 0.1 | = 9.48

A rovtine isolation procedure'wes adopted which involved incubatien
for 3% hours at 30°C in a shaking water bath at 25 excursions/minute.
The isolation medium contained 0.5 % Cellulase Onozuka R-10, 0.1 % Mac-
erozyme R~10 and 0.1 % BSA in 0.5 M mannitol at pH 5.6, This treatment
routinely gave protoplast yields of around 10? protoplasts per gram of

-

leaf material, assessed as described in Matexrials and Methods,

3.4 Viabllity Determination Protoplast viability was determined after
washing in osmotically stabilised 0.1 mM Cacl2
cribed under Materials and Methods. The vital stain fluorescein diacet-

using the techniques des-

ate gave the most rigorous determination of protoplast viability, but
proved time consuming as a routine technique., For routine analysis the
exclusion stains phenosafranine and Evan's Blue gave comparative results.
With experieﬁee, protoplast viability could be determined in unstained
material from observations of protoplast integriity; similar values were
ottalned when the mean percentage of viable protoplasts was assessed from
10 microscope fields using all. the above methods (Fig 2).--.1 J;::,

-

3.5 Incubation Density (2) & preiiminary experiment was carried out to

determine the effect of different incubation densities on protoplast via-
bility. Freehly isoleted protoplasts were washed and resuspended in 0.5

M mannitol with 0.1 mM CaCl2 at various densities. The cultures were in—
cubated at 23°C in 10 ml aliquots in continuous light (3,000 1lux). After )
48 hours incubation in the absence of any antiblotics the cultures were

assessed for protopiast viability.

The megnzprotoplast viability as assessed for a series of cultures

5

is shown in table 3. From this data a concentration of 1. 5 x 10° proto-
plasts per ml was selected for experlments to determine antibiotic levels

and precursor 1ncorporatlon. s

-



Fig. 2. Protoplast Viability Determination Using Fluorescein Diacetate

Cowpea protoplasts were viewed under high power using a fluor-
escence microscope fitted with exciter filter KP500 and barrier
filters LP520 and LP540. The protoplasts were incubated for 10
minutes in darkness with 0.0125 % fluorescein diacetate in osmot-
ically stabilised 0.1 mM Ca012 before examination using a Fuchs-

Rosenthal haemocytometer.

Live protoplasts fluoresce yellow/green. Red fluoresence is due
to autofluorescence of the chlorophyll and is observed in unsteined

material.
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Table 3. Effect of Incubation Density on Protoplast Viability

Protoplast incubation density percentage viability
in 0.5 M mannitol with 0.1 mM after 48 hours of
CaCl, : protoplast culture :
((x107/n1) (%)
3.72 | 32.0
3.10 35.0
2.48 36.6
1.86 b1.,6
1.24 ~ 7 39.0

3.6_ Antibiotic Treatments Antibioties were added to control microbial

contamination and selected on the basis of minimal effects on virus nuc-
leoprotein (McCarthy gﬁ al., 19?2), and their application in similar ex-
perimental systems (Robinson & Mayo, 1975; Siegel éi{g;., 1978; Wieringa-
Brants, 1978). Dosage levels of ZOOngfml c¢hloramphenicol and 75 units/
ml Nystatln were investigated with repeated treatments during incubation
(Wiernnga—Brants, 1978). Antibiotics were not added during the short
enzyme treatment. Treatments were assessed on the basis of their effect
on protoplast viabilify and the protoplasts were incubated in osmotically
stabilised 0.1 mM CaCl2 at 23°C in.lo.ml aliquots under continuous light.

Table 4, Effect of Antibiotics on Protoplast Viability

. Treatment of incubated protoplasts with percentage viability
-antibiotics after 0 and 24 ﬁours of in- after 48 hours of
cubation using 1.5 x 10° protoplasts/ml protoplast culture :-
Treatment 0 hours 24 hours . (%)

A N/c  Nc 38 .
B N/G N : 67

¢ N/C G L2

D N/c - | .90

(¥ = 75 units/ml Nystatin; G = 200 Pg/ml chloramphenicol)

For routlne experlments a single treatment was adopted at the start
of protoplast 1ncubat10n, using 200 pg of chloramphenicol and 75 units
of Nystatin per ml of culture medium. Tn cultures treated in this way
microbial contamination was observed only after 48 hours of incubation

and restricted t0 a-small percentage of culture vials..
age.

e
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3.7 . Pulse-Chase Labelling Using the optimised isolation and provision-

al incubation procedures, protoplast metabolism was investigated by the
addition of radio-labelled protein and RNA precursors to the incubation
medium. Protoplasts were incubated in 10 ml aliquots of osmotically
stabilised 0.1 mM CaCl, in the light (3,000 lux) at 23°C. labelled pre-
cursors were added at the start of the incubation period, and samples of
protoplasts were withdrawn at set time intervals for cold TCA acid-insol-
uble radioactivity determination, as described under Materials and Meth-

ods.

After a lag period of about 4 hours, (- H)-uridlne (Fig. 3.) and
( C) -leucine (Fig. 4.) were incorporated in almost linear fashion into
TCA acid-insoluble products. The decline in (BH)—uridlne incorporation
after 15 hours of incubation probably reflects the dilution effect of
unlabelled precursor moleculeé released from broken protoplasts (Rubin &
Zaitlin, 1976), and the rapid mucleic acid turnover rate in freshly iso-
iated protoplasts (Watts & King, 1973). Excess unlabelled uridine added
to the medium after 4% hours incubation resulted ipitially in reduced
incorporaiion,; shds subsequently , in the loss of labelled producis from
 the TCA precipitable material. This may similarly reflect a rapid rate
of nucleic acid turnover (Fig. 3.). | :

The incorporation of (140)-1éucine did not show a marked decline
after 15 hours of incubation and continued to increase slowly after the
addition of unlabelled leucine to the medium. Such continued incorpora-
tion may reflect a longer Period required for the dilution of the intra-’

- gellular amino acid pool, or a tﬁrnover rate for protopiast proteins
which is slower than that for nucleic acids. Further experiments were-
carried out to determinéﬁ%ole of the precursor pool in incorporation by
assessing uptake of labelled material as well as incorporation into RNA

or protein.

The reduced initial uptake observed as a lag period in both protein
and RNA synthesis may reflect the time taken to recover from high osmotic
pressure and protoplast isolation procedures((Robinson & Mayo, 1975).
Since these procedures are largely unavoidable in any isolation technique,
alternative incubation media were investigated as a means of stabilising
protoplast metabolism scon after isolation (Coutts et al., 1975). The
osmotic "step-up" was also 1nvest1gated,,however incubation for 10 minutes
in 0.7 M mannitol before resuspénsion in 0.5 M mannitol with 1 mM CaC12
@id not influence the incorporation pattern of labelled precursors.

L
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Fig.3 Effect of adding an excess of unlabelled uridine on the incorp-
oration of ( H)—uridine into isolated'protoplasts incubated in 10 ml of
0.5 M mannitol with 0.1 mi Ca €1, (1.5 x 10§/m1) 1n the light (3,000 lux)
at 23°c. Samples were labelled w1th 150 pCi of ( H)-uridine at the start
of the incubation. After 4} hours, unlabelled uridine (700 fold dilution
of radioactivity) was added to the chase portion of the experiment,

Aliguots (200 pl each) were withdrawn at various time intervals and
rad10act1v1ty incorporated into cold TCA a01d—1nsolub1e material was det=-

ermined, o——c continuous (BH)-urldine- -0 chase portion of experiment.
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Fig.h Effect of addlng an excess of unlabelled leucine on the incorp-
oration of ( C)—leuc1ne into isolated protoplasts incubeted in 10 ml of
0.5 M mannitol with 0.1 ml Ca Cl, (1.5 x 105/m1) in the light (3,000 lux)
at 23°C, Samples were labelled with 15 pCi of { uC)—IEHCIHE zt the start
of the incubation. After 43 hours, unlabelled uridine (700 fold @ilution
of radioactivity) was added to the chase portion of the experiment.

Aliguots (200'p1 each) were withdrawn at various time. intervals end
radioactivity incorporated into cold TCA acid-insoluble material wes dei-

ermined. e—e continuous (140)—1eucine; o--0 chase portion of experipent.



3.8 Uptake and Inco:pqration in Different Media A preliminary series
of experiments was carried out to investigate the incorporation of pro-

tein precursors into protoplasis incubated in different media.

Protoplasts were isolated as described previously and washed in 0.1
mM Ga.Gl2 in 0.5 M mannitol. Sedimented protoplasis were resuspended to
give 2 x 105 protoplasts /ml in each of 3 different incubation media con-
taining (1 ¢)-leucine. Duplicate cultures were sampled after 22 hours of
incubation as described under Materials and Metgods, and the mean incorp-
oration into TCA acid-insoluble products per 10 protoplasts was recorded
in table 5. Modified White's medium (Beier & Bruening, 1975), a simple
salts medium (Aoki & Takebe, 1969) and 0.1 mM CaCl, (Alblas & Bol, 1977)
were osmotically stabilised in 0.5 M mannitol for protoplast culture,.

Table 5. Incorporation of (1qb)-1eucine by Protoplasts Incubated in

Different Culture Media. - Mean incorporation into
Protoplaét incubation medium, osmot- TCA acid-insoluble prod-
ically stabilised in 0.5 M mannitol ucts : (cpm x 10_4 per
with added antibiotics: 10° protoplasts)
Modified White's medium 57.7
Simple salts medium (VIM) . 75.8
0.1 mM CaClz medium 42.5

Precipitable incorporation and total uptake were investigated for RNA

and protein’ precursors in VIM and GaCl2 media. The initial rate of up-

- take was higher for both precursors using the VIM rather than CaCl, med-

2
ium (Figs. 5 and 6), and a similar pattern was followed by TCA acid-insol-

uble incorporation, (Figs. 7 and 8).

This rapid uptake and incoiforatioﬂ by protoplasts incubated in the
simple salts medium directly after isolation,is more suitable for sequ-
ential pulse labelling, provided a similar rate of incorporation is main-
tained during culture. The increased incorporation rate may be due to
metabolic stability being achieved more rapidly, ,and the rate of uptake
may reflect depletion of the cellular pool as a controlling factor (
Francki éﬁ él., 19?1).'Thus, factors responsible for the initial rates
of uptake may be a consequence of the protoplast isolation procedure act-
ing directly-on the membrane and transport system (Robinson & Mayo, 1975),
or may reflect the altered protein profile in the isolated cell and the
consequent depletion of the .cellular precursor poqls.
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Fig.5 Uptaké of (140)-leucine by isolated protoplasts incubated in
different media, Protoplasts were incubated (1.5 x 10§/ml) in the
light (3,000 lux) at 23°C in 10 ml aliquots of Takebe's sirmple selts
incubation medium or 0.5 M mannitol with 0.1 mM Ca_012 . Szrples
were labelled with 15 pCi of (140)—leucine and aliquots of 500 pl .
were withdrawn at intervals and washed in 0.5 M mannitol. These pro-
toplasts were homogenised and extracts were solubilised and assessed
for radicactivity by scintillation counting. e——e uptake by proloplastis
incubated in Takebe's'simple salts medium; o-—e uptake by protoplasis

incubated'in 0.5 I mannitol with 0.1 mM Ca 012.
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Fig.6 Uptake of (BH)—uridine by isolated protoplasts incubated in
different media. Protoplasts were incubated (1.5 x 10”7 /ml) in the
light (3,000 lux) at 23°C in 10 ml aliquots of Takebe's simple salts
incubation medium or 0.5 M mannitol with 0.1 mM Ca Clz. S'a.mples were
labelled with 150 pCi of (°H)-uridine and aliquots of 500 pl were
withdra.wn at intervals and washed in 0.5 M mannitol. These protoplasts
were homogenised and extracts were solubilised and assessed for radio-
activity by scintillation counting., e—e uptake by protoplasis incubated
in Takebe's simple salts medium; o—o uptake by protoplasts incubated
in 0.5 M mannitol with 0.1 mM Ca Cl,. D



125

100 |

n ~3
o K
L] ¥

™
\n
—

cpm x 1073 per 10° protoplasts

: R \ .
0 1 2 -3 b
A Incubation Time (hours)

Fig.7 Incorporation of ( C)-leucine inmto TCA acid-insoluble products
by isolated protoplasis incubated in different media. Protoplasts
were incubated (1.5 x 10°/ml) in the light (3,000 lux) at 23°C in 10rl
aliquots of Takebe's simple salts incubation medium or 0.5 M mannitol
with 0.1 nM Ca Cl,. Samples were labelled with 15 pCi of (14c)~1eu~
cine and aliquots of 200 pl were withdrawn at intervals and radio-
activity incorporated into TCA acid-insoluble maierial determined.
-—o incorporation by protoplasts incubated in Takebe's simple salis
medium; o——o.incorporation by protoplasts incubated in 0.5 ¥ mannitol

with 0.1 mM Ca Cl,.
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Fig.8 1Incorporation of (BH)-urid:‘Lne into'TCA acid-insoluble products
by isolated protoplasts incubated in different media. Protoplasts were
incubated (1.5 x 105/m1) in the light (3,000 lux) at 23°C in 10 ml ali-
quots of Takebe's simple salts incubation medium or 0.5 M mannitol with
0.1 =M Ca Cl,, Samples were labelled with 150lp01caf’23ﬂ)-uridine and
aliquots of 200 pl were withdrawn at intervals and radicactivity incor-
porated into TCA acid-insoluble products was determined. e—a incorp-
oration by protoplasts incubated in Takebe's simple saits medium; o—o
incorporation by protoplasts incubated in 0.5 M mannitol with 0.1 mM

Ca 0120



j;ﬁ Incorporation Rates During Différenﬁ Labelling Perlods Comparable

rates of incorporation during the incubation period determine whether

Pulse labelling is a quantitative method for analysing protein synthesis.
Accordingly, uptake and incorporation were investigated for protein and
RNA precursors after a period of protoplast incubation. Protoplasts were
incubated in simple salts medium in orded to maximise the incorporation
rate (as in Figs. 6 and 8), and the radiolabelled precursors were added
at the start of incubation or after 18 hours of incubation under similar
conditions., Samples were taken at set time intervals and the incorpor-
ation of radicactivity into TCA acid-insoluble material was determined
(Figs. 9 and 10).

Protoplasts labelled at the start of the incubation period showed
a decline in the incorporation rate after 18 hours of culture. This
decline was more marked for (3H)~uridine, and similar to that cobserved

for protoplasts incubated in osmotically stabilised CaClé mediumn.

However, for both protein and RNA precursors the initial rates.of-
incorporation were similar whether the protoplasts were labelled at the
outset or after 18 hours of incubation. This similarity was taken as a
basis fdr‘Pulse labelling experimenis during the time course of virus

replication.

3.18 Incubation Density (b) As well as culture medium and incubation

period, the effect of cell concentration was investigated as a Tactor in
precursor incorperation by protoplasts. Although incubation density was
initially optimised for viability at 48 hours, prior to antibiotic treat-
ment, cell concentration may have major'effects on precursor @ilution in
the culture medium (Rubin & Zaitlin, 1976). Thus precursor incorporation
was determined for protoplasts incubated in simple salts medium for 18
hours at a range of concentrations. Cultures were labelled with (BH)nuri—
dine at the start of the incubation period, and duplicate samples were
analysed after 18 hours of incubation. Incorporation into TCA acid-inso-

5proto~

luble products was determined per nl of culture medium and per 10
plasts. The results for a range of protoplast concentrations are expres-

sed in Fig.l11.

At increasing protoplast concentrations the incorporation of (BH)—
uridine into -protoplast RNA is observed to remain stable or decrease per
ml of culture. The incorporation per protoplast decreases sharply as the

density is increased.
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Fﬁij Incorporation of (140)-1eucine into isolated protoplasts incubated
in 10 ml of Takebe's simple salts incubation medium (1.5 x 10?/m1) in the
light (3,000 lux) at 2300. Samples were incubated in the presence of
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Aigquots (200 Pl each) were withdrawn at intervals and radiocactivity
incorporated into qold TCA acid-inscluble material determined.

0—o labelled at time 0; @#—e labelled after 18 hours incubation.
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High rates of precursor incorporation are thus favoured by dilute
protoplast cultures, although at low densities protoplast viability may
become limiting. The phenomenon may be related to the dilution of label-
led precursors in the incubation medium in a similar way to the decline

in rate of uptake with incubation time,observed for (BH)—uridine (Fig.9).

3.11 Actinomycin D Because of its potential applicaﬁion to studying

virus RNA replication, the effect of actinomycin D on precursor incoxp-
oration was investigated.‘ After 5 hours of incubation, actinomycin D
and labelled precursors were added to protoplast suspensions which were
subsequently incubated in darkness for 12 hoursi(since actinomyein D is
thotosensitive). Control cultures were incubated with radiolabelled
precursors but without the antibiotic, and incubated both in darkness
and under normal lighting conditions as described in Materials and Meth~
ods., The incorporation for protoplasts incubated with and without 10 pg

/i actinomycin D is shown in table 6.

Table 6 Iffect of Actinomyein D on Precursér Incorporation

Actinomycin D | TCA acid-insoluble incorporation :
concentration (140)—1eucine (BH)—uridine
(ug/m1) (cpm) [(% inhibition) (cpm) |(% inhibition)
0 6,720 - 36,515 -
10 - 6,352 8.5 33,391 5.4

Over the 12 hour period tested and after 5 hours incubation under
normal conditions, precursors were iﬁcorporated into protoplasts at a
similar rate in darkness or in light. The addition of actinomycin D
resulted in only slight inhibition of either (140)—leucine or (BH)-
uridine incorporation into TCA.acid-insoluble products, although the
dosage level was similar to fhat employed to suppress DNA-dependent ENA

synthesis.

In long—term incubations protbplast viability was reduced by dark-
ness or by high light intensities (8,000 to 10,000 lux). Cultures were
consequently maintained under the regime described in Materials and Meth-

ods: for most experimental purposes.



107 | 10

epm/ml of protoplast suspension

cpm/ios protoplasts.
o
(€

10" ¢+

\Qii. Protoplasts/ml x 1072

F}ﬂ-!l Incorporation of (BH)—uridine into TCA acid-insoluble products

at increasing protoplast concentrations in Takebe's simple salis incu-
bation medium. Protoplasts were incubated at various concentrations in
10 ml samples in the light (3,000 lux) at 2300. Samples were labelled
with 150 uCi of (3H)-uridine at the start of the incubation and dupli-
eate aliquots {200 pl each) were removed after 18 hours incubation.

The incorporation of radiocactivity into TGA acid-insoluble material was
determined by sc1ntillation counting. e—e 1ncorporat10n/ml- o—o in-
corporatlon/IO protoplasts. ’




4. RESULTS: INFECTION OF PROTOFLASTS BY TNV

4.1  Introduction Wieringa-Brants gﬁ él. (1978) have shown that cowpea

protoplasts can be inoculated with the A strain of TNV. The method pro-
vides a useful demonstration of infection, but for biochemical investi-
gations of virus replication, procedures which ensure a more efficient
and reproducible infection would be necessary. The D strain of TNV,
which does not support satellite replication, would also be a more con-
venient strain with which to initiate replication studies, Investigation
of the A sirain and STNV replication could then follow once the infection

conditions were establishgd.

Accordingly, TNV strains A and D were purified from various sources
using several procedures, and the purified virus was investigated for
infectivity and sedimentation characteristics. The buffered polycation
system employed by Wieringa-Brants et al. (1978) was then used to estab-
lish infection in protoplasts isolated and incubated as described in the

previous section.

The initial inoculation procedure was as follows :
10 ml of inoculation medium containing 20 pg of poly-L-ornithine (F10),
160 pg of TNVD and 0.01 M phosphate buffer pH 5.6 in 0.7 M mannitol “Was
pre-incubated for 10 minutes at 20°C in a 100 ml Erlenmeyer flask,
6 x 105 protoplasts were sedimented from 0.5 M mamnitol washing solution

and resuspended. for 15 minutes in the inoculation medium,at 20°%.

The non-adsorbed virus was removed by 3 cycles of centrifugation and re-
suspension in osmotically stabilised'0a012, and the protoplasts were

incubated in culture medium at 2300 and 3,000 lux constant illumination.

Virus replication was monitored by éampling the protoplast suspen-
sion culture at various times post-inoculation (PI), and virus content
was assessed by local-lesion assay on cowpea primery leaves, Individual
infection parameters such as pH, virus concentration, osmotic "step-up"
and polycation concentration were invéétigated,_using the protoplast -

infeetivity assay to determine the optimum procedure.

4,2 Virus Purification ., Highly purified virus preparations were obtain-

ed from heagiiy necrosed primary leaves of cowpea or French bean (var.
The Prince or Pinto). Purification was by differential centrifugation

as described by Kassanis & Phillips‘(1970) or polyethylene glycol pre-
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Fig.12 Ultravioclet-absorption spectrum of a TNVD rreparetion
purified by differential centrifugation, Using the extinc-
£i6h coefficient E ;6gm 0.1% = 5.5 (Babos & Kassanis, 1963)
the purified preparation which gave the above .trace at 1/10

dilution represents 1mg/ml of virus.

55



cipitation of the virus (Gooding & Hebert, 1967) but most consistent
results were obtained with the centrifugation method described under
Materials and Methods and based on the procedure of Salvato & Fraenkel-
Conrat (1979).

Virus content in the highly purified preparation was assayed spec-
trophotometrically as illustrated in Fig. 12. Using the differential
centrifugation method of purification, yields in excess of 10 mg/ml were
cbtained routinely from French bean or cowpea leaf material. For poly-
ethylene glycol purified preparations, a maximum yield of 0.5 mg/ml was
obtained and for ammonium sulphate precipitation 0.15 mg/ml, The respec~
tive dilution end points on cowpea primary leaves were 10 -7 for differen-
tial centrifugation, 10"4 for polyethylene glycol and 10 -3 for ammonium
'sulphate.

-

The ¥ield of wvirus was similar for equivalent weights of French bean
and cowpea leaves. French beans Pinto and The Prince were compared as
propagation hosts for TNV, and although virus yields were similar, Pinto

was selected for jnitisl purification on account of improved germination.

4,3 Sucrose Gradient Analysis Samples of both TNV strains were sedimen-

ted on 10 o 40 % sucrose gradients and UV absorbance at 260 nm was rec-
orded (Fig..13) as described under Materials and Methods. When dialysed
overnight agalnst distilled water and inoculated onto cowpea Primary
1eaves, fractions from the single TNV peak gave characteristic local
1351ops after 5 days. After similar treatment,the rapidly sedimenting
f:actiéﬁ of TNVA rroduced a similar local lesion response. However, the
sloWer sedimenting component did not elicit a lesion response on test

plants and was assumed to be satellite virus (STNV).

Sucrose gradient fractionation of some virus samples purified from
Pinto bean leaves resulted in a more complex absorbance pattern (Fig. 14).
Gradient fractions (500 pl) were collected from the absorbing region and
analysed individually at 260 and 280 nm; the absorbance ratios for indiv-
idual fractions are shown in Fig. 14, In addition, 500 ul aliquots were
dialysed against distilled water and inoculated onto test plants. Further
samples were loaded onto Ouchterlony slides and precipitated against anti-
serum to TNV in double diffusion tests as described under Materials and
Hethods. ' |

Local lesions were elicited by all fractions taken from the absorb-

. g
-
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Absorbance at 254 nm

(V) (STNV)

\;tl « Sedimentation

‘ Fig.13 ©Sedimentation~absorbance profile of 2 strains of TNV purified from )
cowpea leaves in phosphate buffer pH 7.5 and stored at -2090 in distilled
water. Virus (50 pg in SOOPl) was layered onto 4,5 ml 10 to 40 % (w/v)
sucrose gradients in distilled water and centrifuged at 30,000 rpm and
4°c for 210 minutes. The gradients were analysed on a Uvicord gradient

analyser at 254 nm and fractions corresponding to virus peaks wWere col-
lected using an 1KB fraction collecter,
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(see text for details)
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Fig.14 Sedimentation-absorbance profile showing the dissociation of TNVD
purified from Pinto bean leaves in phosphate buffer pH 7.5 and stored
at —20°C in distilled water. Virus (15 pg in 500pi) was layered onto
b.5 ml 10 to 40 % (w/v) sucrose gradients in distilled water and cen-
trifuged at 30,000 rpm and 4°¢ for 210 minutes. The gradients were .
sampled using a Uvicord gradient analyser and collected fraciions were
énalysed individually in Beckman model 35 spectrophotometer.to give

A : A, absorbance ratios for each 500 pl fraction.
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ing region, although maximum infectiviity was associated with the more
rapidly sedimenting region., The rapidly sedimenting fractions also gave

precipitin bands against TNV antiserum.
The absorbance ratios of the gradient fractions are consistent with

} 260° 280 1.75) a nucleo-
protein (A260 80" 1+ 67) and a nucleic acid (A26O 580" 1 81). On this

basis, the gradient pattern probably represents dissociation of the virus

the typical absorbance spectra of the virus (A

particles and may be related to rH or salt concentration during the puri-
fication procedure. Similar sedimentation patterns have been investigated
by McCarthy et al., (1980).

Dissociation of the virions was not observed in virus preparations
from cowpea leaves, and cowpea was subsequently used as the major prop-

agation host.

4,k Protoplast Infection Protoplasts were initially inoculated with

. TNVD, using the procedure described by Wieringa-Brants et al. (1978).

The inoculated protoplasts were washed and incubated as described undex
Materials and Methods using 1 ml aliquots of protoplast suspension in 10
ml scintillatibn vials. Discrete aliguots incubated in this way were
convenient for pulse labelling studies and easily sampled for infecti@i%y

determinations.

At set times after inoculation, vials were withdrawn and stored at

-20°C until tﬁe experiment was terminated. The samples were thawéd and -

dial&sed overnight against distilled water before inoculating onto test

plants;“ When samples were diluted before inoculation to moderate the
lesion counts, an appropriate multiplication factor was applied to the
infectivity results. ; '

A time course of virus replication using the initial protoplast
inoculation procedure is shown in Fig. 15. High 1evels_ of virus infec-
tivity were observed directly after inoculation, which may reflect an ex-
cess of virus particles remaining adsorbed to the protoplasts after the
Ga.Cl2 washing procedure. The continuing presencé of infectious virus
throughout the time course may also indicate a degree of asynchrony in
the inoculation procedure which would reflect on a biochemical analysis
of replication. Nevertheless, virus repllcatlon progressed rapidly bet-

ween 24 and 48 hours post=inoculation.

Because of the high virus coﬁcpntration in the inoculum, and the
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" Fig.15 Time course of TNV replication in ﬁrotoplasts inoculated as descri-

bed by Wieringa-Brants et al. (19?8) Incubated protoplast aliquots Were

withdrasm at various times PI and inoculated after dlalys1s onto test

plants. Lesion counts were multiplied by approprlate dllution factors,
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lengthy purification procedure required to obtain sufficienﬁly conc-
entrated virus, optimisation experiments were initiated using a range
of TNV concentrations., For convenience the sampling procedure was re-
duced to 3 salient points on the time course. In order to assess the
excess virus in the inoculation medium, protoplasts were sampled prior
to incubation. Aliguots were then withdrawn at 24 and 48 hours PI to

determine the rate of virus replication.

4;5 Inflﬁence of Virus ﬁnd Polj—L—bfﬁithiné C&ﬂéenﬁr&tion Protoplasis

were inoculated with TNV using the method described previously except
that a range of TNV concentrations were applied. At 0, 24 and 48 hours
PI samples were withdrawn for inoculation onto test plants., Table 7
shows a typical series of results assayed on cowpea primary leaves. Each
treatment was inoculated onto 10 cowpea leaves and the resulis are ex-

5

pressed as mean number of lesions per cowpea leaf per 10” protoplasts.

Table 7. Effect of Virus Concentration on Protoplast Infection

Concentration of TNV in | Mean number of lesions per cowpea leaf
standard inoculum: per 105 protoplasts at various times PI
( Pg/ml ) (0 hours PI)|{{24 hours PI)|(48 hours PI)
2 1 3 . 87
5 0 | 36 168
.10 3 75 198
20 14 52 211

Because there is evidence that poly-L-ornithine in the inoculum (FLO)
interacts with negatively charged vitus particles, the optimal concen-
trations of virus and PLO were regarded as interdependent. Nevertheless,
virus concentration may be critical in infection.- - A4lthough repeated
experiments established a virus optimum for synchronous infection of 4 to
5&Pg/mlj ‘(using 2 Fg/ml of FLO) a range of FLO concentrations was inves-
tigated using 5 pg/ml of TNV.

Using a similar inoculation procedure, a series of FLO concentrations
were added’to.the pre-incubation mixture with 5 pg/ml of TNV. After in-
fection the protoplasts-were incubated and analysed as above and the res-
ults are expressed in similar terms in Fig. 16 for a representative

series of overlapping ekperimentsighich were assayed together.

The optimum concentration of FLO for protoplasts inoculated with 5
/.’~ . A

s



100 L

Q L)

B

g 80 |

joh)

[»]

+

8

Py
lr\o'

I 60t

9

[i}]

—
.o

]
B

S uo |

<

[}

o
o

[11]

1)) )
~ 1 0 N UTNG s s
L]

[o]

& 20 |

8

g

=

& 0
Q

s e

0 1 2 L - 8 12 4

Poly-L-Ornithine Concentration ( pg/ml )

Fig.16 Effect of FLO concentration on protoplast infection using standard
inoculation procedure and 5 pg/ml TNV. Froioplasts were asséyed by inoc-~
ulation onto cowpea primary leaves after (e-—e) 24 hours and (o—o) 48
hours incubation post-inoculation. At time 0 all treatments gave less
than 2 lesions per leaf per 105 pmbtoplasts.

"



pg/ml of TNV was observed to be around 4 pg/ml throughout a series of
experiments. This optimum level is close to the 1:1 ratio reported for
many protoplast/virus interactions (Otsuki & Takebe, 1976; Manle et al.,
1980). High levels of PLO (above 8 pg/ml) were accompanied by a signif-
icant loss in protoplast viability but for protoplasts inoculated in the

absence of PLO no virus replication was observed.,

Since buffer ions in the inoculation medium might influence not only
the formation of infection complexes btut also protoplast stability, a
series of pH variations and buffer concentrations was investigated. Pre-
liminary results suggested that protoplast viability was reduced when
inoculated in citrate bufférs, and consegquently inoculations were carried

out using phosphate buffers over a broad pH range.

4.6 Influence of pH and Buffer Gonceﬁfration Using the optimised FLO
and virus concentrations, a series of inoculations was performed using
10 mM phosphate buffer at a range of pH values. The protoplast infect-

ivity results are shown in Fig., 17, at 24 and 48 hours PI; infectious

virus was not detected immediately after inoculation.

Phosphate buffer at pH 6.0 consistently resulted in the maximum:. ..
yield of infectious virus, and was tested at a range of concentrations
using a similar inoculation procedure. The influence of buffer concen=.

tration on infectivity is shown in table 8.

Table 8. Influence of Buffer Concentration on Protoplast Inoculation

Concentration of phosphate| Mean number of lesions per cowpea leaf
buffer at pH 6.0 in the per 105_protop1asts at various times FT
inoculation medium : (0 hours PI)|(24 hours PI)|{(48 hours PI)

2 mM 0 4.5 - 235

5 mM 0 3.0 92

10 nM 1 4.5 15

15 mM 0 9.0 16

20 0 3.0 14

30 mM 0. 1.5 9

ALl subsgquent experiments employed an inoculation mixture contain-~
ing 2 nM phosphate buffer pH 6.0, 5 pg/ml TNV 2nd &4 Jug/ml PIO in 0.7 M
mannitol. The inoculation temperature and incubation times were then ad-
Justed to give maximum virus yields.
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ected immediately after inoculation.



4,7 Influence of Incubation and Pre-incubation Times Using a 15 minute

inoculation period and the modified inoeculation mixture described above,
experiments were carried out to investigate the effects of pre-incubation
on protoplast infection. Freshly sedimented protoplasts were resuspended
in inoculation medium,: pre-incubated.for 0 to 37.5 minutes at 20°C in
Erlenmeyer flasks. The cultures were maintained at ?000 for 15 minutes
before washing and incubating as previously. After 48 hours the cultures
Were dialysed and assayed on cowpea leaves; the resulis are shown in

Fig. 18, for a representative series of pre-~incubation times.

An optimum pre-~incubation time of 30 minutes was observed for media
subsequently employed in a 15 minute inoculation. Accordingly, a 30 min-
ute pre-incubation time was used to investigate a series of inoculation
times. The range of inoculation times and the corresponding infectivity
data at 2% and 48 hours PI are shown in Fig. 19. No infectious virus
was recovered from the protoplasts directly after inoculation.

Although infectivity increased in protoplasts incubated for up to
25 minutes in the inoculation mixture, an inoculation time of 10 minutes
was selected for use in subsequent experiments. The extended inecubation
was thought to increase the possibility of unspecific virus attachment
to the protoplasts, this might lead to a loss of synchrony in the 1nfec—
tion. The short incubation also leads to an infectivity peak;-this may
reflect a rapid association and ca?’ -assisted disassembly of the virus,
contiguous with the protoplast membrane. Such a process would lead to a
more synchronous infection of the protoplasts, and reduce the chances of -

© subsequent infections by associated virus particles.

Accoxdingly, the 30 minute pre-éincubation was investigated with a
15 minute inoculation period to determine the effects of temperature var-

iations on the protoplast infection mechanism.

4.8 Influenée of Inocuiation Témperature. Protoplast inoculations were
" carried out using the optimised conditions and emplo&ing a temperature
shift to 0°C for the pre-incubation and/or the inoculation period. Using
the 30 minute pre-incubation period, no difference was observed between

preparations pre—inbubated at 20°C and those pre-incubated at 0%.

Observations of cultures, and microécopic.examination of inoculated
protoplasts.showed an aggregation of the protoﬁlasts which was proport-
jonal to the PLO concentration in the inoculum. At high concentrations



mean number of lesions/cowpea leaf/105protoplasts
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Fig.18 Effect of pre-incubation time on protoplast infection. Protoplasts
were infected using the modified inoculation medium and a 15 minute inoc-
ulation time at 20°C.- Prior to infection, the inoculation medium was
pre-incubated for various periods as shown above. Protoplast cultures
from each treatment were assayed for iﬁfectivity after 48 hours of in-
cubation. The infectivity results are expiessed as mean number of lesions
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per cowpea leaf per 10~ protoplasts.
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toplasts.




(more than 8 Fg/ml) protoplasts were damaged by the polycation and lost
viability. At low PLO concentrations (less than 2 Pg/ml) protoplast ag-
gregation was not observed, and little or no infectious virus was recov-
ered after incubation. In general, a degree of protoplast aggregation
-was always observed in cultures which subsequently yielded infectious
virus, although the aggregafes were often dissociated by washing in low
solution in 0.5 M mannitol. ( 10 mM CaCl, resulted in a

2
was more suitable as a

molarity Ca.Cl2

similar protoplast aggregation and 0.1 mM CaG12

protoplast washing solution).

Cultures which were inoculated at 0°C éhowed an increase in proto-
Plast aggregation over those ‘inoculated at 20°C using a similar level of
FLO. Reproducibly high yields of infectious virus resulted from the,OOC
temperature shift although the increase over cultures inoculated at 20°¢
was not always statistically significant. Nevertheless, on the basis of -
the infectious virus recovered,and the observations of protoplast aggre-
gationusing non-toxic levels of PLO, the temperature shift was employed

in subsequent experiments.

4.9 Optimal inoculation Conditions The influence of the osmotic "step-

up" was similarly difficult to assess statistically. However, protoplast

stability during incubation was greater if an osmotic change was employed
in:the inoculation procedure. Although protoplast loss during inocula-
tion increased as a consequence of the step-up, many of the broken cellis
were removed in the washing procedure. Thus a more robust population of
cells -was incubated and this seléction was reflected in protoplast stab-
ility, at 2% and 48 hours PI. On this basis the osmotic step-up was ret-
ained in the inoculation procedure which in subsequent experiments was as
follouss , .

10 ml of inoculation medium containing 40 pg of PLO and 50 pg of
TNV,with 2 nM phosphate buffer pH 6.0 in 0.7 M mannitol was pre-incubated
for 30 minutes at 20°C in a 100 ml Erlenmeyer flask.-

Protoplasts were sedimented from 0.5 M manmitol solution and re-

suspended in the inoculation medium for 10 minutes at 0°c.

The non-adsorbed virus was removed by washing in 0.1 mM CaClz solu~

tion in 0.5 M mannitol as described previously.

10 ml of inoculatioh was used to infect between 0.6 and 1 x 106 pro-
toplasts without any significant'difference in the infectivity recovered.
A/Q‘
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5. RESULTSs .  VIRUS REPLICATION IN PROTOFLASTS

5.1 Introduction Throughout the optimisation experiments, the recovery

of infectious virus was assessed by local lesion assay as a measure of
virus replication. This procedure was effectively used to compare treat-
ments and thus develop a more efficient infection method. However, in
order to study virus synthesis in detail, more rigorous parameters of

replication were required.

Thus, the time course of virus replication was investigated by ass-
essing the yield of infectious RNA (Coutts & Wood, 1976) as well as the
yield of infectious whole virus. In-addition, TNV synthesis was followed
by analytical sucrose gradient centrifugation of extracts from protoplasts
at various times after inoculation (Gonda & Symons, 1979). The virus
yield was quantified by comparison with similar extracts of healthy prot--
oplasts, supplemented with highly purified virus.

FNA~dependent RNA polymerase activity was also investigated during
the course of viral replication. Following a method similar to that used
by Okuno and Furusawa (19?9),extractable polymerase azctivity was assayed

at various times after inoculation or "mock-inoculation".

Protein synthesis during replication was studied using radiolabelled
Precursors and techniques similar to those applied in TMV replication
studies {Paterson & Knight, 1975; Siegel et al., 1978; Huber, 1979). The
protoplasts were fractionated prior to analysis in order to improveithe
detection capacity of the analysis fechniques. Protein synthesis was in-~
vestigated using polyacrylamide-SDS slabgel elecirophoresis and labelled
products were visualised by fluorography,( Densitometer traces were also

obtained by scanning the fluorogram lanes to give comparative data.

The molecular weights of the protein products were estimated by
using labelled marker proteins and co-electrophoresing labelled capsid

protein.

5.2 Infectivity Time Course During subsequent time course experiments,

protoplasts were harvested from the incubation medium by a 200 xg cent-
rifugation step prior to-analysis. This was necessary to achieve the
concentratiqnirequired for biochemicsl analysis of the protoplast prod-
ucts. Since comparative‘data Were required frsm both infectivity and

biochemical assays of virus replication, a similar sampling procedure
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Fig. 20 Nucleoprotein- infectivity time course of virus replication
using protoplast pellet extracts. Protoplasts were harvested by cent-
rifugation after various periods of incubation. The pellets were son-
icated and diluted in distilled water before inoculation onto test
pPlants. The infectivity data are expressed as lesions per cowpea leaf
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was adopted for both techniques, involving a preliminary centrifugation
step. Accordingly, for local lesion assays of the replication time course
Protoplasts were sedimented from the inoculation medium, resuspended in
distilled water at 4°C, and sonicated before inoculation onto cowpea pri-
mary leaves., The infectivity data from such a time course are expressed
in Fig.20.

By comparison with Fig. 15, a sharp decline in the recovery of in-
fectious virus was detected after 24 hours of incubation. In other,
similar experiments infectious virus was observed t0o increase for a per-
jod upto 30 hours PI in a similar pattern to Fig. 15, before falling
sharply until the end of the incubation period, similar to Fig. 20.

This rapid decrease in virus content was observed in all experiments
sampled by the centrifugation procedure, and may reflect the increasingly
fragile state of the protoﬁlasts after prolonged (i.e. beyond 24 to 30 ’
hours) incubation. In this case, protoplast material which is retained
in the dialysis procedure would be lost'by centrifugation, and discarded

with the inoculation medium.

However, the initial time course studies indicated that virus rep-
lication precedes rapidly between 14 and 30 hours PI. Certainly RNA- .
dependent RNA polymerase activity would be expected early in the repli-

cation cycle, perhaps decreasing in activifiy while virus replication con-

“tinued (Okunq & Furusawa, 1979), and virus specific protein synthesis

might follow a similar patiern. Thus, over the period of maximum inter-.
est boﬁh dialysis and centrifugation procedures give similar resultis.

Accordingly, sedimented protoplast'samples were also investigated
for infectious RNA content. Over a similar incubation period, protoplasts
were harvested and phenol extracted as described under Materials and Met-
hods. The resultant aquecus phase was diluted in distilled water at 4°¢
and inoculated immediately onto test plants. The results from such a

time course are shown in Fig. 21.

The infectivity recovered from phencl extracted protoplasts was in
general about half of that present in nucleoprotein extractions. This
difference probablylreflected the efficiency of the extraction procedure
and the instability of the RNA. The rapid increase in infectious RNA pre-
ceded the nucleopreotein increase in all experiments although there was
variation in the onset of detectable replication between experiments. The

infectivity peak was further studied by sucrose gradient analysis.

g
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Fig. 21. RNA-infectivity time course of virus replication using
protoplast pellet extracts. Protoplasts were harvested by centrifuga-
tion after various periods of incubation. The pellets were phenol
extracted as described undexr Materials and Methods and the resultant
aquecus phase diluted in distilled water. These diluted samples were
inoculated onto test plants for local lesion assay. The results are
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5.3 Sucrose Gradient Analysls Inoculated protoplasts were pelleted

after various incubation periods and extracted in PGB as described under
Materials and Methods, for analytical sucrose density gradient centri-
fugation. When healthy protoplasts were mixed with a known concentration
of highly purified virus, and analysed by this method, characteristic
peaks were observed on absorbance-sedimentation profiles at 254 nm (Fig.
22.), sedimenting close to the bottom of the gradient.

Viral protein antigenicity as evidenced by.Ouchterlony tests, and
infectivity as shown by local lesion assay, were observed to co-sediment
with the UV absorbing material. The absorbance-sedimentation peak area,
as measured by comparing fhe weight of cut-out traces, was also propor-
tional to the amount of virus added to the protoplasts. Thus, the cor-
responding peak areas from infected protoplast extracts were used as a
quantitative estimate of virus yield (Fig. 23).

When virus content as estimated by UV absorbance-peak areas was
plotted on the time course of protoplast incubation, a pattern was obs-
erved similar to the infectivity data from a parallel nucleoprotein ass-
ay (Fig. 24).  The virus peak was also similarly located between 24 and
30 hours PI in other experiments and followed the course of protoplast

infectivity .in each experiment.

‘From these data, it appears that virus replication occurred synch-
ronously in the protoplasts and although the peak was variable in its
timing the onset of rapid viral synthesis occurred between 15 and 20
hours PI, in all cases. Accordihgiy, a period between 15 and 25 hours
after inoculation was selected for'analysing protoplasts with respect to
RNA-dependent RNA polymerase activity. Viral replicase activity might
be expected throughout this period to account for the observed synthesis
of viral RNA. ’

5.4 RWA Replicase Assay During the period of rapid virus synthesis,

between 15 and 25 hours PI, protoplast pellet extracts were investigated
for RNA replicase activity by a method similar to that described by
Okuno and Furusawa (1979).

Virus infected, "mock-inoculated" and healthy protoplasts were col-
lected by centrifugation and washed before being ground and clarified by
centrifugation prior to extraction. The membrane-bound enzyme fraction

was obtained as a 20,000xg pellet as described under Materials and Meth-



(a)

Absorbance at 254 nm

(b)

(c)

Sedimentation ' *

Fiq 21-galibration of sucrose gradient analysis for proto-
plast extracts, Standards of (a) 30 pg, (D) 20 pg, and (e)
10 pg of purified virus were added to suspensions of healthy
protoplasts immediately prior to extraction in grinding buf-
fer (PGB). The extracts (for details see text) were layered
onto 10 to 40 % (w/v) 4.5 ml sucrose gradients in distilled
water and centrifuged at 30,000 rpm and 4% for 210 minutes.
Gradients were sampled using a Uvicord gradient analyser and
the relative peak areas were used to calculate virus contert

in infected protoplast samples.
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F,‘q-’2.3 Sedimentation-absorbance profile of protoplast ex-
tracts at various times after inoculation with TNVD. Pro-
toplast pellets were sedimented from 5 ml aliquots of incu-
bation medium and resuspended in 500 pl aliquots of FGB.

The peliets were ground and 200 pl.extracts (for details see
text) were layered onto 4.5 ml 10 to 40 % .(w/v) sucrose gra-

dients and centrifuged at 30,000 rpm and 4°¢ for 210 minutes.

The absorbance peak areas were measured to quantify
the virus yield by comparison with-virus standards. Samples
were taken at (¢) 15, (b) 17 and (a) 19 hours hours post-

. inoculation,
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assay of nucleoprotein (Flg. 20. ) and RNA (Fig. 21.) extracts from in-
fected protoplasts.
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ods and was taken up in the reaction buffer IB, No replicase activity
was detected in the soluble fraction or associated with the 1,000xg
pellet. '

Membrane preparations from healthy,"mock-inoculated" and infected
protoplasts were assayed for RNA replicase activity by measuring the
incorporation of (BH) UTP into TCA acid-insoluble p;oducts in & standard
reaction mixture. Extracts were incubated for 60 minutes at 3000 in the:
presence of actinomycin D to inhibit DNA-dependent RNA synthesis, while
duplicate reaction mixtures were incubated with TCA and tetra-sodium

Pyrophosphate solution to serve as control experiments.

The incorporation of'(BH) UTP into TCA acid-insoluble products by
protoplast membrane preparations taken at 18 hours FI is shown in table
9, fractions were prepared from healthy, infected and "mock-inoculated"

protoplast cultures.

Table 9. Polymerase Assay ofiProtoplast Pellet Extracts

Membrane fractions after (°H) UTP incorporated into
18 hours incubation of TCA acid-insoluble products
protoplast cultures : (epm x 1072 ) S
control*  after 1 hour at 30°%C
Healthy | 2.49 1.96
o 2.4 2.34
. Mock-inoculated 2.58 4.26
e al 2.46 3.30
Infected 2.97 6.97
" = - 2.16 7.67

*¥control assay was incubated with termination solution,
for details see text.

Whenrheélthy protoplast membrane fractions wére'assayed for RNA-
dependent RNA polymerase activity, no incorporation of (BH) UTP was obs-—
erved above the control background level. Fractions extracted from
mock-inoculated protoplasts resulted in a 14 to 2 fold increase in the
level of incorporation, -whereas infected protoplast: fractions showed a

3 to 4 fold increase in incorporation.
Polymerase activity was assayed at 2 hour intervals throughout the

-

%
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period of rapid virus replication. However, the increased level of rep-
licase activity in infected protoplasts was only detected at 18 hours FPI.
Since replicase activity must extend over a long period to account for
the observed virus synthesis, both the duration and level of incorporation
detected probably reflect a far from optimal assay system for this enzyme.
Nevertheless, the incorporation detected may represent the peak of enzyme
activity during virus synthesis, and protein synthesis during the early
replication period might thus include-components of the replicase;
Accordingly, protein synthesis was investligated during the period

of virus replication using pulse labelling techniques with radio-labelled

protein hydrolysate or amino acid mixtures.

5.5 Protein Synthesis Analyslé  Healthy, infected and "mock-inoculated”

protoplasts were pulsed for 2 hour periods at various intervals after the
appropriate incculation and/or incubation procedure, Protoplast protéins
were analysed by polyacrylamide gel electrophoresis and fluorography afier
the labelling period, as described under Materials and Methods. -

When protoplasts were homogenised directly in disruption buffer and
electrophoresed on 15 % acrylamide SDS slab gels, fluorography revealgd
the presence of a polypeptide of approximately 30,000 Mr ih infectea gam-
Ples,,which was not rresent in healthy samples (Fig. 25).

The 30,000 Mr product was taken to represert the viral coat protein,
which was observed as a 30,000 Mr polypeptide on both polyacrylamide slab
and cylindrical gels (Fig. 26).° However, fluorogram definition was poor
and many possible bands from the protoplast preparatlon were obscured by

diffuse darkening of the film.

Resolution was improved if the pro%oplast preparations were part-
itioned against chloroform (similar to the sucrose gradient analysis)
hefore loading onto gels, and an extraction procedure similar to the pol.--
ymerase preparation was adopted in order to maximise the detection cap-
acity for replicase components. In géneral the high lipid content of the
protoplasts disturbed the polypeptide paftern and resulted in a diffuse
darkening of the fluorograms. Efficient resolution was aided by IGB ex-~
traction anq by increased SDS in the aisruption buffer, however polypep-
tide resolution in the i0,000xg peliet.was not improved by SDS or Triton
X-100 and the pellet fraction was potlinvestiéated further. The 10,000xg

supernatant was analysed throughqut the time course.
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Fig. 25. A fluorogram of (14C)leucine-labe11ed protein synthesis
during 48 hours incubation of "mock-inoculated" (MI) and infected
(I) protoplasts. After incubation protoplasts were disrupted and
electrophoresed on 15 % polyacrylamide SDS slab gels, The molecular
weights of co-electrophoresed 140-1abe11ed marker proteins are in-
dicated in the right-hand margin. The expected position of authen-

tic TNV coat protein is indicated in the left-hand margin.

The protoplasts were not fractionated extensively before elec-

trophoresis.

/ 9



TNVD capsid protein
a(}
o~
0
d§§
5 |
o |
(oM
P
o
by
)
ol
3]
£
i
q S
@

3 s
KL Pt
|9 "
© > "6\9’ 66-90
o e @'0. @ .
P . '3.“6\) @-p- g
:*cg 04‘3‘ 2 R
o k—’/\M—d"\J
Q
m .

. _ 1.0 Relative Mobility 0.0

N b o
Nt Fig. 26 Cylindrical-gel analysis of TNV coat protein. Denatured TNV

was resolved on 10 % acrylamide with 0.1 % SDS, and co-electrophoresed
with marker proteins. After electrophoresis as described under
Materials and Methods, gels were stained with bromophenol blue and

scanned at 280 nm using a Gilford spectirophotometer.

Relative mobilities were used to estimate the coat protein mol-

ecular weight.



Sampling
tine:
(hours PI)

30H

Relative Optical Density

-« Migration Distance

Fig.2? 15 % polyacrylamide-SDS gel loaded with 2 hour (3H)-amino acid~
pulsed protein extracts. Infected protoplasts were pulsed for 2 hour
periods at various times after inoculation. The protoplast pellets
were fractionated (see text) and loaded onto 15 % polyacrylamide-SDS
slab gels. After electrophoresis, the gels were fluorographed and the
lanes were scanned using a densitometer. Protoplast samples were
taken at 16, 18, 24 and 30 hours after inoculation.

Arrows represent polypeptides of A, 23,000 Mr; B, 30,000 Mr; and
¢, 100,000 M_.



Although the extraction procedure reduced the labelling intensity
of the 30,000 Mr polypeptide, electrophoresis of fractionated protoplast
pellets revealed a number of discrete bands which were not identified in
whole protoplast preparations. The scarcity of these bands was probably
due to the low specific activity in the radio-labelled amino acid mixture
and inefficiencies in the fluorographic techniques, nevertheless three
polypeptides were revealed in infected protoplasts ﬁhich were not detec-

ted in healthy or mock-inoculated protoplasts.

Fig. 27 shows densitometer scans of protein fractions synthesised in
2 hour labelling periods during the course of rapid viral replication.
Fig. 28 illustrates the profile of synthesis at 40 hours after inoculation
in both infected and mock-inoculated protoplasts. The proteins detected
6n1y in infected protoplasts are indicated and their molecular weights
shown as 23,000 M_; 30,000 ¥ ; and 100,000 M . These molecular weights .
were estimated from relative mobility plots and co-electrophoresis of

maxker proteins as described under Materials and Methods.

Synthesis of all three proteins increased during the period of virus
replication, whereas at 40 hours PI over a longer labelling period coat
Protein syntﬁesis was much reduced together with the 23,000 Mr proﬁein.
The 100,000 M product was a major component of protein synthesis at 40
hours FT although at this stage the overall level of protein synthesis

was much reduced,

5;6' Analysis of RNA Syntheslis RNA synthesis was investigated by a
similar pulse labelling techniq&e using{(3??)-orthophosphoric acid as
described under Materials and Methods. Protoplasts were pulsed for 2-
hours at various times after incubation with (32P)-orthophosphoiic acid

and 10 pg/ml actinomycin D. After harvésting protoplast pellets were
Thenol extracted and the agueous phases were electrophoresed on agarose/

acrylamide composite gels for autoradiography.

Autoradiography of the protoplast pellet extracts revealed only
ribosomal BNA species synthesised in either healthy or infected proto-
plasts, The incubation conditions were modified for (32P) containment
purposes, and the pH of the incubation medium was markedly reduced by
the addition of radiolabelled orthophosphoric acid. Only a single actin-
omycin D concentration was'used, and the technique was not investigated

further in view of the experiméntal difficulties and limitations.
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Fig. 28 15 % polyacrylamide-SDS gel loaded with 24 hour (BH)-amino acid-

pulsed protein extracts. Infected (I) and mock inoculated (MI) proto-

plasts were pulsed for 24 hours at 40 hours after inoculation.

The

protoplast pellets were fractionated (see text) and loaded onto 15 %

polyacrylamide-SDS slab gels. After electrophoresis, the gels were

fluorographed and the lanes were scanmned using a densitometer,

Arrows represent polypeptides of A, 23,000 Mr; B, 30,000 Mr
c, 100,000 Mr'
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6 DISCUSSION

Cowpea primary leaf protoplasts were selected to investigate the
replication of tobacco necrosis virus because they avoid the biochemical
limitations of necrosis and asynchronous infection encountered in whole
plant studies. 1In addition, cowpea seedlings can be cultivated more
rapidly and reproducibly than tobacco plants to give material suitable

for biochemical analysis.

The investigation of protoplast isolation and incubation was based
on many reports (Hibi et al., 1975; Beier & Bruening, 1976; Alblas &
Bol, 1977; Koike et al,, 1977) that cowpea seedlings can be used as a
convenient and efficient source of leaf mesophyll protoplasts to study
virus -replication. Consistent with these accoupts, protoplasts suitable
for virus infection were found to be dependent on strictly defined plant ~
growth conditions and a standezxd isolation method.

Using a rapid isolation technique to minimise enzyme exposure, an
optimum procedure was developed to isolate protoplasts from plaht mater=
ial 8 to 12 days old. Protoplast viability was improved by adding bovine
serum albumin as described by Beier & Bruening (1976), and using this .,
procedure over 10? protoplasts were routinely obtained per gram of leaf
material from plants cultivated under the defined regime. This repres-.
ents an efficient yield of experimental material,comparable to those
described by Hibi et al. (1975) using a two-step enzyme treatment or

 Béier & Bruening (1976) using an abrasive treatment in isolation prior

to enzyme incubation. In order to avoid abrasive contamination of the
eultures, the technique of epidermis detachment using fine forceps was

retained throughout, with a single-step ‘enzyme treatment.

Many physiological studies have been carried out on tobacco (Rubin &
Zaitlin, 1976) cucumber (Coutts et al., 1975) and other (Ruesink, 1978)
Yrotoplast systems, but few comparative data are availlable for cowpea
protoplasts. In view of the requirement for biochemical analysis after
protoplast infection, preliminary investigations were carried out using
different labelling techniques'and a variety of culture medis and condi=
tions, Thesg results indicate the simi}arity between cowpea and other

protoplast systems in culture metabolism and responses,

The osmotically stabilised Ca012 medium described by Alblas & Bol

(1977) for cowpea profoplast incubation resulted in protoplast aggreg-
P ) -
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ation when used at 10 mM CaClz. This caused difficulties in determining
protoplast yield and viability. When used at 0.1 mM, osmotically stabi-
lised Ca.Cl2 served as an efficient washing solution afier inoculation.
However, uptake and incorporation of protein and nucleic acid precursors
immediately after isolation were more rapid in Takebe's simple salts |
medium than in modified CaCl2 solution. Incorporation by protoplasts
incubated in Takebe's simple salts medium during 22 hours of culture was
also found to be greater than with Ca.Cl2 or White's medium over a simi-
lar period. Consequently, Takebe's simple salts medium was considered

more suitable for labelling studies.

In a similar result to that described by Coutts et al. (1975) for
cucumber protoplasts, the incorporation of (3H) uridine into cowpea prot-
oplasts was observed to reach a plateau at 15 to 20 hours after the add-
ition of labelled uridine to the culture medium, The plateau may be a ;
reflection of a diluted intracellular (BH)'uIidine pool due to the meta-
bolic turnover rate, and comparative evidence from pulse labelling and
(140) leucine uptake would support this. Measurements of total uptake
by isolated protoplasts indicated the presence of large intracellular
pools of both (BH) uridine and (14C) leucine, not incorporated into TCA

acid-insoluble products.

.Pulse labelling showed that incorporated (BH) uridine was lost from
TCA acid-insoluble products when a cold uridine "chase" was applied to
labelled protoplasts. However, (1ub) leucine~labelled protoplasts con-.
tinued to incorporate radiolabel -, albeit at a reduced rate, after a
similar cold leucine "chase". The‘continued incorporation was presumably
from the large intracellular pool of labelled leucine. Since uridine
metabolism is more diverse_andlturnover is rapid, the intracellular pool
was more guickly diluted with cold uridine and labelled metabolites were
lost from the cell.during the "chase'" perioed. After 15 to 20 hours inc-
ubation of protoplasts with (1“6) leucine, incorporation was reduced but
did not plateau or achieve a net loss of label as observed for protop- .
lasts incubated with (3H) uridine.

The different reductions in incorporation are ﬁnlikely to reflect
changing rates of precursor uptake, 31nce label added after 18 hours of
protoplast culture was incorporated at a simllar initial rate to label
added immediately after protoplast 1solat10n, using both (BH) uridine and

( C) leucine. On this basis, the analysis of virus replication would
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be best carried out using discrete labelling periods at various times

throughout the incubation period .

The effects of metabolic turnover and precursor dilution are prob-
ably substantial components of the variation in observed incorporation
rate with changes in protoplast incubation density, a phenomenon also
described for tobacco protoplasts (Rubin & Zaitlin, 1976). Cowpea prot-
oplasts incubated at low densities incorporated more radiolabel per .
protoplast than those incubated under similar conditions at higher den-

sities,

Protoplasts incubated at high densities would release more metabo-
lites into the medium both as a result of biochemical turnover, and from
associated protoplast fragments. These metabolites would dilute the con-
centration of added precursor and thus reduce the observed rate of radio-
labelled precursor incorporation. However, for experimental purposes the

low protoplast density required for optimum incorporation is balanced by

~ the loss of protoplast viability at low incubation densities, .and the

number of protoplasts required to give adequate yields for both biochem-
ical and infectivity analysis. Accordingly, for routine experiments pro-
toplasts were incubated at 1.5 to 2.5 x 105 per ml, within the range of
incubation densities reported for cowpea protoplasts by Hihi‘gi_gllu(i9?5)

and Beier & Bruening (1975), and with high specific incorporation.

Actinomycin D was investigated in view of its application to viral
RNA replication studies, Accordingly, the dosage level of 10 ug/ml was
similar to that employed to suppress DNA-dependent RNA-synthesié and
repreéents a relatively low concentration (Francki et al., 1971). When
actinomycin D was added to protoplast cultures after 5 hours of incub;
ation, only slight inhibition of (3H) uridine and (1uﬁ) leucine incorp-

oration was observed after a further 12 hours of culture.

Since the site of uridine incorporation was not investigated it is
difficult to account for such a high level of incorporation, although a
variety of alternateé.pathways exist, in addition to RNA synthesis. The
level of leucine incorporation may reflect a iong.messenger half-life,
and suggests that-in viral replication studies, protein synthesis might
be effectively studied .during periods of inhibited RNA synthesis,

During the period of actinomycin D treatment, incorporation was sim-
ilar in both light and dark—inbubated protoplasts. However, prolonged -

incubation in darkness reduced protoplast viability.severely. These

-
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results are probably more consistent with reports by Francki et al.
(1971) using separated leaf cells, than with protoplast studies carried
out by Sakai & Takebe (1970) although both were isolated from tobacco

leaves.

Once protoplast isolation and incubation techniques were established
together with different labelling procedures, protoplasts were inoculated
vwith TNV. The D strain was selected for initial studies because it does
not support the replication of a satellite strain. Optimised infection
conditions were different from those reported by Wieringa-Brants et al.
(1978) using TNV,, however TNV, supports the replication of STNV with a
higher isoelectric point than TNV. Thus the optimum pH value and poly-
cation levels may reflect the presence of an extra component in the inoc-

ulum -as well as possible differences between virus strains.

Working from the conditions described by Wieringa-Brants gj_gl.(19?85
the interdependence of virus and polycation levels was investigated, and
virus concentration in the inoculum was reduced to give an experimental
optimum of almost 1:1. At this ratio, the level of virus used in the
inoculum was less than 3 of that used in the initial infection experi-
ments, and residual infectivity was reduced to almost zero immediately
after inoculation. Low residual virus levels would reduce the chaneeé
of subsequent, asynchronous protoplast -infection, and the steep increase

in infectious virus recovered after 18 hours of incubation suggested a

‘high degree of synchrony in virus replication.

Ioh concentration and pH vafiations in the inoculum were investigated
using phosphate buffer because initial observations suggestéd that prot-
oplast viability was reduced by citrate buffer. Reduced protoplast via-
bility was also observed at low pH values and at high phosphate buffer
concentrations, Thus the optimisation results for these conditions ap-
pear to represent an equilibrium, similar to that achieved with PLO, bet-
ween protoplast damage leading to reduced viability -and virus infection

leading to replication.

These experiments provide lititle evidence regarding the mechanism of
virus infection, although observations of protoplast aggregation during
the most efficient infection procedures probably reflect the electrical
charge phenomena involved, One of the results of inoculafing_protoplasts
at 0°C was to increase this aggregation response to a given level of pol-
ycation. Thus protoﬁiast viability was increased by using less toxic con-

-
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centrations of FIO in experiments carried out at low temperatures. In
addition, alterations in membrane fluidity could be important in virus
attachment, and virus stability might also be increased at 0°c as sug-
gested for AMV (Alblas & Bol, 1977).

Using a 15 minute infection period, pre-incubation of virus and FLO
assisted protoplast inoculation although infectivity was reduced after .
30 minutes pre-incubation. By contrast, after an initial infectivity
peak using a 10 minute inoculation, a steady increase in infectivity was
observed as the inoculation period was increased from 15 to 30 minutes.
“'In view of fﬂé.médéié fof‘da2+—assisted virus dissociation (Durham
et al., 1977), 2 Ca.Clz

lation procedure. Thus, the initial infection peak may representirapid

washing solution was employed after each inocu-

. -+
virus attachment and subsequent disassembly aided by Caz ; whereas with
increasing inoculation periods, membrane damage is more likely to accom-
pany protoplast infection, with the possibility of non-specifie virus

attachment and a loss of infection synchrony.

Investigations using electron microscopy or sensitive serclogical
techniques such as ELISA which can detect infecting virus levels might
indicate a differential attachment mechanism between the long and short
-inoculation procedures. However, since efficient virus replication was
achieved using the 10 minute inoculation, this method was adopted for

routine use- irrespective of the mechanism,

The infection efficiency would also be more accurately assessed by |
using fluorescent antibody staining (Sarkar,'19??). Unfortunately, this
technique did not give satisfactory results despite experiments with a
variety of antisera, conjugated antibodies and fixation techniques.
Accordingly the optimum inoculation procedure was assessed only on the
basis of infectious virus reéovery and local lesion assay. Nevertheless
reproducibly infecteﬁ protoplasts were routinely obtained and analysed

by more rigorous techniques, in order to study virus replication.

In view of the inconsistencies such as differential responses to os-—
motic changes (Huberﬁgﬁ al., 1981) between many host/virus combinations,
these results provide little information on the mechanism of virus entry.
However, a flore efficient protoplast infection technique provides a use-.
ful systeﬁ for studying this virus in detail, and could potentially be
adapted to study related TNV and SV strains.

-
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Since local lesion assays can only be used as a measure of infec-
tious virus material recovered, an analytical sucrose gradient technigue -
(Gonda & Symons, 1979) provided a useful alternative assay based on phys-
ical properties. This technigue was also selected because of the differ-
ential behaviour of TNV and SV on sucrose gradients. Thus the relative
yields of TNV and SV might be assessed in the products of mixed proto-

plast infections when local lesion assay data would be inadequate.

Using the sedimentation-absorbance profile on sucrose gradients as a
measure of virus yield, a time course of synthesis was obsexrved which
increased sharply at 18 hours post-inoculation. This resembled the pro-
file of infectivity data taken from nucleoprotein extracts of similax

protoplast pellets.

The profile of infectivity data from protoplast RNA extracts showed
an increase in infectivity detected at 16 hours post inoculation, earlier
than that observed for nucleoprotein extracts. An early synthesis of
infectious RNA might be expected prior to capsid assembly, For THMV, the
delay in coat protein synthesis (Aoki & Takebe, 1975) leads to the pres-
ence of free RNA molecules throughout much of the replication period.
However,for a spherical virus such as CMV in which synthesis occurs co-
ordinately (Gonda & Symoné, 1979) any initial excess of RNA is rapidly
encapsidated. The infectivity due to TNV ENA was rapidly overtaken by
infectious nwclecprotein, although this result must reflect the effici-

ency of recovery as well as the rate of virus assembly.

In order to investigate th; mechanism of TNV repliéatidn further,
BANA-dependent BNA polymerase activity'was assayed during the period of
rapid virus synthesis. On the basis of the infectivity and absorbance
data, replicase activity was assayed at intervals between 15 and 24
hours post inoculation in healthy, infected and mock-inoculated proto-
plasts. Although a ‘series of protoplast fractions were analysed for
polymerase activity, significant incorporation of (3H) UTP into TCA acid
insoluble products was only detected for a membrane fraction which sed-
imented at 20,000xg.

Experiments carried out by Okuno & Furusawa (1979) showed that RNA
replicase activity iz stimulated in barley protoplasts from 7 to 8 hours
after BMV infection. At 30 hours after infection, the level of activity

is increased 30-fold and decreases thereafter although virus synthesis

~ continues.
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Using a similar experimental protocol, polymerase activity was det-
ected in cowpea protoplast extracts 18 hours after TNV infection btut not

at 16 or 20 hours. The activity represented a 2 fold increase over that
found in mock-inoculated protoplasts, and a 3 fold increase over the
level in healthy protoplast extracts. It seems unlikely that this period

of synthesis would account for the observed levels of virus replication,

Both the specific activity of the polymerase and the observed dura-
tion of its activity probably reflect the limitations of the assay pro-
cedure, in which case the activity detected at 18 hours FI may represent
the peak of synthesis. In order to investigate this further, a systematic
study of the assay conditions with particular reference to Mg2+, pH and
KC1 concentration might lead to greater sensitivity. Once these condit-
ions were optimised, the polymerase activity of different protoplast
fractions and the time course of synthesis might be considered in more )
detail. HReplicase préparations from different sources (Duda, 1979; Zabel
et al., 1979; Tkegami & Fraenkel;Conrat, 1979) reveal considerable var-
iation in their optimum assay requirements, and a matrix of concentrat- -

ions for each component would be required-to optimise the system,

During the period of rapid virus replication, protein synthesis was
investigated using 2 hour labelling pulses with (BH) amino acids. Protein

' products were analysed by polyacrylamide gel electrorhoresis and fluor-

ography to compare synthesis at different times during virus replication.
Synthesis of 3 major proteins was observed to increase in infected prot-
oplast fractions during the period from 16 to 30 hours post ihoculation,
whereas corresponding polypeptideslwere not observed in healthy fractions.
One of these products was a 30,000 M, polypeptide Band;-."  which res-
embled the viral capsid protein in electrophoretic migration. Synthesis

- of this product increased from 16 to 30 hours post inoculation’'but was

much reduced at 40 hours PI.

Two other products of 23,000 M and 100,000 Mr were also observed to
increase during the period of rapid virus replication, and synthesis of
the 100,000 Mr product was observed as a major component at 40 hours FI,
although overall synthesis was much reduced at this time. Polypeptides
coxresponding to both 23,500 and 92,500 Mr have been isolated from RNA
polymerase preparations stimulated by CPMV infection of cowpea leaves
(Huber, 1979), and purified by the methods of Zabel et al. (1974,1976,
1978, 1979). These polypeptides have also been detected in cowpea leaves

-
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infected with G-TMV or mock inoculated (Huber, 1979).

Since only the 30,000 M product corresponds to the various estimates -
of TNV in vitro-— coded polypeptides and the potential coding capacity of
the viral genome, the additional polypeptides may represent host-coded
products. As such they may correspond to the replicase components des-
cribed by Huber (1979) and detected in this case as a result of stimu-
lation by TNV infection. The failure to detect synthesis of these products
in mock inoculated protoplasts would reflect the degree of stimulation
by virus infection, and the threshold of synthesis required for detection
by this technique.

In order to investigate the presence of other virus-specific poly-
peptides in infected protoplasts, and to improve the resolution of host-
coded products in mock inoculated material, more sensitive techniques
could be employed. In particular, further fractionation of the proto-
plasts might reveal products atv present obscured by polypeptides of a
similar size or character. While pulsé labelling with (358) methionine
or (BH) amino acids of higher specific activity and the use of poly-
acrylamide gradient gels might improve resolution at the level of fluor-
ography. An alternative approach might be to inhibit host protein syn-
thesis using UV irradiation ox antibiotics, but this would bte less fav-
- oured because of the possible effects on the pattern of virus synthesis,
However, with some refinements to the analytical techniques TNV might be
stpdied in_;owpea protoplasts in a similar mammer to CMV (Gonda & Symons,
1980),. CPMV (Goldbach et al., 1980) and CPsMV (Beier et al., 1981).

The difficulties associated with labelling protoplasts directly
using (BZP)-orthophosphoric acid were both technical and physiological.
The protoplast incubation condiﬁions were modified with regard to light
and temperature control because of the (32P) containment requirements.
In addition, (32P)-orthophosphoric acid caused a'major shift in the pH
of the protoplast incubation medium. This method of RNA analysis inv-
olved extensive periods of incubation and handling of (BZP) before the
RNA was extracted and the concentration of (32P) reduced.

In view of these difficulties and the use of complementary (c) DNA
transcripts to sequence STNV RNA (Ysebaert éi al.,, 1980; Van Emmelo éi
é;., 1980),6DNA Pprobes ﬁight provide a more efficient means of detecting
ENA species synthesised as a result of TNV infection. Genomié RNA spec-
ies (Gonda & Symons, 1979) for CMV and subgenomic messengers (Goelet &
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Karn, 1982) for TMV have been investigated using cDNA or RNA probes.
"Randomly" primed cDNA TNV probes could be similarly used to identify

possible subgenomic TNV RNAs, for subsequent translation in vitro.

Of more specific interest in this system are the methods by which
the satellite/helper relationship might be investigated. A mechanism
of interaction has been postulated by Ysebaert et al. (1980) which req-
uires that a TNV coded product should bind to STNV RNA. The TNV proteiﬁ
would bind to the base paired region of STNV RNA thus freeing the init-
iation region for ribosome binding. This mechanism could be studied
using a protoplast system capable of supportlng TNV and STNV replication.

Translatlon—lnltlatlon complexes with 80s and 40s ribosome subunits
have been investigated using STNV, (1251) RNA, labelled by Commerford's
(1971) procedure (Browning et al., 1980). The RNA regions protected by
ribosome binding from specific ribonuclease degradation were character-~
ised by comparison wifh the known 5'~terminal nucleotide sequence of
STNV RNA (Leung et al., 1979). This suggests that a protection analysis
of STNV, (1251) RNA in protoplasts. superinfected with TNV, might reveal
regions of STNV RNA protected from ribonucleases by asscciation with a
TNV, —coded product.in vivo. Such regions could then be compared w1th ‘

A
the known sequence of STNV ENA, particularly over the long—range base—

- paired region. Ysebaert et al (1980) consider that the protein involved

in this interaction may well be a virus—coded replicase component,

_ Thus the demonstrations of reproducible and synchronous infection
and ;eplication, polymerase activity and protein synthesis using TNVD
provide a convenient starting point to analyse the satellite/helper ‘
interaction in cowpea protoplasfs. Based on these results, an optimum
inoculation and superinfection'procedure would have to be developed for
both satellite and helper strains. Protoplasts could then be inoculated
with labelled STNVA(125I)RNA without helper virus.. Superinfection with
TNVA, and treatment with actinomycin D would then initiate the synthesis
of virus-coded proteins (CGoldbach, 1980) while replication of the res-
pective RNAs would be inhibited. Thus an umdiluted population of STNVA;
(125I)RNA molecules would be present in vivo in association with the
products of virus-coded protein synthesis. Protoplasts could then be : .
disrupted and ribonuclease treated. Fhenol extraction and fractionation
of the‘products could then be carried out as for ribosome protected frag-
ments, finally resolved by two-dimensional electrophoresis and sequence

analysis.
//
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In this approach, the potential contribution of protoplast studies
to a biochemical problem is particularly evident. The viral RNA would
be present in its in vivo configuration, and any association with viral-
coded proteins due to membrane binding would be retained. The TNVA
translation producis would also be processed if required within the sys-
tem, and the protection study could be carried out without further char-

acterisation of the proteins involved.

Although relatively little can be deduced from the data presented,
this study represents a system with considerable potential for invest-
igating the satellite relationship with TNV, and its implications for

plant virus replication in general.
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APPENDIX 1

Heller's salts (Heller, 1953) were prepared by mixing 3 stock sol-

utions stored at room temperature and formulated as follows (g/l):

Solution 13 KC1, 7.5 CaCly, 0.75; NaNoy, 6.0;
MgS0,.7H,0, 2.5; Nak,P0,.2H,0, 1.25.

Solution 23 PeCl,.6H,0, 1.0.
Solution 3; ]SO, .4H,0, 0.1; ZnS0).7H,Q, 1.0; H:BO

480, 1.0;
KI, 0.01; CusO .5H20, 0.03; NiClz.éHZO, 0.03.

To make 1 1 of Heller's salts solution 100 ml of solution 1, 1.0 ml
of “solution 2 and 1.0 ml of solution 3 were mixed and made up to 1 litre
with distilled water, -

APPENDIX 2
SDS-polyacrylamide slab gels for subsequent fluorography were form-
ulated as follows using solutions stored at 4°G, Ammonium persulphate

solution was prepared on the day of use and 20 % SDS was brought to room
temperature before addition to the mixture,

For 30 ml 15 % acrylamide running gel;

30 % (w/v) acrylamide s0lUtion seeesvscscaacssseasds ml
1.0 % (w/v) methylamlneblsacrylamlde solution.,...2.6 ml
"1 M tris/HCL PH 8.7 @b 25°C seeressncreasaassensaslli2 ml
20°% (w/v) SDS solution U () pl
A15ti116d WALET saerverasneseasesacrsnnsnnsnansaasta0 Ml
NNN'N' -tetramethylethylenediamine (TEMED) +.iv....10 pl
10 % {(w/v) ammonium persulphate .eeesececcssvasssal00 pl

For 8.725 ml 5 % acrylamide stacking gel;
30 % (w/v) acrylamide s0lUtion eevessseeessscvensel 67 ml
1.0 % (w/v) methylaminebisacrylamide solution ,...1,3 ml
1 M tris/HC1 pH 6.8 at 25%C uiienienceneeanaeanaals 25 wl
20 % (W/v) SDS SOMULLON veveresensecnrarasnosesaes50 pL

- distilled WabteT sesveescrsrsasasassassassacanassscdbdml
ﬂmm)“.“.”.“.".".“.“.“.".H.H;H.H.HSPl
10 % (u/v) ammonium persulphate solution """"‘504Pl
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Electrode buffer was stored as 5 x concentrate and formlated
as follows:

glycine, 144 g; tris base, 30 g; 20 % (w/v) SDS solution, 25 ml
made up to 1 litre with distilled water. The solution was diluted 5 fold

for use, and stored at room temperature.

Bamples were denatured in loading buffer formilated as follows:
1 M tris/HCL DH 6.8 at 25°C svuveveveresen. b 0 ml

20 % (w/v) SDS S0Iution eecerersessavnsneses5.0 ml

0.2 % (w/v) bromophenol blue in ethanol ....300 pl
2-mercaptoethanol ..,.......................500 pl

sucrose ............;;......................1? g

distilled water to make final volume up to..50 ml

The buffer was stored in allquots at -20°¢,

APPENDIX
(140) methylated protein mixture as supplied by The Radiochemical
Centre Amersham contained the following molecular Weight-markersﬁ-
Marker protein Molecular weight
Methylated myoSiNecessseecsersansesasea00,000
Methylated phosphorylase-b ..... 100,000 & 92,500
Methylated bovine serum albumin......69,000
i Methylated! ovalbumin ceeerasiescensasd6,000
Methylated carbonic anhydrase eeessseed30,000

Methylated lysozyme .eueveccaesoensea 14,300

Radioactive concentration: 0.833 FGi each protein/ml (total 5 pci/ml) .

APPENDIX 4 '

Fixed polyacrylamide gels were prepared for fluorography by washing

for 30 minutes in:each of 2 changes of dimethyl sulfoxide (DMSO Fisons

Chemicals)., Gels were washed in developing 'dishes covered with alumin--
ium foil shaking gently over a watér bath at 3090. MBSO from the first
wash was discarded after use; DMSO from the second wash was used for

the first wash in a subsequent experiment, In each case, enough DMSO was

used to cover the gel,

After washlng the gels Were immersed in 2,5-diphenyl oxazole (PFO,
Sigma Chemicals) dissolved in DMSO (360 ml of DMSO added to 100 g of PFO

was used for up to 5 géls). The gel was shaken in a water bath, as in ~



the washing procedure for 3 hours,

After 3 hours in DMSO/ITD the gel was washed in running water for
1 hour and in distilled water for 30 minutes before placing on a sheet
of Whatman No.l filter paper cut to overlap the gel on all sides. The
filter paper and gel were covered by a sheet of "Cling~film" and placed
paper side down on a "Raven" gel-dryer. The apparatus was made air-tight
using plastic bags and "cling-film""and connected to an aspirator. Once
a seal was established the apparatus was left under Osram reflector lamps

for upto 18 hours or until the gel was dry.’

When dry, the gel was taped (gel side up) to a glass plate. A sheet
of Kodak X-omat film was cut to the same size as the plaite and exposed
to a yellow safe light for 20 seconds. The film was placed over the gel
and secured by a second glass plate and masking tape. The plates were -

wrapped in light-proof bags and placed at -7000 for upto 14 days,

After a suitable period of exposure the film was removed and devel-

oped automatically using XKodak Royal X-omat developer and fixer.
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