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ABSTRACT

Plant viruses categarized.within the potex&irus
group represént a collection of nonrigid filamentous
- viruses of lengths between 4?0 nm and 570 nm. Although
much'is known about the assembly and physical‘ptoperties
of potexviruses, very-little is known about the physicalg
and fuhctional properties of thetr genomic'ﬁNAs. We have

used in vitro translation to analyze the protein products

produced from the genomic RNAs of three definitive
@embets of the pdtexviths gfoup, namely papaya‘moseic
virus (fMV), clover yeilow mosaic virus (CYMV), and viola
mottle virus (QMV). We have alsp examined two.tentative
members whose structures conform to that of definitive
potexviruses, namely, barrel cactus virus (BCV), -and
foxtail mosaic virus (FIMV). Bolyacrylamlde gel
electrophoresis of polypeptides made in vitro from the

. genomic RNAs ot these viruses in either wheat germ
ext™ct or tebbit retfculocyte lysate ihdicatedvthat onl&
PMV and CYMV RNA’directed the‘synthesis of polypeptides
with properties similar -to those of their respectlve “coat
proteins. They have the same molecular weight as ‘their
‘respective coat proteins and are precipitated by
-antibodies raised against fheir respective virions. All
viral RNAs tested in vitro proaucsd high molecular weight .
non-structural polypeptides. Peptide mapping of the high A
molecular weight'pélypeptides directed by PMV and CYMV

iv .,



RNAs indicated that they and many of the minor products

of translationiare related to each other but not to their o
respective éoaé proteins. The ability of paftially-
encapsidated PMV :ibénucleoprotein particles to direct
protein synthesis.had also bqen assesced. As the extent

of encéﬂsidation increased, the relative synthesis of the
high“moleéular products decréased markedly. In contrast,

the synthesis of the in vitro coat protein hot\only -
perSistéd but lncreased up to four fold relatlve to the
untreated RNA untll a substantial fraction of the PMV RNA

is completely encapsidated. In view of the pclarity of
assembly in vitro this finding indicated that the cistron
for PMV coat-protein-is localized towards tﬁe 3'%end of .

the RNA. The coat profein cistron for CYMV was also found

to have a 3' terminal locatiégplsing the same

'methodology. That coat pretein synthesis was diréétgd by

the gepomic RNAs of dnly two members of the potexvirus

group suggesfed that morphological- relatedness was not a

jreliablé'}ndicator df the functional behavior of their

" relationship of ‘these viral genomes at the level of

~

corresponding RNA's. This led us-to examine the

”

nucleotide sequence.-Using RNA-cDNA hybridization we

. found that no homplogy' exists between alllmembefs of the

potexvirus group tested, nor with unrelated members. As a

further means of characterizing .the genomes of thesd

.

3
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sviruses, we have constructed double-stranded cDNA copies

of PMV and CYMV RNA and have subsequehtly cloned them

o

into E. coli using the plasmid pBR322 as a vector.

1
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CHAPTER 1 - INTRODUCTION

Plant viruses have long been regarded as "modef
systems'" in which to study the Basic principles of virus o
self-assembly, protein—protein and protein—nucieic acid
iﬁteraétions. Their availability, stability gnd
simplicity inxgomposition.has no doubt contributed to
their use. The constituent compopents_of most simple
plant viruses are a sole molecﬁle of single-stranded RNA
andj? singlé type of‘pfotein'subunit which ig polymerized -;//7
along the length of the RNA to'for$ a protein,shell. .
Althoﬁgh much reseatch ﬁas been devoted to hnderst&hding
the ﬁhyéicochemical properties and interactions between
these two'components (for review see Butler and Dﬁrham,
197%), information regarding the '"life cycie” and in
‘particdlar the organization and expression of the nucleic
acid component has only recently become available. A
contributing factor té recent progress has been the
development of translation sygtems deriyéd from wheat
embryo (Marcus, 1970), wheat germ (Marcd and Dﬁdock,

1974; Roberts and Patterson, 1973) or mammaiian cells
. such_as rabbit reticulocytés (Lockard‘ahd~Lingrel, 1969; °
P;Iham and Jackson, 1976) or -mouse asc%fes cells (Mathews
and Korrder, 1970;”Aviv ety al., 1971). Bacterial extracts
-have also been programmed by plant viral RNAs to direcg

translation. Thé efficiency and fidelity with which

products are made in bacterial extracts is, however, very

-



difficult to handle for biochemical experiments due to

Ve

iow (Van Ravenswaay Classen et. al., 1967; Stuﬁbs and

Kaesberg, 1967; Kleln et. al., 1972; Rice and Fraenkel-

Conrat, 1973)
‘

-~ . ¢
t.1 In vitro:Transligigp as' a Tool in Plant Virology

There are several regsons for applying in vitro
translation 'to the study ?f plant viral genqme;. Thé
first is to determine what proteins are encoded By the )
viral genome since other than coat protein the natg;e_and
function of other products‘iskunclegr. Presumably, non-
structural proteins would be reguired for repli;apidﬁ,
alteration of ho# cell metabo}ism‘andfar cell to céil
movement Qithin the host. Secondly, in vitro translation
can provid% information regarding which regions of the *
genome encode each protéin. Finally, in vitro translation
can provide ihsight into the translational stratégy or”’
how the information within the RNAFis converted into
discrete proteins. In this regard the study of p&ant e
viral translation and replication.ig Xixg.is complicated

- .
because the number of cells infected initially by
inoculation is extremely small and because the étage of
infection in individual cells become§ random as.infgction

&

spreads (Takabq"1975).,Moreover; many plant tissues are T

-

~

‘the presence of a tough cell wall and. inhibitory‘

substances (e.g.., polyphenols) Plant protoplasts offe4 2 4‘
~

v1ab1e alternative; however, at present only a few

3



'combinétions of plant and virus have-been tested (Takabe,
1975). For many plant viruses, therefore, in vitro
translation is éhe only feasible avenue for the
investigation of their life cycle.

It is new appreciated that the choice of cell-free

system is important if biologically valid results are to

be obtained from in vitro translation experiments. The

initial failure of attempts to reduce endogenous globin
incorporation in rabbit reticulocytes made the use of
other cell-free extracts popu%ar. Wheat embryo and wheat
germ extracts, in addition to having low‘endogenous
incorporation, are also relatively easy to prepare
(Efstratiadis and Kafatos, 1976a). These systems as weif'
as the mouse ascites cell-free system, however, suffer
from poor re-initiation frequency and translational
fidelity as compared to the reti;ulocyte system .
\(Brawerhéﬁ, 1974 Efstratiadis and Kafatos, 1976a). Fo£
example, the translation products directed by toéacco
mosaic virus RNA in wheat germ exXtracts are hetééogeneous
in size rahging from 10,000 to 110,000 (reported.as
130,000 to 140,000 daltons) (Marcu and Dudock, 1974; .
Hunter et. al., £§77): In contraét, addition of TMV RNA
~to.reticulocyte lysates rendered dependent on exogenOus’
~RNA by treatment with the calcium-dependent. micrococcal
}nuclease (Pelham and J%ckson, 1976) resulted in the

synthesis of only two profeins of 165,000 and 119;000

daltons 4 The heterogeneity of products directed in the



L
wheat germ extract probably arises from premature
- termination, probably because of nucleolytic damage to

the RNA (Hunter et. al..,. 1977; Pelham, 1979)

1.2 Translational Strategies Employed by Plant Virus

Genomes

There are several general mecharisms for conversion -
of the genomic information of RNA viruses into discrete
proteins. These are not necessarily mutually exclusive,
as will be seen.

First, the genome may consist of two or more
discrete RNAs which msy be packaged within single or
multiple virions. Brome mosaic virus, for example, is a
multicomponent virus which ccntains four separate
messengers (one of which is a.sub-genomic RNA) packaged
within three virions. The independent translation of
these messages résults in the syntﬁesis of four proteins,
the yields of whichhare regulated by thé translational
efficiency of the individual message (Shih and Kaesberg,
1976) (Figure la). Viruses with monocomponent genomes
may, however, also behave‘functionally)as if they
possessed multicomponent genomes by'generaéing a sub-
genomic or low molecuiar weight component RNA during the
replication process. For example.,, in the best studied
plant virus, tobacco mosaic virus (TMV) (Tobamovirus
grdup), the coat protein cistron localized near the 3'

end of the viral RNA is not expressed in vitro (Hunter
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Figure 1 Translational sfrqtégies employed by plant

virus genomes.

¢

For each virus the abbreviated virus name
/

is followed by the approximate number of nucleotides

-

which comprise the RNA molecule(s).

a) brome mosaic virus

b) tobacco mosaic virus

c) turnip yellow mosaic virus

d) southern bean mosaic and turnip rosette virus
e) carnation moftle virus

a

'
&

RNA molecules (=) have the following features
indicated: v , translational initiation site; A, ’
presence of an amber codon; a vertical line represents
the translation’ termination site.

The polypeptides &:::)'reSulting from the
translation of each genome are pésit;oned*to represent
the region of Ehe genome from which they are derived.
Protein molecular weights are in kilodaltons. Pr

represents the sites of protease cleavage and C

represents the eoat protein.

Details of each translational s;rdtegy are found in

the text. <

i(“ 1
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et al., 1976): Partial transcription of the full length -
RNA in vivo generates a low molecular weight tomponent
RNA (LMC RNA) which codes for coat protein in the wheat
germ cell-free system (Hunter et al., 1976; Bruening et
al., 1976; Whitfield and Higgins, 1976; Higgins et al.,
1476). Similarly a TMV-specified 30,000 Qalton protein is
also produced from a separate subgenomic message (Beachy
and Zaitlin, 1977) (Figﬁre 1b).

| In;q %écond m&chanism, two proteins can originate
from(the same region of the genome by translational

readthrough of one or more nonsense or stop codons. The

in vitro translation of the genomic RNA of TMV results in

the synthesis of two proteins of 165,000 and 110,000
daltons both of which initiate at the same site at the 5'
end of the RNA. The 165,000 dalton pro%ein is generated
by paftial readthrough -of an amber (UAG) termination
codon (Pelham, 1978) (Figure 1b). Other viruses such aé
turnip crinkle virus (ungrouped) (Dougherty and Kaesberg,
1981), southern bean mosaic virus (Sobemovirus group)
(Rutgers et al., 1980; Salérno-Riée,'éE al., 1980),
alfalfa mosaic virus (Alfalfa mosaic virus group)
(Gerlinger et al., 1977; van Tol and van Vloten-Doting,
1979), tobacco rattle virus (Tobravirus group) (Pelham,
1979a) and turnip yellow mosaic virus (Tymovirus group)
(Pleij, et al., 1976; Benicourt et al., 1978) also use
the same two mechanisms as TMV (i.e. LMC RNAs and

readtﬁrough).




Ina third f;anslational:stfategy, the genomic RNA
may act as a monocistronic messenger which encodes a
precursof protein which is then processed ﬁ} proteolytic
bcleavage. Turnip yellow mosaic virus utilizes‘proteolytic
processing (Morch and Benicourt, 1980) in addition to the
mechanism_descri?ed for tobacco mosaic virus (Figure 1c).
Proteolytic processing has been found to occur in turnip
rosette virus (Sobemovirus -'group) (Morris-Krsinich and
"Hull, 1981), tobacco etch virus (Potyvirus group) |
(Dougherty énd Hiebert, 1980) and cowpea mosaic virus
(Comovirus group)‘(PelHam 1979b). All of the ﬁroteaseg
appear éo be virally encoded. Parenthetically, it is of

j“f‘. . interest to note that turnip rosette virus and southern -
bean mosaic virus, althoﬁgh both classified in the
Sobemovirus group, employ different. translational
strategies (Figure 1d).

Fourth, the genomic 'RNA may act aé a polycistronic
messenger whose secondary structure and ribosome binding
sequence(s) serve to regulate the-amount of éach of the
encoded proteins. Such a proposal is perhaps the'most
controversial for reasons discussed below. Internal
initiation of translaéion has been suggested for tobacco
necrosis viru; (Sélvato and FraeBkel—Conrat, 1977),
souéhern bean mosaic virus (Salerno—Rffe et al., 1980),
cowpea mosaic virué kNA (Pelham, 1979b)4 and carnation

mottle virus (Salomon et al., 1978) (Figure le).

J
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The scanning or Kozak model (Kozak, 1978) was
.proposéd to explain how eukaryotic ribosomes initiate "
‘protein synthesis. The model postulaﬁes that the 40S
ribosomal subunit together with the app%opfiate‘t
initiation factors and Met7tRNAi bind to the 5' end of
the messenger RNA, rhen migrate- towards the interior of
the message. At the first AUG initigt{on codon, migration
stop;, the 60S ribosomal subunit 5oins“andqpeptidé»bond
formation is initiated. Eviﬁepceasupporting this modei
has been the subject of numerqué reVie;s (Kazaﬁ, 1978,
1980 and 1981). Internél initiation would be in violation
of the scanning model . Kozak‘(1978) has argued that

products which appear to arise by internal initiation in

vitro are‘gctually the result of cleavage of the

mesﬁé%ger RNA under the conditions of in vitro

translation. SﬁBQQeﬁomic fragments having an AUG near the
5' end of the RNA could then initiate translation
‘according to the rules of the model. That translation can
occur frém cryptic sites activated By the fragmentati&éa
of RNA has been demonstratéd by Pelham (1979) and by
Lawrence (1980). -

Théfe1are, however, exceptions where in#tiation is
not limited to the first AUG.triplet of intact RNA. For
example, the 16S latelme;se;ger RNA of SV40 encodes two
proteins, the agnoprotein (Jay et..al., 1981) and the VP1
‘capéid prot;in. The agnoprotein is initiated at’ the first

AUG codon (position 303) whereas the VPl capsid protein



i

Recently, the complete nucleotlde sequence of the common

'cloned’complementary DNA copies of the RNA as substrates.
'7Qﬁite‘surprisingly very littlé new information was gained

_’frém the analysis of the sequence.

is initiated at the third AUG (position 1417) (Kozak,

- 1981) within the interior of the message. This implies

that there are exceptions to the Kozak model and
gertainly it is not uarealistic that such exceptions
should‘exist.

A possible fifth mechanism, transletion in more than
one reading frame has been suggested to occur in two .,
plant viruses, southern bean mosaic (Ghosh et al., 1981)
and the‘cewpea strain of tobaeco mosaic virus (Meshii et
al., 1981) @

The net effect of all these mechanisms and their

comblnatlons is to amplify the émount of 1nformat10n

contabned within each genome and possibly provide a means

4

of regulation for each product. With the exception of the

fourth and fifth mechanisms ali others are consistent
with the scanning model for initiation of protein

synthesis. : :

1.3 Structure of the TMV Cenode

+

The techniques of recombinant DNA have opened

another avenue through which the organization of the

gen0m1c RNA component of plant viruses can be analyzed

strain of TMV was de;ermined (Goelet et al., 1982) using

" ' -

.



- The, sequence simply verified the conclusions and T

!

predictions drawn from, the in vitro trénslation studies -
with TMV RNA and mapped‘in a more precise manner the
boundaries of the threé oﬁén !@édiﬁg frames. The first
AUGwcodon specifyiﬁg the initiator methionine resides at
nucléotides 69 to 71 of TMV RNA and is followed by an
open rééding frame for a protein of 125,941 daltons. The
reading frame for this protein terminates at an amBer.
codon at nuclebtide residue 3,417. An'inphase feading.
frame éxtends'beyondhthis amber codon fér 1,497
nucleotides. The readthrough prgtéin ig theregore 183,153
daltons. fhe sizes of the proteins predicted b tﬁe’
nucleotide seguence_are in fairiy close agreement with
the sizes of broducts.determined by in XiEEQ translation,
130,000 (110,000) and i65,000 daltons. The presence of an
amber‘codon had also been predicted since the inc}usion
of amber supﬁfessér tRNAs during translation converted
the 130,000 daiton polypeptide intogone of 165,000
dalto&s (Pelham, 19%8). This 183,253 dalton protein
overlaps a second open reading frame by five codons. This
reading frame encodes a protein of 29,987 daltons in
agreement with a 30,000’da1ton protein previouély found
in translation experiments (Beachy and Zaitliﬁ, 1977; *
Pelham, 1979). The coding sequence for the 29,987 protein
terminates two nucleotides before the initiato; codon of

the coat protein which is contained within the -terminal

692 residues of the genomic RNA.

-




A)

One advantage to this method, aside from its _

N

accuracy, is that cDNA clones from any particﬁlar-region
of the genome cant be 'used as probes to sEudy the nature
of intermediates during the replication of the virus.

Such probes also provide a means of directing hptagenesis
- .

so that sequences involved in initiatin rotein assembl
q g P y

or ‘replication can bg defined. Directed mutagenesis may

-

also aid in ascribing functions to the non-structural

proteins directed by this genome.

[N

8

1.4 What .is a Potexvirus?

The Potexvirus group is a collectiQn of
morphologically related viruses; some ;f which a;e
economically importiant due’ to their potentialtto reduce
crop yield (Pratt,-1967; Shepagd and Clafin, 1975). As
an example, up to 9di of all cassava plants in Kenya are
infected with the potexvirus, cassava mosaic virus
reducing the yield 6f‘this essential crop by 75%°
(Kurstak, 1981). The transmission of potexviruses appears
to ge primarily meéﬁanical and the host range for f
individual viruses is narrdw. Potato virus X, however,
‘infects at least 260 species in 16 plant families,
although over half of these species are in the family

Solanaceae. By comparison, tobac rattle virus

(Tobravirus éroup) is considered to have a wide host

range infectiné 400 species of plants in over 50 families -

(Purcifull and Edwardson, 1981).

- 12
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Morpholegically these viruses are non-rigid

-

filamentous rods with lengths ranging between 470 and 580

n.m. and widths of .11 to 13 n.m. (Harrison et. al., 1971;

>

Koenig and Lesemann, 1978), Their morphology is therefore
distipct from those of rigid rod viruses such as tobacco
mosaiclvirus. Table 1 liéts the physicochemical
chdfacterigtics of a few potexviruses which have been
analyzed aé‘ﬁell as those of rod-shaped viruses in six
otﬁer groups for comparison. Potexviruses as far as it is
known contain a single molecule of infectious RNA whose

6 t0 2.6 x 10°

molecular weight ranges from 2.1 x 10
daltons and which constitutes approximately 5-7% of the
particle weight (Koenig and Leseman, 1978). The RNAs of
papaya mosaic virus (Abo;haidar and Bancroft, 1978), ° ‘
clover yellow mosaic virus (Abouhaidar, 1981), and potato
virus X (Sonenberg et. al., 1978) have all been shown to
contain 7-methylguanosine (cap structure) at their 5'-
termini.

Virions of members of the potexviruses contain a
single type of protein subunit which ranges in molecular

4

weight from 1.4 x 10" to 2.6 x 10% daltons depending on

the virus (Koenig and Leggmann, 1978). All potexviruées
/
examined thus far are helically constructed with a pitch

of 3.3 to 3.6 n.m. and appear to have approxfmately the

same number (nine) protein subunits per turn (Richardson

et. al., 1981; Tollin et. al., 1979, 1980 and 1981).




et T

- . Although much is known about the composition and
architecture of select members of thii group very little

is known with regard to the mechanism of replication of
*

these viruses. Generally, replication takes place in the

cytoplasm. Clover yellow,mosaic virus replication may
however, be initiated in the nucleus: (De Zoeten and

+

Schlegel, 1967).

1.5 The Assembly of Potexviruses

The reconstitution of poééxvfruses from their

constituent components has only been attempted for three
' .

members; potato virus X (PVX) (Goodman, 1975 and 1976),

papaya mosaic virus (PMV) (Erickson and Bancroft, 1978a

and b; Erickson et al., 1978; Abouhaidar and Bancroft,

1978) and clover yellow mosaic virus (CYMV) (Bancroft,'gg

al., 1979; Abouhaidar, 1981). Of these, the
reconstitution of PMV has been most extensively
characterized. Under optimal ionic conditions, at a coat
protein to RNA ratio of 20:1, PMV protein assembles with
its respe;tibe RNA to prodhce particles which are
indistinguishable from the native virus in both
morphology and sedimentation properties (Erickson and
Bancroft, 1978a). Reconstituted particles are also
infectious. The assembly process occurs in two
energetically and kinetically distingt steps, a rapid

initiation phase followed by a slower elongation phase

(Er;ckéon and Bancroft, 1978b). During the rapid

15



e 4 gk A miar a4

) * ) .
initiation phage, PMVdprotgin'recognizes and binds to an
édenyl;te—rich region at or within 100 nucleotideés of the
5' _terminus of the RNA,(Abouhaida; and Bancrgft,f1§78).
This was determined by initiating assembly uéiﬁg less
than stoich?ometric amounts of coat protein in the
assembly reacgign. Due to the kinetics of the reaction
pértially éssembled particles accumulated. These

particles were treated with Tl RNAse and the protected

fragment isolated and analyzed for the presence of a 7-

)
4

methylguanosine cap structure (Abouhaidar and Bancroft,
1978). Indeed, the 5'-terminal cap structure was
protected against nuclease aétack. Therefore, the
assembly process is occurring in the 5' to 3' direction
along thé 1ength—of the RNA. This same specificity for
the 5' end has been demonstrated for CYMV RNA and CYMV

- »
coat .protein (Abouhaidar, 1981). Conditions of specific

assembly have not yet been demonstrated For PVX ¢tGoodman,

L]

1975; Goodman, 1976).

L4

.
—_—

’ -

1.6 Goals of This Research

.

Although much is known about the assembly and -

3

physical propertles of potexv1ruses, nothlng was known at
the tim® that this project was inltiated about the
physical and functional properties -pf their genomic RNAs.
- We therefore used in XEEEQ translation to analyze the
proteiﬁ products préduced from the‘gengmic RNAs of three

definitive members of the potexvirus group, namely papaya

-
a N

L2

16
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mosaic virus (Puréifqll and Hiebert, 1971), clover yellow
mosaic virus (Bos, 1973) and viola mottle virus (Lisa and
Dellavalle, 1977). We also examined two tentétive members
whose structures conform to that of definitive-
potexvirusesf namely, barrel cactus virus (Attathom et
al., i978) aﬁd foxtail mosaic virus (Paulson and Niblett,
1977). | |

During the course of this work, the translation in

vitro of potato virus X (Ricciardi et al., 1978; Wodnar-

Filipowitz et al., 1980) was reported. These author's
results implied that the translational strategy of PVX
resembled that of tobacco mosaic virus in that coat

protein was not produced in vitro from the genomic RNA.

We have undertaken a more definitive study of the

molecular biology of the potexvirus group with the
objective of determining whether morphological

\ -
relatedness is in fact a reliable indication of the

., functional behaviour of the corresponding viral RNAs.

17



CHAPTER 2 - TRANSLATION OF POTEXVIRAL RNA IN VITRO

" 2.1 Introduction

Potato virus X (PVX) the type member of the
potexvirus group contains a single genomic RNA which
fails to di;ecé the synthesis of coat protein upon
translation in vitro (Ricciardi et. al., 1978; Wodnar-
Filipowitz et. al., 1980). In this regard, it resembles
the behaviour of TMV RNA iﬂ vitro (Hunter et. al.,
1976). To determine whether tbi§;observation is
characteristic of all membgrs of the potexvirus group,
wé have-SSbjected'to in vitro translation the RNAs
extracted from three definitive potexviral members,
,namely; papaya mosaic (PMV); clover yellow mosaic (CYMV)
and viola mottle viruses (VMV). and two tentative
members, naﬁ%ly,”barrel cactus (BCV) ahd foxtail mosaic
~ (FMV) viruses. This chapter presents evidence that of
the RNAs tested only PMV and CYMV are capable of
directing the synthesis of a pr&teiniig vitro which is

[y

similar if not identical }p native coat protein.

2.2 Materials and Methods

2.2.1 Chemicals ' - '
All chemicals were of reagent grade,

Components of the in vitro translation systems such as

creatine phosphate, creatine phosphokinase and

18.
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’
micrococcal nuclease were obtained from Boehringer- _

Mannheim (€anada). Human placental RNAse inhibitor was

from Biotec Inc. SEgphylococcuS'aureué V8 protease was
obtained from Sigma and tfypsin (TPCK-tredted) was from
Worthington. Avian myeloblastosis virus reverse
transcriptase was a kind gift of Dr. James Beard. 355-
methionine was New England Nucle"‘s "translation grade"
as other g;ades'and soufces were less consistent and
occasionally inhibitory. All electrophoretic reagents

were from Bio-Rad except that methylmercury (II)

‘hydroxide (1 M in water) was ffd?(klfa Chemicals, Inc.

2.2.2  Purification of Viruses

Papaya mosaic virus was propagated in

greenhouse-grown papaya trees (Carica papaya L.) and

purified by a modification (Dr, J. Erickson, personal
communication) of the procedure of !rickson and
Bancroft, 1978. Virus-infected leaf tissue was
homogenized at 4°C in a Wa'ring(E blender in 2 volumes of
0.05 M sodium phosphate, 0.01 M EDTA, pH 8.0. Ten
percent Triton X-100 was then slowly added to a final
concentration of 1% (v/v) and homogenization continued
~for 2 ﬁinutes. Td'clarifyithe tissue homogenate, one-
half volume of butanol: chloroform (1:1) was added, then
homogenizéﬁion continued for an additional 2 minutes.
Subsequently, the homogenate was centrifuged at 10,000

rpm for 10 minutes at 4°Q in a Sorvall(B GSJ rotor. The

19

e .



3

resultant ‘supernatant was again centrifuged at 17,000
rpm for 30 minutes at 4°C in a Sorval]_(B SS34 rotor. The
virus was then precipitatod from this clarified tissue
homogenate by addition of solid polyethylene glycol 6000
to 1% (w/v), with slow stirring at 4°C for 2°hours. The
viral precipitate was collected by'cegtriEUgation in a
Sorvall(E SS34 rotor at 5000 rpm for 10 minutes at 4°c,

‘ .
and reguspended in 5 mM Tris-HCl, 5 mM EDTA, pH 8.0.

- -Further purification was achieved by differential .

Ay
s

~

3oeﬁérifugation (Erickson and Bancroft, 1978). The yield

of PMV was estimated assuming E 0.1% _ 2.85 (Hiebert, .ee
_ : 260 nm >, j

1970).

Clover yellow mosaic virus (CYMV) was grown in~

broad bean (Vicia faba) for 14 days prior to

purification froo infected leaf tissue exactly as
described (Banc}oft et. él;’,1979)’ using 0.02 M Borate,
pH 8.2 contoiningAO.S% (w/v) Na,S0, and 0.0l M ascorbate
as the homogenization buffer. CYMV was qoantitated

0.1% _ 3.1 (Purcifull and Shephard, 1964).

0 nm
Samples of viola mottle virus, barrel cactus virus and

assuming E

foxtail mosaic virus were kindly provided by Dr. J.
Bancroft. )

The co;‘kproteins of PMV and CYMV were
extracted using 67% (v/v) acetic acid (Erickson and

—

Bancifft, 1978) and 2 M LiC1, pH é.O (Bancroft et. al.,

4 i
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1979) respectively as described. Protein purity in each
case was monitored by SDS~polyécrylamide gel

electrophoresis. (Refer to Section 2.2.6).

2.2.3 Purification and Analysis of Viral RNA

Viral RNA was extracted from all viruses used

in this study with 2.5 M guanidine-HCl, 5 x 107%M EDTA,

pH 8.0 at 4°C (Erickson and Bancroft, 1978; Reichmhnn
0.1%

and Stace-Smith, 1959) and quantitated assuming E -

260 nm
25.0.

The integrity of the extracted RNA was judged
by electrophoresis iq 1% (w/v) agarose gels containing
10 mM metﬁylmercury hydroxide (Bailey and Davidson,
1976) as a denaturing agent. Electrophoresis was
performed at 0.75 V/cm for 17 hours at 25°C. To detect
the RNA, the gel was first washed three times with 5 -mM
B-mercaptoethanol (20 minutes each)lto remove the
methylmercury from the gel, then stained with 1 uwg/ml
ethidium bromide in 5 mM B-mercaptoethanol for 20
minutes (Setzer et gl;, 1980) prior to visualiza;ion,
under U.V. light at 302 n.m. ‘/

Alternatively, some RNA samples were dénatured
by incubation for 60 minutes at 50°C in 50% DMSO, 1M
deionized glyoxal and 10 mM sodium phosphate, pH 7.0

v
(McMaster and Carmichael, 1977), prior to

electropioresis in 1% (w/v) agarose gels under

conditions described by Thomas . (1980). In this case, RNA

21



was detected by staining the gel with 30 ug/ml acridine
orange in 10 mM sqdium phosphate, pH 7.0 (McMaster and

3 M

Carmichael, 1977) followed by destaining with 1 x 10~
EDTA, pH 8.0 prior to visualization under U.V.. light at
267 n.m. =

RNA samples which showed a major single pand

6 daltons with

of molecular weight equal to. 2.2 x 10
minimal smearing as judged against molecular size
markers were deemed sufficiently pure to use in these

‘studies.

2.2.4  Preparation of wheat germ cell-free extracts

Commercial untreated wheat germ was obtained
frgm General Mills, Inc., Vallejo, Califdrnia, and
stored at 4°C in vacuo. An S30 extract was prepared with
modifications of the protocol of Roberts and Patterson
(1973) as follows: 12 g of wheat germ wés ground to a
fine powder with 6 g of sterile sea sand in a chilled
(4°C) mortar. Grinding was then continued after addition
of 28 ml of 1 mM magnesium acetate, 2 mM calcium
chloride and 90 mM potassium acetate, until none of the
extract stuck to the pestle. The extract was then
centrifuged in a Sorvall g)SSSQ rotor at 30,000 x g for
10 minutes at 4°C. The supernatant was collected and
ad justed to 20 mM in Hepes-KOH (pH 7.6}, 3;5 mM in
magnesium acetate and 2 mM in dithiothreitol and’again

centrifuged at 30,000 x g as above.



The resuitant supernatant was_supplemented
with ATP to 1 mM, GTP to-0.02 mM, cr‘tin’e pho'si)hatgto.
40 ug/ml, phosphocreatine to 8 mM and dithiothreitol t?
2 mM then incubated at 30°C for 10 minutes. Following
incubation, the extract was passed through a (1.5 cm x
30 cm) column of Sephgdex<E‘G—é5 (medium) equilibrated
in'20 mM Hepes-KOH, pH 7.6, iZO mM potassium acetate, 5
mM maénesium acetate and 2 mM dithiothreitol at 4°C.
Only the first half of the turbid fractions was
collected (Efstratiadis.and Kafatos, 1976a), pooied and
stored in éliquots at -70°C until use. Such extracts had
an'A280/A260 of 0.6

Cell-free protein synthesis was carried out in
a volume "of 0.05 ml with the following components: 15-20
ul of. whedt germ S30, 20 mM Hepes-KOH, pH 7.6, 2 mM
dithiothreitol, 1 mM ATP, 0.1 mM GTP, 8 mM
phosphocreatine, 40 ug/ml creatine phosphokinase, 30u M
of each . of the 19 unlabelled amino acids and one l -

14C—leucine or 358—

labelled amino acid, either
methionine at 5-10 v M. The concentrations of potassium
acetate and po%yamines spermine and spefmidine which
provided maxi&al stimulation of incorporatiomr were

135 mM, 6 M and 100 uM respectively. Samples were

" incubated for 90 minutes at 25°C. Incorporation of
labelled amino acid into @rotein was monitored by

precipitating{gliquots of the: reaction with 107 (w/v)

trichloroacetic acid in the presence of carrier bovine



serum albumin. SuBsequently, précipi;ateﬁ were heated tq
10006.!0; 15 minutgs to hydrolyze sharged tRNA //f
molecﬁles. The precipitates were collected by'fiifragioﬁ‘
on glass fiber filters soaked in 5%,(w/v3

trichloroacetic ac%d and 0.1% (w/v) casamino acids;

These filters were washed extensiyeiy under gentle’ .
vacuum with 5% (w(v) trichloroacetic acid contaiﬁing

0,1% casamino acids followed by a quick wash with

acetone. Dried filters were counted in 3 mls of 0.4%

(w/v) Omnifluor (NEN) in toluene.

2.2.5 Preparation of the rabbit retibuLoéyfg lysdtes

and use in in vitro pgpteln synthe51s

3 Kg New Zealand Whlte rabbits were made
anaemic by five délly subcutapeous injections with 2.5
mls of freshly prepared 1:25%‘(w/v) »
acetylphenylhydrazine (Hunt and~Jacksoﬁ, 1974).'To
quantitate the percentage of reticulocytes, a sample of
blood was taken from the ear vein on the eigﬁth or
nineth day pg;t—primary injection and stained with Ne@
methylene blue (Singh Ranu and London, 1979). Routinely,
by the'eighth day, reticulocytes compriSed 70—89% of the
total stainable blood cells as judged By light

microscopy under an oil immersion'objectivé. Blood cells

were collected by cardiac puncture and washed ‘ =




extenéively with 140 mM NaCl, 5 mM KCI,‘and 1.5 mM\-/
magnesium acetate at 4°¢ prior,ﬁo lysis in water as
’described by Villa-Komaroff et al., 1974.

Lysates were rendered dependent on added mRNA
by treatment with micrococcal nuclease for 10 minutes at
20°C in the presence of 1 mM CaCl,. Subsequently, the
nuclease activity was inhibited by the addition of EGTA
to 2 mM (Pelham'and Jackgon, 1976). The amount of
nuclease used was determ;ned for each preparation ;nd
was the amount whicp gave maximal stimulation of
incorporation over ﬁackground‘dependent on exogenous
RNA.

Cell-free protein synthesis was carried out at
"30°C for 60 minutes in volumes of 0.05 ml containing the
following components: 0.03 ml of micrococcal nuclease- %
treated reticulocyte lysate, 20 mM Hepes-KOH, pH-'7.6,

2 mM dithiothreitol, 25 uM hemin,‘BO uM of each of 19
unlabelled amino acids, 10-25 uCi of 358—methionine,

8 mM phosphocreatine, 10 pug/ml creatine phosphokfnase,
116 mM potassium acetate and magnesium acetate as
described in the text. Incorporation of radiocactivity

into acid precipitable material was monitored as

described (Pelham and Jackson, 1976).



2.2.6  Electrophoresis of Proteins

Samples from in vitro translation reactions

intended for electrophoretic analysis were diluked
threefold in sterile water and precipitated at —20°% °
with 5 volumes of acetone. The precipitated protein was
collected by centrifué;tion, dried, and suspended in
0.05 ml (or less) SDS sample buffer (Laemmli'and Favre,
1973). Samples were boiled for 2 minutes, cooled; and

loaded onto SDS-polyacrylamide slab géls.which were

- prepafed and run as described (Laemmli and Favre, 1973).

At the end of the run, gels were processed for
fluorography (Bonﬁer and Lask;y, 1974), dried, and
exposed.with Dupont Cronex 4 Ezor Kodak X-Omat AR ® x-
ray film at -70°C for the detection of radioactive
prpéucts.

Protein standardf used in molecular weight
determination were iodinated using ‘the chloramine-T
method of Hunter and Greenwood (1962). Iodinaﬁed protein

markers had identical électrophoretic mobilities to

) 4
thase of their unmodified counterparts.

2ﬂ2.7 Preparation of Antisera to Viral Coat Protein

Antibodies against PMV were raised by
injettfng rabbits intramuscularly with 8 mg of PMV |
emulsified in Freund's incomplete adjuvant. At weekly

intervals thereafter, 1 mg of PMV was injected

-

"intraQen9usly. Collection of blood by cardiac puncture

r
)
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and preparation of antiserum took place 6 weeks after
T

the primary immunization. Monospécific antisera were
prepared by affinify chromatography. 5 ml of crude
antisera'was/incubated for 12 hours at AOC\@£thin a

10 ml column of Ultragei ®>ACA22 to which PMV coat
protein (2 mg protein/ml gel support) had been attached
with glutaraldehyde (Ternynck and Avrameas, 1976)..
Unbound material\was washed from the column with
phofphate buffered saline until the eluant had an Argo
<Q;023 Subsequently the antibody fraction bound to PMV
coat protein was eluted w}th 0.2 M giycine—HCl, pH 2.2,
then neutralized immediately with 1 M KZHPOA. After

elution the fractionated antiserum was dialyzed against

phosphaée buffered saline (PBS) and stored at 4°C. Prom

5 ml of crude antisera, 2 mg of monospecific antibody

was obtained. The'épecificity of each antiserum or /
antibodyvfractioﬂ was tested by the Ouchterlony double

diffusion method against several viral antigens as well

a; cell-free extraéts. Immunoprecipitin lines were

observed only when PMV or PMV coat protein were used as

“antigens.

2.2.8- Growth and Preparation of Staphylococcus

aureus Immunoadsorbant

Staphylococcus aureus, strain Cowan I (ATCC

12598) was grown at 37°C in the Woodin modification of

CCY media (Arvidson et al., 191}) composea of the

e
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following components per liter of solution: 10 g yeast
extract, 40 g casam%po acids, 20 g B -glycerophosphate,
8.3 mls of 60% sodium lactate, 0.8 g NazHPOQ, 0.4 g

KH,PO,, 1.0 g (NH,),S0,, 0.08 g 1-tryptophan, 0.10 g -

. cystine, 0.002 g thiamine, 0.004 g nicotinic acid,

2 g MgSO, . 7H,0, 0.0075 g MnSO, . H,0, 0.006 g FeSO,
L ~ 20 and 0.006 g citric acid. ¥

Fixation and inactivation of Staphylococcus

,

aureus for use as an immunoadsorbant followed Kessler's

(1975) procedure. Overnight cultures of cells were
hafvested and yashed twice in PBS-azide (150 mM Na(Cl,

40 mM sodium phosphate, ‘pH 7.2, containing 0.05% (w/v)
NaN3) at 40C in a Sorvall(E GSA rotor at 7000 rpm.
Subsequently the: cells were adjusted to,a 10% (w/v)
suspension in PBS-azide containing 1.5% (v/v)
formaldehyde, then stirred at room temperature for 90
minutes. Cells were then washed twice in PBS-azide and
read justed to a 1Q% (w/v) suspension in PBS-azide prior
to incubation at 80°C for 5 minutes followed by quick A
cooling in an ice water bath. Finally, cells were washed
twice again in PBS-azide and stored as 10% (w/v)
suspensions at -70%¢ zn one ml aliquots.

Prior to use in immunoprecipitation reactiogs
an aliquot of cells was thawed, diluted 10-fold in RIA
buffer (0.1 M NaCl, 10 mM sodium phosphate, pH 7.4, 1%
(v/v) Triton X-100, 0.5% (w/v) deoxycholate, and 0.1%

(w/v) SDS (Philipson et al/., 1978)) then incubated at

L
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room temperature for 30 minutes followed by 4°C for 60
minute§. Cells were then recovered by centrifugation*in )
a Sorvall(® $S34 rotor at 4000 rpm for 20 minutes. The
cell pellet was then washed three times in BiA buffer
with centrifugation as above. The final pellet was

resuspended in RIA buffer to gpe original volume. These

. washes serv®o remove any free protein A.

2.2.9 Immunoprecipitation
We uséd‘;he procedure of Philipson et al. )
.. (1978) for indirect immunoprecipitation of products -

-

synthesized in vitro.#f 0.0l ml aliquot of the cell-free
reaction mixture (from either the wheat germ or ’ ;; fﬂ'
reticulocyte systems) was incubated first for 30 minutes~

at 37° C, then for i2—16 hours at 4? C with either 1 wul

vof crudeléntisera or 1 ug of affinity colﬁmn purified
antibody in 0.10 ml of RIA buffer. A 10% (w/v)

suspension of Staphylococcus aureus (0.01 ml) was then

added to the soluble antigen-antibody complexes and

i..‘

adsorptién,allowed to occur for ome hour at 4° C.

Complexes bound to Staphylococcus aureus cells were then

recovered by centrifugation and washed three times in -

RIA buffer prior to resuspension in 0.05 ml of SDS-—

sample buffer (Laemmli and Favre, 1973). When using
.-

crude antisera, it was sometimes necessary to execute

this procedure twice, first with pte-immune sera to rid .

<
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the reaction of components which bound non-specifically

to GPé Staphylococcus adsorbant, folldwed-by additioh'of“

.

the immune antisera to be tested.

. S
> , . "
-
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2.2.10 Tryptic Peptide Maps

" In vitro products of 1nterest /pre "cut from
dried, ‘Eluorographed gels u51ng‘§n exposed x—ray film as

a guide. Gel slices were swollen in water, then

-

sequentially treated with 60 minute dimethylsulfoxide \

washes (3’bimes), followed by two 30 minute- methanol
washes, then two 39 minute washes wlth methapol; waper
(1:1). Gel sliees‘yere finally resuspended in 1%'(w/v) 9
ammonium bicarbonate containing 156_ug of trypsin
(Worthington, TPCKiEreated trypsin). D;éestion-proceeded
for 24 hours at 37° C. Th; aqueous material was saved

and the gel SllCES re—dlgested in fresh 1% (w/v) .
ammoniuin b1carbonate contalnlng 75 e of trypsin.
-Dlgestlon was allowed to proceed for an additional 18
‘hours The dlgested eluates wpre then pooled and
lyophilized. Peptides so recovered ‘were performic 521;}3'
oxAdized (hebef et al., 1972) for one houi at 4° C, then
. iluted with water and re—lyophilized %eptides were .
then resuspended in water and applied in bands 2 cm wlde

‘and 15 cm f?om the bottom of a sheet of Whatman 3 MM(E

paper. The paper was« then subJected to {




]
electrophoresis in pyridine: acetate pH 3.6 for 3080 V
hours (approximately 30 V/cm). After electrophoresis the

paper was dried and autoradiographed.

’
2.2.11 Peptide Mapping Using Partial Proteolysis -
. 4 Partial proteolytic digestion of proJucts

synthesized in the cell-free systems was performed using -

Stéphylococcus aureus V8 protease as described by

Cleveland et. a1.$(1277).

&

2:2.12 Extraction and Aﬁalysis of RNA from Virus

Infected Plants —~‘\;

P

Total RNA was extracted 6 days after infectiog
(m;ﬁ-exponential phasei of broad bean plants. Legves'
were washed and ground to a fine powder under liquid
nitrogén prior to extraction at 65° C'with buffer-
'séfurated phgnol as described by Hugter et al. (1976).
200 rg of total extractable RNA was heated at 70° C for
3 migutes and quick cooled in an ice-water bath prior to
fractionation on 5-20% sucrose gradients in 10 mM Tris-
HCl pH 7.4, 1 mM EDTA, and 0.5% SDS. Gradients were
centrifuged’at 97,500 x g for 18 hours at 24° C in an SW
40 rotor. Gradient fractions were ethanol precipitated
'énd the precipitates washed efteﬁéively'prior to f;nal

resuspension in water.
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f 32P—DNA probes complementary to

2.2.13 Synthesis o

viral RNA sequences

32

A repr!%entative population of P-labelled

'cDNA molecules with molecular sife of apbroximately 400
baseé was transcribed from viral RNA templates using
vpdrified avian myeloblastosis virus (AMV) reverse

" transcriptase in the presence of oligo-

, deoxyribonucleotide primers of random nucleotide
sequénce‘generated by DNAse digestion of calf thymus DNA

(Taylof et al., 1976). The revefse transcription

A

reaction was carried out at 37° C for 120 minutes in a

!

. -
« reaction volume of 0.05 ml containing the following \\

components: 50 mM Tris-HC1, pﬁ/ﬁ<3, 8 mM MgCl 8 mM.

2’
" DTT, 100 wg/ml Actinomycin D, 0.67 #M each of dATP,

e .
32p_dCTP (0.1 mM), 60-ug calf thymus

dTTP, and dGTP, o-
DNA primer, 2 ug heat denatured vir&® RNA and AMV
reverse transcriptase aﬁ 234 U/ml.‘To terminate the
reaction and hydroiyze the RNA templaée, the reaction
was made 0.6 M in NaOH, then incubated at 37° C for 3
houts. After this time, .the reaction Qas neﬁtralized and
loaded onto a Bio—gel(E A.l.S m column (0.9 x 30 cm)
gquilibrated‘in'lb_mm Tris-HCl, 1 mM EDTA, pH 7.5.
Fractiqns 6f approximately 300 ul were collected and
radioactivity detected by Cerenkov.radiation. Fraction;
comprising the void volume were pooled, made 0.2 M in
NaCl then precipitated with 2.%volumes of 95% (v/g)

efhanpl at -=20° c.

.
i

w
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2.2.14 Northern Transfer and Hybridlzatlon

RNA was separated by electrophore51s in
submerged 1% agarose gels containing 10 mM methylmercury
hydroxide (Bailey and vaiason, 1976). Gels were run at
room temperature for 17 hours at 40 V. After
electrophoresisdéﬁls'wére processed according to Setzer
et al. (1980) and RNA transferred to Ultra—Blot(E
(Collaborative Research) using procedures described by
Alwine et al. (1979). Conditions of hybridization with

CYMV cDNA and processing for autoradiography were as

described\(Coulter—Mackie'EE al., 1980).

-

2.2.15 RNA-cDNA Hybridization :

RNA-cDNA hybrids were formed essentially as
described by Varmus et al. (1973). Reaction mixtures of

50 ul were prepared\on ice in siliconized Eppendorf

micro test-tubes and conta1ned*60 mM Tr15—HCl pH 7.4, 2

mM EDTA, 10 ug/ml of each RNA sample, 1 mg/ml yeast RNA,

approximately 10,000 cpm 32

P-labelled cDNA and O.6~M or
0.2 M NaCl as described in the results (section 2.3.8).
Once assembled, reactions were heated to 100° C for 3
minutes then quick-cobled in an ice water bath. Each
reaction was overlayed with mlnera}/oil then incubated
for 22 hrs at 68° C. Samples were hybridized a Rot.of
13.5 mole. fec/L‘as calculated by the following formula:

.
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Rot = vy x O0.D. of 1 ug RNA x mass RNA ug

volume of reaction (ml)

x  time (hrs) = mole. sec/liter.

2 -
Yy = Telative reassociation constant which equals 4.9
at 0.6 M NaCl and 1.4 at 0.2 M NaCl (Britten et

al. 1974).

At the end of this time each reaction was
added to 2 ml of S1 buffer containing 30 mM sodium
acetate, pH 4.5, 0.3 M NaCl, 3 mM ZnCl, and 10‘ug/ml
sheared, denatured calf thymus DNA. The reactions were
then divided into two equal portions. To one was added
500 units of S1 nuclease and to the other an equivalent
volume of S1 nuclease dilution buffer. Both samples were
incubated at 50° C for 2 hours prior to TCA
precipitation and collection of precipitate as glass
fiber filters. .

The estimated percentage sequence homolggy was
calculated as described by Palukaitis and Symons (1980)
using the following formula which corrects for the %1
nugclease resistance of the cDNA alone. The corrected
percentage S1 nuclease resisfance
- 100 x S1 muclease resistance of hybrid -(%}~S1 nuclease

(S

resistance of cDNA (%)

100 - S1 nuclease. resistance of c¢DNA (%)

~

t *
B
.



<
- The estimated percentage sequence homology was
then calculated by dividing corrected 7% S1 nuclease
resistance of a heterologous hybrid by the corrected %

S1 nucleasl‘resistance of the homologous hybrid and

multiplying by 100. (Palukaitis and Symons, 1980).

«
1y

2.2.16 Preparation of 1251 _1abelled RNA and Use in

»

Hybridization

CYMV RNA was iodinated using modifications of
the procedure of Efstratiadis et al.,.1975. Briefly, a
0.1 ml reac?ion was aséembled on ice and contained the -
.followinéuébmponents added in the order given: 340 .Ci

a125 3

N I (NEN, NEZ 033A, 100 mCi/ml), 2.8 x 10~

N HC1,
0.1 M NaOAc, pH 5.0, 6.246 x 10™5 M KI, 1 yg CYMV RNA and
2.3 x 107> M T1Cl;. The assembled reaction was then
incubated at 60° C fpr 20 minutes, then transferred to
aﬁ eppendsrf micro test-tube containing 0.5 ml of 0.54 M
Pipes-NaOH,.pH 6.8, 0.95 M NaCl and 3 ul of 14 M -
mercaptoethanol. The sgyple was then incubated at 60° C

. for a éﬁrther 30 minutes. The iodinated RNA was then
‘separated from free isotope and salts on a Bio—Gel(B
A150 m column (0.9 .x 25 cm) equilibrated with water. 0.4
ml fractfons were colleéted and the radiocactivity in
each determined by counting a 0.01 ml aliquot in 3 mls'
of ACS(E (Amersham). The fraétions corresponding‘to thé
iodinated RNA were pooled, made 0.2.M NaCl then

precipitated with ethanol.

1914
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1250 _cymv RNA (4000 cpm) was added to 0.05 ml

reactions containing serial dilutions of unlabelled cDNA
(in excess) which was prepared by reverse transcription
in the presence of calf thymus DNA primers using the
same RNA template that was used in the pfeparation of

the 125

I-RNA. Hybridization was performed using the
conditions described in Section 2.2.15. After formation
of hybrids, the hybridizhtion reaction was diluted into
0.5 ml of S1 buffer containing 20 wg/ml yeast RNA rather,
than calf thymus DNA. The reaction mixture was then
divided into two equal reactions. Duplicate reactions
were-then incubated with and without 10 units of
ribonucle;se T1 and 2 ug ribonuclease A. Samples were
incubated at‘37O C for 1 hour. Samples” were then TCA
precipitated, filtered, counted and the percent hybrid

remaining calculated from a comparison of the

duplicates.
2.3 Res;t:Z\§
2.3.1 Potexviral RNA consists of a single cdmponent

-

The genomic RNA of potexviruses used in thisf

‘ study has previously been‘reported toiconsist of a
single moléecule of approximately 2.2 x 106 molec?lar
weight (refer to Table 1) corresponding to 6800
.nucleotides (Purcifull and Hiebert, 1971; Abouhaidar and

Bancroft, 1978). To "test whether these genomes contained

!

\
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Figure 2 5 Electrophoretic analysis of Potexvirus
RNA under denaturing conditions.
10 ug of~e:Lh potexviral RNA was .
sub jected fo electrophoresis on 1% (w/v) agarose geLg
containing 10 mM methylmercury hydroxide as described
in Materials and Methods, Section 2.2.3. Lanes

correspond to a) CYMV RNA, b) PMV RNA, ¢) VMV RNA and

d) BCV RNA.







»LMC RNAs as has been reported in other viral systems
(Klein et alr, . 1976; Hunter et al. 1976), we have
-analyzed purified RNA extracted, from virions (Materials
and Methods, Section 2.2.3) on 1% (w/v) agarose gels

' containing‘lo mM methylmercurylhydroxide. figure 2
illustratés that uqﬂér denatu?ing conditions the RNAs
extfacted from CYMV (lane a), PMV (lane b), VMV (lane c)
and BCV (1§Peéd) consisted of only one component of

approximately 2.2 x 106

.daltons as visualized by
staining with ethidium bromidg. The sensitivity of this
méthgd is sufficient to permit detection of 0.1 moles of
an LMC component per mole of full length RNA, assuming
complete denaturégion. This result was confirmed in the
case of CYMV RNA by using a more sensitive means of
dgteéfion refer;éd to as Northern transférl(;efer to
Mateéials and Methods, Section 2.2.14 and Figure 11).

»

Similarly, the high molecular weight RNA of PMV was the

32

only component which could be P-end labelled with T4-

induced polynucleotide kinase (Efstratiadis et al.,
19?7) {data not shown). Furthermore,. translation of high‘
molecular weight PMV RNA which was purified on a 6 - 20%
sucrose gradient after denaturation with 10 mM
methylmercury hydroxide resulted in the same in vitro
products (discussed inLSectiﬁn 2.3.2) as unfractionated
. RNA purified from virions (data not shown). Finaliy, an

analysis of»virai particles for ali.vi;uses tested in..

extracts of their respective host cells by electron

s
f

/\_' )
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microscdpy, comparable.to the method successfully

_ appligd\to tobacco mosaic virus (Whitfield and Higgins,
1976) has not uﬁcovered short rod-like pafticles' ’
suggestive of encapsidated LMC RNAs (Dr. J.B. Bancroft,
personal communication). Thus within the limits of
detection employed, PMV, CYMV, BCV and VMV give no
indication of containing multiple components.

2.3.2 Template Properties of PMV RNA

In either the wheat germ extract (Roberts and
Patterson, 1973) or the rabbit retlculocyte lysate
treated with micrococcal nuclease (Pelham and Jackson,
1976), (See also Section 2.2.5), PMV RNA directs the
éynthesis of a variety of préducts whose apparent
molecular weights range from\22,000 to 155,000 daltons -
(Figures 3b and 3d). Three prominent prdducts’are
re&%oducibly synthesized in both systeﬁs and exhibit
electrophoretic mobilities relative to iodinated marker
proteinS‘correspond{ng to molecular weights of 155,000 "
(pA), 73,000 (pB), and 22,900 (pC). In addition, there
are numerous minor products, particulérly amoﬂg the
pro&ucts synthesized in the wheat germ extract (Figure
3b). These minor products probably represent-prematurely
terminated polypeptides ('early quitters'). Multiple
products seem to be a common feature of PMV RNA directed

translation as well as that of related viral templates.

Another viral RNA, cowpea chlorotic mottle virus RNA




] -

Figure 3 Electrophoretic separation of products Qy/(ﬂ
) synthesized in vitro with PMV RNA as

template.

A wheat germ extract (lanes a and b)
' was programmed with no added RNA (lane a) or with 5ug
purified PMV RNA under the optimal conditions
described in the text and in Méterials and Methods.
Aliquots of fﬁe‘completed reaction were resolved by
ele?trophoresis in a 10% SDS-polyacrylamide slab gel.
lodinated protein standards were included in adjacent
lanes for molecular weight determination. These
included myosin (200;000 molecular weight), B -
galactosidase (130,000), phospHGrylase a (90,000),
-bovike serum albumin (68,000), ovalbumin (45,000),
carbonic anhydrase (29,000), a-chymotrypsinogen
(25,700), and soybean-trypsin inhibitdr (21,000).
Their positions are noted in the central margins, as
they required different exposure time for
visualization. Lanes c (no aaded RNA) and d (2 v g
purified PMV RNA) illustrate préducts syntﬁesized in
the rabbit reticulocyte system and separated

similarly. pA, pB, and pC are prominent products found

reproducibly in both in vitro systems.
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© daltons) directs the synthesis

componenf\A SO&32 x 10
of a discrete product of apparent molecular weight
19,000 daltons in the same extracts used here, in
agreement with Davies and Kaesberg (1974) (data not
shown). Also, the inclusion of human placentgl //’i3
ribonuclease inhibitor in either iﬁkxigzg translation
system did not alter the propoftion.or size of the PMV
RNA directed products. Therefofe, multiple products
reflect a property of the PMV'template and not the iﬂq

vitro translation systems.

When all the components of the wheat germ
system are optimized, the incorporation of 14C—leucine
into acid precipitable material was stimulated éO‘:~12O
times over the baékground by the addition of PMV RNA.
This corresponds to almost‘ZbO moles of leucine per mole
of RNA. Assuming leucine to compriserlO% of the amino
acid residues in the products; the equivalent of one
complete round offtranslation of each template’molecule
occurs during a 90 minute incubatipn. This efficiency is
comparable to that reported for TMV RNA (Roberts and
Patterson, 1973; Marcu and Dudock, 1974; and our own
measurements) and substantially’greater than that of PVX

.

RNA, the type number of the potexviruses (Ricciardi et

al., 1978 _and our own results).

Several parameters of the two in vitro
‘ ) T
translation systems were varied primarily to optimize

4 :
the conditions of translation of PMV RNA and secondarily

2f
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Figure 4 . Effect of Mg'“ conce tion.on-overall -

incorporation and on the synthesisigf
' individual products in a ra??it T
reticuiocyté\}ysate pfogrammed with PMV
RNA. ) |
The left hand panel illustrates -the
overail‘incorpogsfion of 3 S—meth?onine into acid-
precipitable material as a functjon of added,ﬁg—
‘acetate (final co;centration in'millimpleg/l;‘}n a
_;/;eaction of O;GS.mliincubated“60'min at 30°. Ig‘the'

right panel, aLiquoté of the same reactions adjusted

g ’ o, &
to contain nearly the same amounts of acid- *

pfecipitable rédiogctiyify were }esolved on q,lZ.S%‘
SDSTpolyacrylamide slab gelffThe samples are: (a) mo

" added RNA 4t 0.5 mM Mg-acetate finaL‘concenFrat&on:: :
(b-f )+ 2.0 g”PMYKﬁNA at the follawing final ‘
concentrations of Mg-acetate: (b) 0.5 mM, (é)fllo mM,
(dy 1.5 nM, (e) 2.0 mM, and (£)°2.5 mM. S

% { . Ff
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to select conditions wpichAwould allow for the maximal

synthesis‘of the putative viral coat protein, pC. In,

either system, gel electrophoresis revealed that®

manipulating the concentrabioﬁs of potassium, sbermine

aié spermidine caused no qualitative alterations in the
y

spectrum of polypeptides synthesized.

A dramatic difference is found between the two

cell-free systems.in regard to the effect of magnesium

ion concentration on translation. In the wheat germ.

extract the efficiency of synthesis-is maximal at 2.5 mM

magnesium acetate. At optimal and supraoptimal levels of
magnesium ion the ratios of the'rédioactivity in
producté pA:pB:pC is relatively stable at 3:4:1,
respectively. At'suboPtimal concentrations there is a
slight increase in the synthesis~éf productva but a
twofold reduction in product pB resulting in a ratio of
3.5:2:1. In the reticﬁlbcyté lysate the pattern is

altered dramatically with increasing magnesium ion.

4

"Optimal stimulation of incorporation is achieved in our

T

system at 0.5 mM magnesium acetate (Figure 4a). At this
concentration, the relative incorporation of label into

product pA is maximum. As the magnesium ion

concentration increases beyond-the oﬁtimal level the

synthes{s of product pA décreases. Concommitantly, there
is a strik%?g enhancement of the incorporatibn 6f label
into product pC (Figure 4b)., The correct choice of

divalent cation concentration therefore appears to be

¢ . ‘ - L] "
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critical for the complete synthesié of all ‘PMV-directed
polypeptides. This effect may be due to altetation of
the RNA structure and/or accessibility of the RNA to
various translational componen&s.

Once the ionic optima for the translation
systems had been determined, the concentration of PMV
RNA which séimﬁlated maximaf‘incorpo§ation was assessed.
In the wheat germ éystem, maximal incorporation of
labelled amino acid into protein was achieved at 0.14
mg/ml. The efficiency of incorporation (moles amino ;cid
incorporated/mole in;ut RNA), however, was best at 0.10
mg/ml and this concentrationvwgsA%sed subsequently. With
the reticuloqyte lysate, incorpofﬁtion was maximal at
0.04 mg/ml. In both cell-free systems, the synthesis of

-minor products increased substantially at RNA
concéht?ations,bgyond that which gave maximal efficiency
of incorporation. Changing the RNA concentration did not

¢

alter the ionic optima.

"2i3.3

Identification of the in vitro polypeptide pC

as PMV coat protein ¢

In general, the coat proteiﬁ of plant‘viruses

is the only protein in the virus pﬁrticle and
. presumably, a major-t}anslation product in vivo. Unlike
both TMV RNA (Hunter et al., 1976) and PVX RNA | : :
(Ricciardi et al., 1978), PMV RNA can direct the

synthesis in vitro of a polypeptide, pC, whose ,
-

% -




" Figure 5 " Indirect immunoprecipitation of products
, synthesized in two cell-free systems
programmed with PMV RNA.

»Either the wheat gefé (lanes a - d) or
rabbit reticulocyté (lanes ; - g) cell-free systems -
were programmed with PMV RNA ég described in the text.
Aliquots of each reaction were incubated with one of
the following: Preimmune serum (lanes b and’fd,
unfractionated serum réised against PMV (lanes c and
g) or w}th anti-PMV coat protein Igkaurified by -
affinity chromatégraphy‘(see Materialsgand Methods) in
lane d. Lanes-a and e show the unfractionated mixtures
" of products synthesized in tﬁe wheatrgerﬁ andlrabbit
réticulocyte cell-free system; respectively. The
conditions of incubation and the subsequent
brgtbpitatibﬁ bf the antibody-antigen complexes with
S. aureus are described in Materials and Methods,
Section 2.2.9. The immunoprecipitates we;e applied to

a 10% SDS—polyacrylémide slab gel and were -ultimately

visualized by fluofography. ' o *

-

-
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électrophoretic mobility (see Figure 3b and 3d) is the

same as that of authentic coat protein. To substantiate

this observation we assayed ‘the in vitro products for

coat protéin antigenic determinapts by indirect
immunoprecipitation. Rabbits were immunized with
purified virus and the resultaﬁt antiserum was either
used directly or further purified on an affinity’column
(see Materials and Methods, Section 2.2.7) to‘yield'a

coat ﬁrotein—specific.IgG fraction. A limiting quantity

of antiserum was added to an aliquot of the
i

* unfractionated products of in vitro twanslation ‘without

ks

carrier antigen. The antibody-antigen complexes which

formed were adsorbed to heat-inactivated Staphylococcus

aureus and prepared for polyacrylamide gel analysis (see
Materials and Methods, Section 2.2.9). Figure 5
illustrates a fluorogram of anSDS—polyacrylémidé gel
used to separate such immunoprecipitatés,'Laﬂes c, d énd
g ghow’ that regardless of wh'e‘t:her column purified or
crude PMV antisera were used, only product pC is
precipitated. Precipitation with pre-immune serum
(Figure 5, lanes b and f) indicatedla negligible
backgr0und. Similar resdlts have been obtéined several
times, in both the whé§t germ aqq:thé‘rébbit

reticulocytes.'systems. The results of this experiment

. . ¥ M
indicate first, that pC shares antigenic determinants

SJ



» Figure 6 Tryptic Pepfides of the Major Products
Translated from PMV RNA in the wheat
germ system. o ‘
J Saﬁples extr®cted from geltslices
containing.about 104 cpm éach‘were concentrated,
oxidized with performic acid and then digested with
trypsin as described under‘Materiéls and Methods,
Section 2.2.10. The products were seﬁatated by
electrophoresis in pyridine acetic acid, pH 3.6.
Electrophoresis was in the direction of the cathqode.
Lane a, Peptides of pA; Lane b, Peptides of pB; and
Lane c, Peptidés of pC.
The letter O denotes the origin where samples were

initially a@lied.

\,
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with PMV coat proteln and second ‘that none of ‘the other

polypeptides synthesized in v1tf0 are antlgenlcally

related to PMV coat protein.
‘

3
[ »
>

2.3.4 Comparison of In Vitro Translaéibn’Produtts by

-

»

Peptide Mapping

LY

‘ The three majorvin vitro .translation’ préducts
pA, pB and pC, as well as most of'minor prodyets, were"
35

labelled with “’S-methionine in the wheat germ celtl-free ’

system and separated by spé gel electrophore51s ]
Products excised from gels were dlgested with trypsih
and the peptides were anaiyzed“by high voltage
e{ectrophoresis on hhatman @%é MM paper in pyridine-
~acetic acid, pH 3.6. Figure 6 illustrates;an
autoradlogram of the electrophoretlcally separated
peptides. Lanes a and b demonstrate that products pA and
“pB have tryptlc peptides w1thwthe,same electrophoretic
‘ moeility at this pH. In addition,,all minor products
analyied were found‘to hare peptides waose
eieetrophoretic mobilities;ebineided with_either those
of pA or pB (data not shown). However, the ’
electrophoretic mobilitie;‘d% tryptitipeptidesiderived
, from pC (lage ci were distiact from those'of pA or pB.
To co;fird the relatiofniship between pA and pB

the 3

S-methionine-labelled polypeptides directed by PMV
RNA in the reticulocyte lysate were resolved on a SDS-

polyacrylamide gel. Slices of interest from this gel
° ¢
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Figure 7 Partial proteolysis of the High -
Molecular Weight Products Translated
from PMV RNA in the Reticulocyte Lysate.
Products directed by PMV RNA in the

reticulocyte lysate were resolyeq by electrophoresis

on a 6 - 15% polyacrylamide gel, dried without fur;her
treatmént then autoradiographed. The bands of interest

wérd sliced from the gel using the autoradiogram as a

guide, rehydrated and then placed in the wells of aﬂ

§ecbnd*polyacry1amide gel composed of a 3% stacking
gel and 15% separating gel. The gel slices were

overlayed with 100 ng of Staphylococcus aureus V8

~ protease then eléétrophorésis was allowed to progress

ﬁntil the bromophenol blue tracking dye reached the
center of the stacking gel. Electrophoresis was then
stopped for 45 minutes. After completion of
elgctroﬁhoresis,,&hg gel was treated for fluorography

as described in Materials and Methods, Section 2.2.6.

Lane a, Peptides of pA; Lare b, Peptides of pB.
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were then subjected*to partial proteolysis using

Staphylococcus V8 protease (Materials and Methods,

Section 2.2.11).~The‘ﬁééolution‘of thé peptides is
illustrated in Figure 7, Again, the peptides generated
by digestion of pA and pB ﬁave the same electrophorefic
mobiiity.
The ‘co*nc],',usioathat can be drawn from these

peptide m;é;‘és_that polypeptides pA anngB are clearly
related. Thé;sequences ;f pB are most 1ikely nested
within that of pA since pB contained no peptides
. distingt from that(of'pA; pC, however, has peptides
which are distinct from those of pA andkpB and therefore

is a separate ‘protein.

2.3.5 Analysis of In Vitro Translatiéon Products of -

other Members of the Potexvirus group

e

The demonstration that papaya mosaic virus

does, in fact, direct the synthesis in vitro of a

. polypeptide with properties identical to those of native
PMV coat protein is in direct contrast go other members
ofthe pot%xvirus group, namel& potato virus X and
plantagovirus which fail to direct the synthesis of
their corresponding coat protg}ns in Xiézg (Ricciardi
et al., 1978; Wodnar-Filipowitz et- al., 1980, Atabekov
and Morozov, 1979). To examine the generality of in
vitro coat'proteiq expression, we extended our

' 1
observations to two other definitive members of the

A

56
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Figure 8 ‘ Electrophoretii separation &f Products
Synthesized in Vitro with CYMV RNA as
- Témplgte. < B ’ q I | \
Rabbit reticulocyte lysates‘pfggrammed
" with no added (lane b) or 2 ug purified CYMV RNA {lane
c) wére incubated for 60 minutes at 30%-C. Aliquots of
the completed reaction were resolved by ’
" -electrophoresis on a 10% SDS-polyacrylamide slab ge%.
\ .iodinéted protein stgndards were .the same as thosg —
gescribed in Figure 3 and are noted in the margins. -
, TQe f%qnslaéion prodﬁcts directed by PMV run on the

: o
same gel (lane a) %yirmluded for size comparison.

-

- Lanes d (no added RNA) and e (2 ng CYMV RNA)

E : , . .
~illu8trate products synthesized in wheat germ extracts ) 8
and separated similarly. Lane f illustrates the f\

©, " . position of migratjon of 12T_CYMV coat protein.

The major: products made-in each system are connected ')

. -

& - .by arrows.

-
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f,pPolypeptides of apparent molecular welghts 182, 000

. 76,000 and 20, 000 daltons are most prominent. The

‘ range (755000 to 22, 000 daltons) ih the’ reticulocyt‘ ’

' _effiéiency (i.e fewer prematurely terminated .

potexvirus group, namely clover yellow mosaic .virus and

L >

viola mottle virus as well as two tentative members,

. .
namely barrel’ cactys-virus—and. foxtail mosqie;yirus.

e

[ ‘5.' |
"2.3.6 The In Vitro Translation P oductslof;CIQver \
| Yellow Moseic Virus
The ab111ty of CYMV RNA to direct the " v .

synthe51s of identifiablé polypeptide products 'in either

the wheat germ or rabbit retlcu}ocyte cell-free systems

was measured by electrophoretlchanaly51s of the #%oducts
on SDS-polyacryladee gels. Figure 8 illustrates’ the" -

pectrum of prodycts synthesized in vitro in those

—_—_—

systems. Both extracts direct the synthe81s'of ‘products ¥

ranging in size from 182 OOO to 20,000 daltons,,

retxculocyte ly a/7 t; more efficient in directing the
synthesis of* hi moletuLar weight products asﬁé '
comparison of lanes e (whedt germ extract) and ¢
(reticulocyte lysate) in Figure’8 teveals The-relative
paucity offproducts in ghe intermediafe molecular Welght'

;ysate programméd witp CYMV RNA.may reflect this greater

\',

prqducts), or the absence of npclease aétivity The - .ot

182, 000 dalton product was synﬂﬁesized efficiently ip \

wheat ggrm extracts only when these eptraeés weré

.1.’ .
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Figure 9 _ Indirect ImMUnopreCLPitatlon of Products

Synthe31zed in two cell-free systé%
o programmed w1th CYMV RNA§.

Immunoprecipitates from GYMV'p?ogrammed
rabbit reticulocyte lysate (1aneé a ~ ¢) or wheat getm
extract (ianes d - f) were, analyzed on 10%‘/“ |
polacyylamidé gels. Aliguéts 6f éaqh reacti;p wetre
incubated with one of the following: pﬁf—immuneiserﬁm '
(ianes c & d), CYMV antiséra (lanes b and e). Lanes.a
and £ show the unfrqq}iOnated\ﬁixtu;es of prodqcts.

synthesized in the rabbit reticulocyte and the. wheat

germ cell-free systems respectively, .2

’

s
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freshly prepared. In the absence of the 182,000 ‘dalton
product, the number and intensity of products in the
75,000 dalton to 22,000 dalton range increased

Several lines of evidence suggest that the
prominent 20 OOO dalton prod;ct programmed by CYMV RNA>
19 either extract-is ‘the CYMV coat protein. Flrst, it

comigrates w1th authentic CYMV coat protein in §DS-

polyacrylamide gels (Figure 8, lane f). Secondly, it lS‘

\
e

precipitable by antisera r%}sed against CYMV particles..

-These antisera were added to the 16 vitro translation

reactions and antigen antibody complexes were

'prec1pitated through the use of killed Staphylococcus

aureus as an immunoadsorbant’ (Materials and Methods, v

Section 2.2.9). Such complexes were analyzed on SDS—

polyacrylamide gels illustrated in Figure 9. Only the

- 20,000 dalton product would form a complex with anti—

>

CYMV antisera (Figure'9, lanes b and e). None of the
. - 0 ' - " - ) -
higher molecular weight products of the, in vitro-

£ranslation were prgcipitable. This specificity for the

20,000 da}ton.product'is reiéforced by the failure of
the pre-immune serum to precipitate anything more®than a“°
negligible background under otherwise identical ?

conditions (Figure 9, lanes ¢ and dji. .
‘ 4 *

£ 1231 1avelled -

Thirdly, the peptide maps o

35

coat protein and the S-methionine labelled in vitro

- 20, 000 dalton protein were compared. The

—qﬁectrophoretically\resolved coat protein and 20,000-

- . "

. =2
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Figure 10 Comparisdn of Peptides generated by

]

Partial Proteolysis of In Vitro Products

Difrected by CYMV RNA.

' o Lanes a through c

separated on a ZOA polyacrylamlde g~m

the 20 000 dalton in vitro product (Lape b) and the

.1251 labelled CYMV coat protein (Lane ‘c). Cénditions'

were the same as descrlbed in Figure 7 except*that 1

pg of Staphylococcus V8 protease was used\ in ianes b

and c égd 0.1 ug in lane a. The arrow indicates the

position native coat ‘protein migrated as déte;mined by
. ‘ étaining.‘Elec;rophoresis was interrgpted f&r one

hour. Lanes d throuéh’f represent peptides sepafated

« on a 15% polyacrylamide gelj Conditions were the same

as déscribed’in Figure 7 and 0.1“ug of Staphylococcus ..

‘ ‘ 76, 000 dalton and Yanes a and £ those of a 30 000

dalton pfoduct which sometimes arose.during

translation. - = T w . .

.Vi8 protease was used. ‘
. ‘Lane d rkpresents pepcideé generated
from the 182 000 dalton protein, Lane e those of the - -
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dalton product weie'sliced.from dried'SDS-polyecrylamide
gel ueing an autoradiogram as a guide. Fhe gel slices
were rehydrated, placed on a seco SDS-polyacrylamide
gel and electrophoresed in the presence of - N

¢

Staphylococchs aureus V8 protease (see Materials and

Methods, Section 2.2.11). Figure 10 illustrates the
peptides génerated under identical conditions of partial

proteoryeis. Comparison of the‘peptidés derived from

1251 labelled coat protein (leheﬂc) with -that of the -

335_methionine labelled 20,000 dalton in vitro product

A

 (lane b) demonstrates that the one peptide generated

from the 20,000 dalton productxco-migrateS\with one of

125

the peptides derived from the I-labelled coat

protein. The uppermost band in each case represents
undigested protein. CYMV coat protein contains one
methlonlne and six typ051ne residues (J.B. Bancroft,

35 ¢

personal communication), That the ““S-methionine r

labelled 20,000 dalton in vitro product generated only
one peptlde and the demonstratlon that this peptlde co-

mlgrates on SDS- polyacrylamlde gels with a P/prde from

1251 labelled coat protein dlgested under identical

conditions strongly suggest hpmplogyvbetween the two.

” * ®» The sum of the molecular weights of the~ \ '
products translated in Xiézg exceeds.the apparent coding
capacity of CYMV RNA (MW. 7.2 x 10 6) inr a single

‘reading frame. To determine whether the higher molecular !

weight in vitro ‘products are related, peptide maps of



- .
partially digested proteins were compared. Figure 10
(lanes d and-e), demonstrates that the. higher molecular
wéight products’ q; share peptides with identical-
electrophoretic mobilities and as such are related..,

A 30,000 dalton protein which sometimes
appeared duriné the translation of CYMV RNA was also
subjected to proteolysis and the peptideé separated by
electrophoresis (Figure 10, lanes a:and f). The peptitdes
of the 30,000 dalton protein co-mifrated with those of
the 182,000 dalton ;nd the 76,000 délton prbteins. Its
peptides are,‘however, distinct from those of the 20,000
dalton protein. ;

\ ’ P The;fesults éresented abovi suggest that the
genomic RNA of@CYMV contains & functional cistroﬁ for
coat protein synthéﬁis which s distinct from that of
the non-structural btoteins. In view of the wide
occurrence of low molecular weight component RNAs in
other.plant-virus groups (see Davies, 1979 for review)
we analyzed RNA extracted«from'CY infected plants for
. the presence of a low molecglar.weighf-component RNA-
which might 'in fact'encodé the viragl coat protein in
'31!2:.Figﬁfe 11, panel.A (lane b) illustrates the |
electrophoretic mobiliti;s of kNA gxtracted from CYMV
infected plants, separated o 1% (w/v) agarose gel
céﬂté}nin%jlo.mM méthylmercuéy hydroxide. Similarly,

lanes c¢ through h illp&trate the wsame RNA which was‘

"previously fractionated on a sicrose gradient to, enrich

. v-
! *
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Figure 11 . Analysis of RNA extracted from CYMV-

8 ,
Panel A illustrates the separation on-a

1% agarose gel containing 10 mM methylmercury .

hydroxide of geﬁqmic CYMV RNA (lane a), total RNA
extracted from CYMV infected plants (lane b) ,and the
RNA used in‘lape b fractionated on a 6 -‘?0%\sucrose
g%adiént (1§neé c - h).

‘Markers were provided by total RNA extracted from
Chinese hamster ovary (CﬁO) cells (lane i).

Panel B represents an autoradiograph of.

the same RNA in panel A transferred to Ultra-Blot‘g
paper and hybridized with 32B—CYMV cDNA as described e

"in Materials and Methodé,‘Section‘2.2.13 and 2.2.14.

©

* s Panel C (lane k) illustrates the

”

translation products of the RNA represented in laneic. °

L)

of Panel A and those directéd by genomic CYMV RNA

(lane j) in the reticulocyte lysate. Products were

'separated on a 10% polyacrylamide gel. The position to

which coat protein migrates is noted.

-

e

Infected plants. ' ' : D

(=]
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for sequences, within each particular size class. After

electrophoretic separation, the RNA from this same gel

®

was transferred to Ultra-Blot paper. (Collaborative

ﬁfsearch), then proBed for CYMV-specific positive strand.

sequencés using a 32P—labelled ¢DNA probe generated by
reverse transcription of the CYMV RNA template in the
presence of random DNA primers (see Materials and .
-Metbdds, Section 2.2.13). Figure 11, panel B, lanes)a
through f demonstrate ?hat CYMV RNA sequences are
present only in RNA with thg same electrophoretic

. mobility as CYMV RNA extracted from the native virus
(lanes a of panel A and B). To determine whether coat
protein was still pf%duced from the high molecular |
weight RNA, the‘sucrdse gradient fraction (i.g?ﬁlane b

of Figure 11, panel A) was used to program in vitro

progii:::z::hesis in the reticulocyte lysate. Figure 11,
panel\ e k) illustrates that the gradient fraction

containing high molecular weight RNA extracted from
CYMV—infected plant does produce a pol;beptide with an
identical electroPhoret;c mobility to the*Z0,000 éalton
in vitro translation product specified by the genomic
RRA (lane b). The absence.of the 182,000 dalton product

L 4
in this experiment is most likely a function af the

p3rticular lysate used.

‘69

-



~Figure 12 Effect of Mg+2 concentration on the-
synthesis of individual products in a
rabbit reticulocyte lygate programmed
with BCV RNA. |
Aliquots of the reactions adjﬁsted to
contain;nearly the same amounts of a?id—precipitable
radioactivity were resolved on a 10% SDS-
polyacrylamide slab gel. The samples are: transyatioﬁ
products programmed by 2 pyg BCV RNA ;t the following

concentrations of Mg-acetate (a) 0.5 mM, (b) 1.0 mM,

»

() 1.5 mM, (d) 2.0 mM, (e) 2.5 mM, (£) 5.0 mM. Lane g

1251 _pey cpat

illustrates the position of migration of
protein. 'The arrow indicates the position to which

intact native coat protein migrated. .

s
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magnesium level tested,‘co—migrated with the 22 000 LRI

e - ) . ‘ S “:'u: ; » : i.‘
3 ‘ » 3 o “ ‘ | : f ’ N
2.3.7. - The In Vitro Translation Jf tEe Genomic RNA'E ‘ .

. . . : ' .
: e of Viola Mottle Virus, Barrel Cagtus Virys and -
. 'l B -\ ) K ) - ?7'5 . l." J,, T e B
. Foxtail Mosaic Virus X : @' S L o ot K

LN

Vo o
As before, the in vitro translation prcach.lcts!t

— —,
Y

dlrected by the genomic RNA's of barrel caétus v1rus e L i~

\ -

(BCV) foxta11 mosai¢ virus (FMV) and v1ola mottle v1r@§y

(VMV) were analyzed by- electrzphore51s on SbSJ' . m,"

polyacrylamlde gels. Flgure 12 1llustrates the spectruﬁ * .

t 39

of "“Semethionine labelled polybeptldes drrected by\BCV

“in the reticulocyte lysate as a function of anreaSLng 4 >

%

magnesium ion® concentraxlop. At .the- optlmg}'mhg um o s

concentration, 0.5 mM BCV RNA stlmulated 1nqorpdrat€;n * .

of 35

- . )

- ~ Y ",

fold ~PMV under 1dentlca1 condltlons stlmulated L S, v

' ) Y |
.

1ncorporat10n i3- fold The resultant product§ dlreqted

: ?

by‘BCV RNA at this magne51um dbncentratlon range i . .o
5. \ < * 5 ’

molecular wexghtg from 140 000 daltons to 25, 000 daltons . ;

(Flgure 12 1ane a). The f40 00Q dalton p;bduct was,r -; T

hogever ;he most prominent polybeptide. As theﬂruu-- e,

dalton BCV.coat pro?ein (Lane g) " The, ana}ysis;gf(, J‘, A

S—methioﬁine into acid prec1pf%able matérlal'B-,f-, “}(-l -

n,megne51um ion'concentration wal 1ncreased beypﬁgﬂgbe: :‘- R ’
optimal lével (lanes b through f) the: synthesié ofethe ““_::!’;:’
140, 000 dalton product decreased In contrast to PM%,, i  ‘A”a;J
however nene of the'Products.§%§thesized at amy ¢ = " $ne ::
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Figure 13 Electrophg%jfic separatioﬁ’of the in
vitro trahslafiqn prpdu;ts directed by
FTMV and VMV RNAs.

.— FTMV RNA: (1 ug) and VMV RNA (5 ug) were
used to program in vitro protein synthesis in the
rabbit reticulocyte and wheat germ cell-free systems
respectively. Products were analysed on 107 SDS-
polyacrylamide gels (Materials and Methods, Section
2.2.6). Lane a, products directed by FIMV RNA in £hé

125

reticulocyte lysate; lane b, I-labelled FTMV capsih

protein; lane c, products directed: by VMV RNA in the
wheat germ extract; lane d, 125I;labelled VMV capsid
protein. The arroQ indicates the position to which
unlabelled VMV coat protein migrated. The positions gé

which molecular weight markers migrated after

! -
/
f

electrophoresis in the same gels are\ﬁoted in the B
s e ; ,’

margins.
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pfpducts‘siregted'by BCV RNA ‘in wheat germ extracts also

revealed that coat protein was not made (data not

r - -

shown).

:4

Similarly, none of the products directed by

FMV in the reticulocyte lysate (Figure 13, lane a), and /" -

VMV in the wheat germ extract (Figure 13, lane ) eb-

migrated with their respective coat proteins'(Figure 13,

T

2.3.8 ' RelationshipS‘between Potexviruses and Other
< .

Selected Plant Viruses ¢ K

lanes a and d respectiyely).

The members of the potexvirus group have been
classified as such because they share morphological.
properties and exhibit varying degrees of serological

cross-reactivity (Harrison et. al., 1971; Koenig and

7
Lesemann, 1978). Additionally, physical studies have

indicated that members within this group share the séme
architecture. In each case, viral particles exhibit
approximately ézprbtein subunits per tufn (Tollin et.
al., 1979, 1980, 1981; Richardson et. al., 1981).

The morﬁhélogical relatedness of this virus
group, however, does not appea?‘to be a reliable

indicator of the functional b#havior of the

. /
corresponding RNAs. On the basis of in vitro translation
it appéars that viruses within this group can be further
divided into 2 groups, -those whose genomic RNA directs

-
the synthesis of their respective coat protein and those

~
8

ot

[P




Figure 14 Formatien of unlabelled cDNA - 1251~CYMV
RNA hybrids.

1251rCYMV RNA -(4000 cpm;-approximateiy 9
ng) was added to 0.05 ml ieaction; containing serial
dilutions of uniaﬁelied CDNA. The formation of hybrids
and the determiﬁaéion of their rESigtance to RNAse A
and -T1 was as described in Materials and Methods,

Section 2.2.16.
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whose do not. As a means of analyzing the possible 1'
\g}ationships_between the RNA genomes of this plant
virus group, the nethod of hybridization of RNA with
complementary DNA (cDNA) was employed.

Since most potexvirus RNAs are not
,poiyadenylated at their 3'-termini they cannot serve as

templates for oligo—dT primed cDNA syntheeis Theref

random nucleotides generated by DNAse I dié%stio of
calf thymus DNA ‘were used as primers for the ¥everse
. transcription reaction (see Materials and Methods,

Section 2.2:13}). To ensure that the cDNA generated by
this method was representative of the RNA tenplate, :
unlabelled cbNA (prepared to CYMV RNA) was hybridized

1251 1abe11ed CYMV RNA. Hybr{d formation was then

w1tn
monitored by resistance to RNAse A and T1. Figure 14 -
illustrates that eéz:ntially 100% protection of the
~1251-RNA}was achieved indicating that the cDNA
represented the entire tempiate. Furthermore, the
absence of distrete plateaus in the hybridization curve
generated by dilution .of the cDNA suggested- that the
cDNA was not grossly enrizhed for one or more regions“of
the éenomeu Therefore, nsing this method cDNA\nas |
prepared using PMV,. CYMV, BCV, FIMV and VMV RNAs as

32i’—labelledthNAs

templates. In each case, the
‘exhibited an average size of 400-500 nucleotides as
" judged by electrophoresislon an alkaline agaroée ée1‘

(not shown). ) .

e N ThI
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The extent of nucleotide sequence homology
between an RNA and a cDNA probe was determined by

32P—cDNA that became resistant

‘ measufing the amount of
to S1 nuclease by virtue of forming a double-stranded

structure with the test RNA. Hybridizetions using both/

heterologous and homologous RNAs were driven to.a Rot of

13.5 mole. secll which is approximately 6-fold beyond the

point at which the homologous reaction was complete as

determined by hybridization kinetics (data not shown)

~ Table 2 summarizes the data obtained As would be

expected, each cDNA tested showed complete homology with

its respective RNA. However, when each cDNA was

hybridized to a heterologoue RNA, no significant L

homology was found. The slight homology found when PMV e

cDNA was used as probe against. heterologous RNA's under

high salt conditions (0.6 M Na‘) (Table 2, top row) was

eliminated using the same probe under low salt

-

L 2
conditibns (0.2 M Na'). This would indicate that these

I3

sligh homologlesﬂwere'due to mismatched regions which
were [stable at the higher but hot the lower salt
concgntrations. We sospect that the small homologies . ”
indidated by hybridization of ‘the BCV probe to several

hete ologous RNAs are also due to mismatched regions. In‘
additionuthe results indicate that no sequence homology

Ay

exists between these membpers of the potexvifﬁs.ﬁroup and
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mottle virus (CCMV), brome mosaic virus (BMV) a

tobacco mgsaic virus.

—

2.4 Discussion

" This work presents .evidence that the\genomi RNAs

virus partiélesu In each case, the apparent molecular
weight and antigénic determinants of fhe 224000 dalton
"and 20,000 dalton in vitro polypeptides specified by PMV
and CYMV RNAs respectively,resgmbie closely . those of
their respective coat proteins. The peptide map of the
20,000 dalton prodiuct specified by CYMV RNA also
éupports this concbﬁsién.\ln a@dition, preliminary
experiments indicate tﬁat the 22,000°dalton product

"'synthesized in vitro from PMV RNA is capable of |
.. - ' \

assembling with authentic coat protein and thus is N

¢

functionally very similar to it (data not shown) .

/

The ig vitro translationof the genomic RNA of each -

" potexvirus membef’teszed.resulted in the*syntheéis o
nu@éroﬁs polypeptides with molecular wéights greater

" than thaq'of ﬁhgir_respécéi&e coat'proteiné.‘The nature
and function of non-structural proteins specified by
plant viral genomes is unclear. Presumably these |

proteins may function in viral replication, regulation

«

¥ - -




of host metabolism and/o; cel}ﬁto-cell,movemenp of the
virus within the plaﬁtu A 30,0@0 dalton non-structural
protein specified by‘the genome of tomate stréins of
_tobacco mosaic virus has recently been ld?ntﬂfied as,a
factor medlatlng cell-to-cell movement of virus in the
leaf (Leondard and Zaitlin, 1982).

The analysis of the higher mo}gcdla;‘weight
products directed by PMV and.CYMV demoﬁstraged fhat
these prbauciﬁ clearly differ from their respective coat *
proteiné by several criteri#.'Fifst,‘;hey are not
precipitable by 'antibodies prepared to their reapéctive
virus nor are they’ part of the virus particle (our |
unpublished work).- Second, pebtide mappihg experiments
show that tryptic peptldes of PMV- speC1f1ed products pA
‘and pB are similar’to each other, but differ from that
‘of .pC. Partial,proteolysis of pA'and.pB has confirmed
that the sequence of pﬁ.and probably of many of the o
~minor products of translation is likely nested within
that of pA. Similarly, partial proteolysis of the
182,000 dalton and the 76,000 dalton polypepfides
"directed by CYMV show they are related in part. We have
been unable to demonstrate the coﬁversipn of. the smaller

into the larger protein during in vitro translation of

either PMV or CYMV by use ofyyéast amber or ochre -



.
L]

suppressor tRNA's (data not shown) or by altering the

concentration of-magnesium‘ion{ Therefore, '"readthrough"

of leaky termination codons which has been demonstrated

for TMV RNA (Pelham, 1978) does not seem to explain the

relationship between these proteins. It is yet to be

established whether such produéts exist in vivo. It is

noteworthy, however, that the 165,000 dalton in vitro

) .
translation product directed by TMV RNA is found in.vivo
(Scalla et al., 1978, Siegel et al., 1978). Thus it is

- conceivable that the 182,000 dalton protein encoded by

CYMV and the pA product of PMV possess in vivo

counterparts.

The synthesis of coat protein from the genomes of

PMV and CYMV contrasts with the transiational Behavior

of other members of the potexvisz group. Analysis of

ik % ducts directed t |
the in vitro translation products directed by the RNA's .-

of VMV, BCV and FTMV failed to reveal polypeptides with

electrophoretic mobilities similar to their respective

. . coat proteins. These viruses therefore mimic PVX, the

type member of the‘potexvirus group. Ricciardi et al.

(1978) and Wodnar-Filipowitz et al. (1980) have proposed

that the translationai strategy of Pﬁ;-resembles that of

]

TMV where the coat protein cistron is not normally

acq$ssible for translation in the intact viral RNA.

Presumably, coat protein synthesis in vivo would. tnwolve

¥ ' . :
the production of a sub-genomic A in a manner

analogous to that described for TMV RNA (Hunter . T

»




et. al., 1976). Without 'evidence .to the contrary, the .
. synt%esis’of the coat proteins of viola mottle, barrel
cactus and foxtail mosaic viruses may also-rely on. the

production of a sub-genomlc RNA in vivo. Alternatlvely,

" in vitro conditlons,may’pe suboptimal for coat protein

LY

!
synthesiz;by these ﬁNAs. Conceivably, this could result

from a very strong folding of the RNAY © -
The analysis of RNA extracted from,bYMV~infected
plants, however, suggests’that a low mqlécular weight
RNA speciés isﬁnot geneéated in Xizg during CYMV . ’
infection.’CYMVjcoat,protein synthésis therefore most
.. likely resulté,from éhe direct:translation “of the
genomic RNA. The iﬁ vitrg translation.of coat brotéin‘
from a hlgh molecular welght RNA frattion derlved from
CYMV infected plants supports thls v1ew By analogy; lt
would seem logical that PMV coat protein syntheSLS_{
follows this mechanism. p | o
The finding that the morphological relatedness of
this grd@p appqarS’pot_to bé a reliable ind}cator gf Fhe
functional behavior of the correspgnding RNAsnlea us to
examine thglrelapfonshib of thgsé viral genomes hé\the
lévgl of nucleotide sequence. Using RNA-cDNA )
- hyé&%&izatidy we found that mo homology: exists petweén

. N ) ’
the genomes of all‘members of the potexvirus group

tested; nor with.other unrelated virGses. Definitive

potexvirus members do show serological relatedness

" Jlthough the relatiohship appears to be distant (Koenié

4 - N 7




-

V)/,

L

coding capacity of thei'p.respective genomes ’

group), between‘fhree comoviruses, or between two

t

. 9 - S
and Lesemann, 1979). The serological felatedness,‘
hoyever, is based on the capsid protein_nhich for -

potexvirus members constitutes 8 - 10%. of the total

Furthermone, since serological identity would involve K

only that-portﬁonﬁpf the coat protein exposed to the
* .
surface of the viral particle, it may not~be surprising

?

that within the limits~of detection no homology could»be

4

noted. The lack of sequence homolegy petween members of L) o

the potexvirus group as detected by cDNA-RNA. - R Oy

-

. - . . [
1‘hybridizat:ion"is not unique. Kummert .et al. (1978) . -~ )

3.
demonstrated thag three serologically related members of

the tymovirus group, namely turnip yellow mosaic virus,

- N . v . l
eggplant mosaic-virus and Andean potato latent,virus

(Y

share'no,homology at the level of nucleotide sequence.

Similarly, no secjuence“ homology could be found Dbetween . }"

5

‘most sub-groyps of tobacco mosaic virus (tobamovirus' .o

potexviruses (Van de Walle andiSiegel,‘i98%3 falukaitis ,
and Symons, 1980). Perhaps, this noted lack of sequence

homology reflects ‘some evolutionary mechanism whereby

‘mutation ,of a parental strain resulted in viruses with . .

- ' . -
some advantage in a particular host. This advantage o8

. could be the acquisition of - sequences which match the -

preferred codon usage of the host and/or enhance .

replication of the virus. Additionglly, adaptation to



RNA whose replicatiph may take place in the nucleus (de

Zoeten and Schlegel, 1967).

\J
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different replication strategies is exemplified ﬁy CYMV
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CHAPTER 3 - ORGANIZATION OF GENETIC INFORMATION AS
DETERMINED BY CELL-FREE TRANSLATION' OF PARTIALLY

. ENCAPSIDATED VIRAL PARTICLES

3.1 iIntfoduction

! »

The in vitro recdnstithtion of PMV (ﬁrickson.gg_‘
al., 1976, Abouhaidar and Bancroft, 1978, Erickson ety
‘gl;, 1978, Erickson and‘Banchft, 197éa;-Erickson and ‘
Bancgoft, 1978b)‘;nd CYMV (Bagcroft et al., 1979, ‘
Abouhaidar, 1981) from their purified con;;ituéhfs is a’ ’
polar process. PMV assembly in vitro begins with a rapid
initiation phase during which PMV coat protein
recognizes and encapsidates an aéenylate rich region
within 200 residues proximal to the 5' end of the RNA
(Abouhaidar and Bancroft, 1978, Erickson and Bancroft,
1978b) Similarly, initiation oﬁ encapsidétion of CYMV
RNA by its céat ;rotein leads to protection of the 5°',
tefminal 7-methylguanosine residue from*nuclease attack
(Abouhaidar, 1981). Following the rapid initiation phase
is a slower elongation phase in which coatdpfotein
polymerizes along the RNA in the 5' to 3' direction
ultimately generating fully encapsidated particles. Such i
particles are indistinguishable from native virus on the
basis of their morphology and sedimentation
coefficients. They are also infectious (Erickson and

Bancroft, 1978a, Bancroft gﬁ_ al., 1979).



, r

‘As a consequence of the kinetics of assembly in
gigzé; reconstitution with less thén stoichiometric
ratios of coat protein to RNA (20:1 (wt/wt)) generates
partially encapsidated RNA templates. In all cases, it
is the 5' terminal portion of the RNA which is complexed
with coat protein leaving the 3' exéremity uncovered.
RNA tails protruding from incomplete particles have been
visualized in platinum-shadowed preparations of sﬁch‘
particles (Abouhaidar and Bancréft, 1978). )

This chapter describes the traéglétion of such
partially assembled vi;al particles and demonstrates
that template actiéity is retained even when the 5'

terminus of the RNA is 7asked.

3.2 Materials and Methods

3.2.1 Chemicals
All chemicals and enzymes were described in
Chapter 2.
X

3.2.2 Viral Reconstitution -~

‘ PMV was reconstituted from purified RNA and
coat protein (isolated as described in Section_2.2.é) in
0.01 M Tris-HC1, pH’8.0 as previously described by
Erickson and Bancroft (1978a). Sim11;r1y~CYMV was

reconstituted from its constituent components in 0.01 M

" Tris-HCl, pH 7.5 as described (Bancroft et al., 1979).

" 88
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Briefly, 50 ug of the appropriate RNA from a 1 mg/ml

stock solution was added to a one ml reaction containing

1 mg/ml of protein in 0.0l M Tris buffer at ‘the
appropriate pH. Assembly was,carfied out at’25O C for 30
minutes and stopped by chilling on ice. Partiélly
encapsidated particles were formed by using less than
stoichiometric (20:1) amounts of coat’protein in the
reconstiturion reaction. Pa%gicles sé formed were added
without purification to one of the cell-free systems for
protein synthesis to ;ssay templéte activity or were
examined by electron microscopy. Particle length
distributions at each ratio of coat protein to RNA were

constructed as described (Erickson and Bancroft, 1978)

*

3.2.3 Translation- and Aﬁalysis of In Vitro Products

Conditions for translation and analysis of
products by SDS-gel electrophoresis were those descriﬁed
in Chapter 2, Sedtions 2.2.4, 2.2.5 and'2.2.6. To
quantiféxe the incorporation into specific polypéptides,
the bands of intergst were sliced from driedigels using
the exposed x-ray film as a guide, rehydrated in HZO’
tben dissolved in 1 ml 30% H,0, at 50° over a period ofu
24-30 hours. The digested gel was dispersed in 20 ml of

Aqu::isol(B (NEN) and counted after at least one hour's

L 4 '

.adaptation to darkness. - o . ;




3.3 Results

3.3.1 Encapsidation of PMV RNA

A set of partially'encépsidated particles
using coat protein to RNA ratios of 2:1, 5:1, 10:1, 15:1
and 20:1 Qas prepared as described in Materials and
Methods. -The extent of encépsidation in each case was
determined by electron microscépic examination of each
preparatioﬁ and the measurement of the 1engthé of over
250 particles in each field. Figure 15 illustrates the
frequenc1es w1th which different particle lengths occur
qln each of the partially encap51dated preparations. At a
low ratio of coat protein to RNA, 2:1 (Figure 15a0, the
mqsg f}eq;ent ribonucleoprotein particle length was 60
nm. The nhmber average lengthyvof the particles is,
‘however, apprqximately‘180 nh, corresponding to
-encapsidaﬁidﬁ of one tHf%d of the RNA. Less than 1.5% of
the péxgicles wére fully encapsidated (i.e., are 540 nm
long). The}amount'of RNA not encapgidated under these
condit{dns was not assessed, At highef ratios of coat
protein to RNA (5:1 and 10:1) there is a shift in the
distribu;ion of particle sizes to a number average
length of roughiy 180 - 220 nm and there is a greate®
percent;ée-of complete viral particles (Figure 15b and
c¢). Finally, at still higher ratios (15:1, Figure 15d .
and 20:1, Figure 15e) a bimodal distribution of particle

lengths exists between partially encapsidated particles

r
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Figure 15 Histograms of particle length .

distributions of partial}y encapsidated
PMV DNA assembled .at various coat
prqéein to RNA ratios. ‘
PMV RNA was reconstituted in 0.01 M Tris, pﬁ‘S.O, as
described in Materials and Methods with the following
ratios of éoat brotein to RNA: (a) 2:1, (b} 5:1,
(e) 10:1, (d) 15:1 and (e) 20:1. After 30 min at 25°
samples were taken for electron microscopy as
described by Erickson and Bancroft (1978b). The
lengths of over 250 barticles in each reconétitution
were measured and the data were processed as
described by these authors? The data are blotted as
. number-average (%) as a function of measured particle
1enth. Fully reassembled and/or native PMV particles
are 540 nm in length. The‘iength clasg scale is in 40

nm divisioqs.




&

~
+ - ¢
H
»
. “ Ny
- - A
-t e -
FIN <
.
7 <
°
. s
. =
:
£ . PO
-
i

T

L]

¥

T ¥V ¥ T 71

IJ

L AL

LASE B SN SN §

L

LB AR

L m L] * T

(nm)

LENGTH CLASS



~

-
LA

-5

_ typically 220 nm in length and fully completed

\

pe?tfcles. As would be expected, the latter class is -
more(abundant at the higher.fatios than at the lower
ones. .The material in the completed iﬁcubations.where
the ratio of coat protein to RNA is low (2:1 and 5:1)
probably consists of naked RNA, init{ated particles, and
particles typically one third complete Pregumably at
higher ratios of coat protein to RNA (10:1 ahd above)

‘

the fraction of uncoated RNA present aﬂ\the end of the

o~

reconstigytioﬁ reaction decreases ‘and the resultant

particles are mixtbreé of initiated, partially
encap51dated (typically 30-40%) and fully reconstituted
part1cLes. It should be noted that a particle 180 nm in

length'represents the masking by coat protein of

' approximately 2300 nucleotide residues whose coding-

capac1ty would correspond to a protein of approximately

90,000 molecular weight.

3.3.2 The Trenslation of Partially ﬁncag;tdated PMV
| 'RNA C

The partially encapsidated r{bonucleoprotein
particles described above were used as templates in
either in vitro translation system. We found that as the
ratio of coat protein to RNA in the reconstitution
incubation increased, the incorporation.of methionine
into acid preckpitable material in the subsequent

,

trqnslationﬁassay decreased. Table 3 presents these .data

93,
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for the wheat germ system; the reticulocyte lysate

programmed by aliquots of the same material behaved

. comparably. In view of the controls discussed below, the

observed decrease in template activity reflects the

’dlsappearance of translatable sequences on the template

as it is 1ncrea51ng1y encap31dated, and not non-specific
thlbltlon by free ctoat proteln or. completed 'virus.
The following e\‘%rol experiments were

undertaken to valldate the encapsidation- translaggnh

“‘—(

. gexperlments&? First, native viral particles were testeﬁ

‘¢

and found to have no template activity in the wheat germ

'system% PMV alone failed to stimulate incorporation of

methionlne beyond the background (Table 3). Moreover,
elect;ophofeC1c examination of the "products” in-an
extract pfogrammed‘hitﬁ viral paréicles revealed no
identifidble bands (Figure 17g). We conclude that PMV‘
RNA'witngn the complete virus is net available for
translation. Moreover, it is unlikely that the virus
would® dissociate in the ionic ennironnent of the cell-
free s;stem. Secondly’, purified~eoat pretein,‘added
directly to the cq}lrfree'system programmed with PMV.RNA
in a 40 fold excess' by we{ght’over FMV RNA had no
inhibitory or stimulatory efféct on incorpora?ion (Table
3). In addition, the spectrum of lebelled‘broducts
displayed by electrophoreeis_was the same as in amr
untreated control (data not shown).. This argues against
assembly occurring during the translation assay. Indeed,

* ’ “'
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Eigure'16 Electron micrographs of nucleoprotein

. p;rticles‘formed by PMV RNA and PMV
coat protein assempled iq 10 oM Tris-

*HC1 at pH 6.0 (A) and pH'8.0 (B). .
avhe bar represents 100 nm. This photograph'wa§ the

-kind gift of Dr. J. Erickson and Dr. J.B. Bancroft. - ’

-







sthe ionic strengths encountered in the cell-free system
would be strongly inhibitory to viral reconstitution

(Erickson and Bancroft, 1978a). ThiT result also

tested, free coat

i

-
represser of the

indicates that at -the goncentratio
protein does nbt act as an inducer &
syﬁthesis of any of the major in vitro roducts.
Two further control -experimenfs were
undertaken which relate to the specificity of assembly.
It is known that PMV coat protein will bind to PMV RNA -
//7 at pH 6.0 (Erickson,lAbouhaidar and Bancfo%f, 1978).
| Upder these conditions, the polarity'of assehbly is
lost; moreover, at thisi pH PM™coat protein_encapsid?ﬂes
any single stranded RNA or DNA (Erickson and Bancroft,
Y [P‘VVQ) In marked contrast to ribonucleoprotein particles
~  formed at pH 8.0, those formed at pH 6.0 are
morphologically segmented@'sensitive to ribonucledse and
’ _ " havé altered sedimentation properties (Figure 16). The
addition of such aberrant particles assembled at a coat
protein to RNA ratio of 2:1 at pH 6.0, to the Qheat germ
cell-free system reduced the. 1ncorporat10n of methionine
'to values below background (Table 3). No discernable
produqts-were apparent after electrophbretic analysis
(data not shown). As an addi{'ﬁpalLtest of the
requirement for specific assembly PMV coat protein wasf
incubated With TMV RNA in 0.01 M Tris—HCl, pH '8.0.
Binding of PMV coat protein td‘IMV RNA goes not occur .

under these conditions (Erickson et al., 1978) The

- 3
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Figure 17 Electrophoretic separation of products
synthesized in the wheat germ cell-free
system with partially encapsidated PMV
RNA as template. |

The assembly of. partially encaps;dated PMV

subparticles and thei; spbseqﬁent translafion in the °

wheat germ system are described in Materials and‘

Methods. Aliquots from each incuB&@ion were applied

to a 12.5% SDS-polyacrylamide gel and the products

resolved By éiectrophoresis. The templates, in each

case containing 5 ug PMV RNA in a reaction of 0.05 ml

‘are: (a) purified PMV RNA; (b - f), PMV RNA

partially encapsidated with purified coat protein at

the féilowing ratios of coat protein to RNA: (b) 2:1,

(e¢) 5:1, (d) 10:1, (e) 15:1 and (f) 20:1, (g) ﬁative

PMV particles.

.
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presence of PMV coat protein did not alter the spectrum

of pro?ucts synthesized in vitro from this‘template in a
subsequent translatlon experiment relative to untreated
control RNA. Taken together, these controls indicate
that coat protein is inhibitory to the translation of
PMV RNA alone, and only woen bound to it specifically.

- The products synthesized from partially |

encapéidated templates were examined\by electrophoresis.

Jtf is clear that as the fraction of coat protein in the

particle increases, the PMV.subparticles lose their
ability to direct theAsyqtheeis of the high molecular
weight products pA aod pB, as weli as all the minor
oroducts whose molecular weights are greater.than
22,000. Most of the partially encapsidated PMV
subparticles retained the ability to program the
synthesis of RC, the PMV coat protein. (Figure 17,. lanes
b -4d, correspooding to coat protein to RNA retios of -
2:1, 5:1 and 10:1). Loss of the ability to synthesizé pC

-~

occurs only at higher ratios of coat protein to RNA,

=

. 15:1 and 20:1 (Figure.l7, lanes e and f, respectively).

For a given preparation of partia11§ encapsidated RNAs,
the results of the translation assey were esseﬁtially
the same in both cell-free systems.'More quantitative
resylts were obtained by cutting out segmentsﬁof the
dried gel corresponding to the bands pA pB and pC, and
counting them (see Materials and Methods, Section

3.2.3). These results shown in Figure 18, are presented ‘
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Figure 18 Relative yields of pA, pB and pC from
different partially encapsidated
templates.

The bands corresponding to pA, pB and pC in the gel

illustrated in Figure 17 were cut out, dissolved, and

counted aé described in Materials and Methods. The

results are expressed as the pércentage of counts in
the band of interest, relative to the counts in the
same band in lane a (purified PMV RNA as template) és

a function of the coat protein to RNA ratio dgring

reconstitution. Comparable results were obtained’ when

the entire experiment was repeated. Symbols: Relative
incorporati:‘on(%) per band in pA W ; in pB [J; and
in pC @
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as the percentage of the Ta&ioacti?ity fognd in the same
band in the unencapsidated control. The relative
synthesis of the high molécular weight products pA and
pB decreased sharply as the ratio of coat protein to RNA
in the prior encapsidation reaction increased. More
interestingly, the relative synthesis of pC was enhanced
4-fola in this experiment and by as much as 8-fold in
others at intermediate ratios of coat protein to RNA
(i.e., 5:1 aﬁd 10:1). At higher ratios of coat protein
to PMV RNA during the encapsidation.reaction (i.e., at
ratios greater than 10&1), the subsequent synihesis of
coat proteip (pC) declined as the fraction oﬁ completed °
PMV particlesrincreaseé. Since the assembly of PMV is
polar and unidirectional (Abouhaidar and Bancroft,
1978), we conclude that the coding sequences for pA and
pB, whose synthesis are fifst to be inhibited are
localized towards the 5' end:-of PMV RNA. Conversely, the
coding sequences -for pC must be localized more towards
the 3' end of PMV, or at'least in a part of the genome
which is not masked in the partial encapsidation
reactions. Possible reasons for the enhancement of the
synthesis of pC with PMV subparticles relative to native

viral RNA are discussed below.

. - LY
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3.3.3 Relative Efficiencies of Translation of PMV

RNA and of Partially Encapsidated PMV

The preceeding experiments demonstrated that
partially encapsidated PMV RNA has some sequences for

translation in vitro and -that these sequences include.

the coat protein cistron. To determine whether thé

available sequenées in partially encapsidated-part;cle§

9

are as efficiently recognized by ribosomes as native PMV

RNA, the effect of a competitor on the translational
yield of each template. was assayea..While m7Gp could be
used as a competitivé inhibitor of ribosoﬁe‘binding, we
chose instead to use a fragment approximately 600
nucleotide residues in length. This oligonucleotide was

- . - Y
obtaihed ?y digestion of PMV subparticles reconstituted

at a coat pYStEfB ﬁo RNA ratio of 2:1 with T1 \
ribonuclease (Abouhaidar and Bancroft, 1978). This
fragment contains the 5' terminal cap structure
(Abouhaidar and Bancroft, 1978). By itself, this
fragment-failed to sg}mulate inqorporafion in the wheat
germ cell-free system; rather it reproducibly depréssed
endogenous insgrporétibn to about half its usual level.
Its advantage wa; that it.was effective as an'inhibitor
at much lowet concentrations than m7Gp ;s its empirical
Ki in my hands was .50 nM compared to a Ki for m7Gp of 1

mM. Since each molecule of template is translated once,
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“of 10:1.

Figure 19 Compet{tive inhibition of translation
of purified or of partially
‘ encapsidated PMV RNA,
‘An equal amount (5 ﬁé) of either PMV RNA of partiélly
encapsidated PMV RNA madg.at a coat protein to RNA
ratio of 10:1 was translated in the wheat germ cell-
free system. Incre;sing amounts of a 602 residue iong

oligonucleotide comtaining the 5' end of PMV RNA

‘prepared as described (Abouhaidar and Bancroft, 1978)

. were added to the translational assays. The '

incorporation of radioactiﬁity into acid-precipitable
form ;as measured after 90 min incubation at 25°. The
results are plotted as the percentage inhibition
relative to th? incorporation in the abgencé of

iﬁhibiﬁor_as a fun¢tion of the final concentration of

-the inhibitory fragment. The open circles denote PMV

a ) . .
RNA as template while closed circles denote PMV

subparticles assembled at qucoat protein to RNA ratio

L.
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on average, the translational yields in the presence of
the inhibitory fragment a;e a crude measure of ifsl
inhibition of initiation and ribosome binding.
Figure .19 illdstrates the incorporation of
labelled methionine into acid precip@tab}e matqﬁgal
dependent on either intact native PMV'RN; or on PMV
partially encapsidated at a coat protein to RNA ratio of
10:1 in the presence of increasing amepnts of inhibitory
fragment. For native PMV RNA, 14.3 ug/ﬁl of inhibitory
fragment was required to effect 50% inhibition of
incorporation. About hal? this concentfﬁt{on, 8.? ug/ml
elicited 50% inhibitioﬁ of translation of partially
encapsidated PMV RNA. Our results are coﬁsistent‘wifﬂ
the notion that partially encapstdated PMV RNA contains
sequences which can bind to rlbosomes and translatlonal
components with only slightly weaker affinities than

» 1

native PMV.

i L

3.3.4 The Integrity of PMV RNA during Translation

The prezeeding experimente demonstrate that
partially encapsidated PMV RNA reteins some sequences
available for- translation in vitro and that these
seque;eee include the coat pretein cistron. The
translgtion of the coat protein cistron might “eccur
either by initiatign at an‘internal_transfatiezgl

initiation site at the 5' side of the coat protein



Figure 20 Analysis of the integrity of PMV RNA as
a function of time of incubation in the
. wheat germ extract.
50 ug of PMV RNA was added to a Sdb pl wheat germ
reaction as descriped in Materials and Methods,
Section 2.2.4 with the exception that 25 uM
methionine replgced 35S-methionine. Aliquoés of 100
ul were taken at 15, 20 and éd minute intervals then
phenol extracted and etpanol precipitated. After )
recovery by centrifugation, samples were subjected to
electrophoresis on a 1% agarose gel containing 10 mM
methylmercury hydroxide, transferred to Ultrablét and
then hybridized with >2P -PMV cDNA as described in
Materials and Methodé, Section'2.2.14. The resulting
autoradiogram illustrates PMV incubated in the wheat\

germ system for the following times: Lane a, 15

minutes; Lane b, 30 minutes; Lane c, 60 minutes.
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cistron or alternatively via translation of RNA

fragments generated by cleavaée of the RNA in the in

.
vitro translation systems.

- A * '
To e integrity of PMV RNA in the wheat

germ in vitro translation system PMV RNA was added to a

l -

scaled up reaction mixture and aliquots of the reaction

extracted with phenol at 15 minute intervals. The

L]

extracted RNA was then subjected to electrophoresis in
1% (w/v) agarose gels containing 10 mM methyl mercury

hydroxide (Bailey and Davidson, 1976) and subsequently

®

transferred to Ultrablot paper (Alwine et al., 1979,

see Materiadls and Méthods, Chapter 2, Section 2.2.14).°

Bound RNA was then examined for PMV RNA specific“

32

sequences by bybnidization with P-cDNA transcribed

from the PMY RNA template {(i.e., by "Northern"

blotting). Figure 20 illustrates that PMV RNA is rapidly

degraded in the wheat germ system. Within 15 minutes

(Iane a) under standard translation conditions, PMV RNA

is converted to fragments ofs approximately two-thirds of

the full length RNA. Full lemgth PMV RNA is however,
still detectable. Incubgtion of the RNA in the wheat
germ system for greater lengths of time (lanes b and c)
resﬁlts in the coﬁplete conversion of the RNA to
subgenomic fragments. This finding suggests that

6

translation in vitro may occur in part from RNA ~
N - = [ 4

fragments which are cépable,of spurious translational

initiation. The translation of RNA fragments might also
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explain why the minor produc%s of PMV RNA directed
e o . :
translation increase with' increasing time of imcubation
in the wheat germ extract (data not shown). A

‘3:3.5 The In Vitro Translation of Paftially

g Encapsidated CYMV RNA

3

As an extensiofi of. our experiments with PMV,
RNA, we tested the ability of partially encapsidatéd

! ' i 4
CYMV RNA to act as a template for protein synthesis.

CYMV coat protein also indtiates assembly specifically (,\“I

the RNA in the 5' to 3' directiog {Abouhaidar, 1981). We

at the 5'-terminus and subsequently polymerizes along

prepared partially encapsidated particles at coat
protein to RNA ratios of 2:1, 5:1 and 10:1. Upon theif
translation in the wheat germ system, these particles

Wexhibited a ;rogfessive loss in template activity in ’
propertion tp~thé extent of‘enchpsidaqion (of PMV) adaéa
not shown). Figure 21 illustrates ghe electrophoretic
separation of products directed by:partially
%ncapsidatéd templates in th® whegt germ systémt

N Lanes b and ¢ demonstratre’ clearly that

synthesis of CYMV coatﬁp;otein is Enhancé52§e1ative to

tﬁé non—encapsidated~seﬁtrol (lane a). Concommitantly, .

there is a decrease in the 182,000 dalton and 76,000

dalton products. At a, coat protein to RNA ratio of'10:1:

the synthesis of coat protein declines. These results '

imply that the coding sequences for the CYMV coat’

«

—_
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Figure 21 The electrophoretic separation of
translational products directed by
paréiélly encapsidated CYMV .RNA.

The assembly of partially éncapsidated CYMV

shbparticles and their subsequent translation in the

wheat germ systems are described in Materiéls and

Methods. Aliquots of each incubation were applied to

a 10% SDS—polyacrylaéide gel and the products

resolved by electropho?esis.

The templates‘used in each case are: | ‘ .

4) purified CYMV RNA; (b - d), CYMV RNA partially

encap;idatcd with purified coat protein'at the

following ‘times of coatfprotein to RNA: (b$-2:1,.

(c) 5:1, (d)‘10:1. The positions of the three ma.jor

products are noted.
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protein are localized towards the 3'-terminus of the
'CYMV genome resembling very closely the localization of

the coat protein in PMV RNA.

3.4 Discussion

We have demoﬁstrated that limited encapsidation of
PMV and CYMV RNAs (i.e., at.coat protein of 2:1I'nd 5:1)
inhibits the s&nthesis of the respective high molecular
weight products. In view 6f fhe polarized assémbly‘of
PMV aﬁd CYMV, the coding sequences for these
polypeptideé ﬁust be situated immediately _distal Ao the
site of’initiation of encapsidagion at the 5'—tgrmiﬁus
of their respective RNAs. Under the same conditions, the
synthesis of the coat érotein,’is markedly enhariced.
This could be due to the availability of otherwise
limiting components in the extracts rﬁich the? become
available for the synthesis of their coat protein®
Alternatively, the partial encapsidation of the viral
RNAp could alter their secondary structure to favour the
tfanslation of the coat protein cistrons. This latter
~ possibility seems unlikely, since h;ating PMV RNA in the
presence of EDTA or magnesium idns followed by quick
cobling or pretreatment of the RNA with~5 mM
methylmercuryihydroxide (Payvar and Schimke, 1979) and
subsequent translation in vitro does not mimic the |
results obtained wiph partially encapsidated templates

(data not shown). Of course we cannot rule out rapid

%1.6
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refolding of the template once added to the in vitro

translption system. More substantial encapsidation which
occurs at coat protein to RNA ratios of greater than
10:1 generates templates inactive in the synthesis of
high molecular weight products. In addition, with
increasing encapsidatién there is"aigradual inhibition
in‘the synthesis of coat prdtein on\either‘template.
Thid is cpnéistent with the 1bcét{on of the coat brotein
cistrons distal to those of the high molecular weight -
prochts. Hunter et. al. (1976) have shown that in TMV
“the céég,z;ééein’ci;tron is also located towafds the |
3'_terminus of. the viral RNA.

~ One implication of the successful synthesis of coat
protein from partially encéggidated RNA is that
initiation of coat\proéein’synthesis may occur at a site
distinct from the primary iritiation site at the capped
5' end which presumably is the site used for the
;ynthesis of the higher h&lecular weight products. The '
competition e;periment illustrated in Figure 19 is
consistent with the presence of a second translational
initiation site in the 3' portion of PMV RNA. The same
éxperiment suggests that the efficiency of this site is
somewhat lower than that of tﬂ‘ primary site. The

enhancement in coat protein synthesis during translatiaon

of‘partially encapsidated templates suggests that
. .

i

{ ’ ‘
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competition between these two translational initiation
sites could be a factor in regulating the synt‘hesis‘of°
the structural and non-structural proteins.

We have found that PMV RNA is cleaved within 15
minutes incubation in wheat germ extracts to
approximately two-thirds its size but is stable
thereafter. This suggests that translation may occur in
part from fragmented RNA since incorporation of labelled
amino acids into TCA-precipitable material is linear
over a 90 minute period (data not shown). Therefore, as
the data stand, two interpretations with regard to the
synthesis of coat protein have approximately equal
validity. First, coat protein is translated from
fragments of the vifion RNA that are produced during
incubation in the cell-free system. Second, the coat
protein is translated by internal initiation of the
virion RNA. Possibly both of these mechanisms are
functional during translation in vitro; however, it is
curious that fragmentation would lead to the synthesis
of coat protein with some RNAs but not others when the
same extracts were used. Additionally, it is noteworthy
that total RNA extracted from CYMV-infected plants

(Figure 11) gave no indication of fragmentation or

subgenomic RNA derived from CYMV RNA in vivo.
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CHAPTER 4 - THE CONSTRUCTION OF cDNA CLONES TO PMV
AND CYMV RNAs

4.1 Introduction

L
1}

The translation broducts directed by the genomic
(Chapter 2) and partially encapsidated (Chapter 3) PMV
and CYMV templétes suggested that the st%uctural' ‘
organization of coding sequences of these potexviruses
was similar to that of TMV (Hunter et. al., 1976). First,
the coding sequences for two high molecular weight non-
structural ﬁroteig{} whose sequences overlap, reside
towards-the 5' end of the genome. Secondly, the coding .
sequences which specif& their respective coat proteins
are localized towards the 3' end of the genome. Although
the structural organization of coding sequences is
similar among these viruses, the expression of coat
protein in vitro from the genomié RNAs of PMV and CYMV
suggests that, unlike TMV, their coat protein cistrons
are accessible to translation. The question bf whether
coat protein synthesis ‘results ‘from translation of their
respective genomic RNAs or from LMC RNAs generated in the

in vitro translation systems remains unsolved.

In this chapter, we report our attempts to construct

/

double-stranded DNA’copies of PMV and CYMV RNA and their

cloning in E. coli using pBR322 as a vector. We envisaged

that such clones would be invaluable for several reasons.
First, cDNA clones could be used to confirm the

119 N
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structural organization of the coding sequences of the
PMV and CYMV genoﬁes. Secondly, cDNA clones contaiqi;g.,

"
the coat protein sequence of PMV and/of CYMV would
provide a specific probe to analyze the nature of the RNA
from which coat protein is expressed. Thirdly, cDNA
prepared to specific regions of the genome would provide
a more sensitive probe to determine.whethef small regions

of homology exists between the genomes of members of the

potexvirus group.

4.2 Materials and Methods

4.2.1 Chemicals ‘ T

| Radiochemicals were purchased from New Eng%and
Nuclear (éoéton, Mass.), tryptone and powdered yeast
extract were from Difco (Detroit, Mich.). Oligo—dT12_18
and Olig(;—dGlz_18 were puréhased from Collaborative
Research (Wa%tham, Mass.). Tetracycline was obtained from
Sigma and ampicillin was provided by Dr. R. Behme.
Reagents for electrophoresis were obtained from Bio-Rad.
All other chemicals were reagent grade and were obtained
from either Sigma (St. Loufs; MO.) or Fisher (Fair Lawn,
N.J.). Enzymes were oBtained from the following sources:

AMV reverse transcriptase (a kind gift of Dr. J. Beard,

Life Sciences Inc.), Ava I, Cla I, Pvu II, Sma I, Kpn I,

Hinf I, Xba I, Eco RI and terminal transferase were

obtained from Bethesda Research Laboratories Inc.




(Bethesda, Maryland). Pst I, Sph I, T4 DNA ligase were

» from Boehringer—Mannh* (Canada), polynucleotide kinase,
Bgl II,' and Bam H1 were from NEN (Boston, Mass.) and DNA

polymerase I, Klenow fragment was from New Englandt
Biolabs (Beverly, Mass.). Sl nuclease was from Miles

Laboratories.

4.2.2 Strains‘

" The strains used in this work were all

derivatives of Escherichia coli K12. Strain HB101 (hsm™,

hsr™, recA™, gal™, pro , str®) and the bacterial plasmid

pBR322 were kindly provided by Dr. H. Boygr, Uﬂivgrsity

of California Medical Center, San FiancisQoi Strain RR1

(a recA” derivative of HB101) and bacterial\pla!hid

pBR325 were kindly provided by Pr. D. Edﬁardévand Dr. T.
' Linn respectively (Umiversity of Western Ontayio).

3

4$.2.3 Media

Cultures were grown in L-broth or in M9 medium
(Miller, 1972) supplemented &s réquired with thiamine (10
mg/liter), glucose (2 g/liter), casamino acids (3 '
g/liter), ampicillin (25 mg/liter) or tetracycline (25

mg/liter). Antibiotic solutions were made fresh prior to !

each use. Cultures were stored at -20°C in supplemented

M9 containing 50% (v/vf glycerol.
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4.2.4 Construction of cDNA clones

4.2.4,1 First-Strand cDNA Synthesis

The synthesis of near to full length single-
stranded bNA complementary to viral RNA sequences was
based on seQeral general procedures (Ullrich et al.,
1977, Buell et al., 1978, Monahan éE al., 1976).
Reactions of 1.0 ml volume were prepared in siliconized
1.5 ml Eppendorf micro test tubes. A standard reaction
mixture contained 100 mM Tris-HCl, pH 8.3,.10 mM MgCl,,
30 mM B-mercaptoethanol, i mM each of dATP, dGTP, ATTP

32

and dCTP, 0.5 mCi o= “P-dCTP (410 Ci/mmole, Amersham), 10

' ug/ml of eithef Ollgo—dle_18 or 011g0—dC12_18 and viral
RNA at 50 ug/ml. In some cases, the RNA was incubated at
room temperature with 2.5 mM methyl mercury hydroxide
(Payvar and Schimke, 1979) for 3 minutes prior to its
addition to the assembled components listed above
containing, however, 150 mM 8-mercaptoethanol instead of
30 mM. The reacgion was initiated with the addiéion of
2.9 units of aviaﬁ myeloblastosis virus reverse
transcriptase per kg of RNA template in the re;ction.
Thig concentration of enzyme reflects the units of
reverse transcriptase per input RNA which produced the
maximal yield of cng (Refer to Figure 23). After
incubation at 42°C for 60 minutes, the reaction was

terminated by the additipn of 20 mM EDTA, pH 8.0.

Subsequently, the reaction was deproteiniz;d by the

A
-

it
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addition of one-half volume of .phenol saturated with
TEN-9 (20 mM Tris-HCl, pH 9.0, 1 mM EDTA, 160 mM Napl),
followed %y one-half volume of chloroform: isoamyl ' ‘s
alcohol [ (24:1) (Gpodman and MacDonald, 1979). After
vortexing, the aqueous phases were recovered by
centrifugation in an Eppendorf cent;ifuge at 12,000 rpm
for 30 Seéondé. The lower organic phase was again
extracted with one-half volume of TEN-9 and the aqueous
phase again treated with an equal volume of chloroform:
isoamyl alcohol (24:1),,vortexed,and the phases seéarated
as before. The two aqueous phases were combined znd
loaded directly on a Bio-gel ®A 1.5 m coldﬁn (0.9 x 15
cm). Seven drop fractions (approximately 300 ul) were
collected at'room témperature. Fractioné éontainipg tbe ’
cDNA-RNA hybrid.were localized by Cerenkov radiation,
pooled, adjusted to 0.2 M NaCl and ﬁreé?pitated at -20°C .
for 1é hours after addition of 2.5 volumes of 95% (v/v)
ethanol. Precipitates were recovered by éentrifugation in
a Sorvall(g HB-4 rotor at 10,000 rph far 60 min at 4°C

~ and washed twice with 70% (v/v) ethah@li%rior to
resuspension: Yields were calculated according to the
following formdla:

% yield= (cpm incorporatedt60 - cpm incorporated,

jSlA._(cpm/umole)
%fmags of 1 pymole of incorporated deoxynucleoside

monophosphate‘ x 4

.

x 100

mass input RNA
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4.2.4.2 Second-Strand cDNA Synthesis

The synthesis of a second DNA strand
complementary to and primed érom the first DNA strand was
accomplished using either AMV reverse transcriptase or \v/
DNA polymerase I (Klenow fragment). When DNA Polymerase I \
(Klenow fragment) was used, the purified c¢DNA-RNA hybrid
was resuspended in 0.5 mM EDTA, pH 7.5, then heated at
100°C for 2 minutes. Immediately thereafter, the sample
was quick-cooled in an ice-water bath, then added
directly to an assembled reaction containing the
following components: 100 mM Hepes-NaOH (pH 6.9), 70 mM

7

KCl, 5 mM MgCl,, 10 mM dithiothreitol, 0.5 mM each of

25
dATP, dGTP, dCTP and dTTP, 1 unit of DNA Polymerase
(Klenow fragment) per 10 ng cDNA and cDNA at 2 Qg/ml. The
reaction was then incubated at‘lSOC for up to 18 hours.
‘(Bdthwell et. al., 1981). This incubation time yielded
the maximum length of segond strand materiaﬂ. When AMV
reverse transcriptase was used for second strand
-synthesis, the first cDNA strand Qas purified from the
cDNA-RNA hybrid by hydrolysis of the RNA component in 0.1
N NaOH at gOOC.for 20 minﬁtes (Goodman & MacDonald, -
1979). After neutralization with HGl and ethanol

precipitation the c¢DNA was added at a concentration of 40

ug/ml to the following reaction: 50 mM Tris-HCl, pH 8.3,

8 mM MgCl,, 20 mM dithiothreitol, 0.4 mM each of dATP,
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dGTP and dTTP, 0.1 mM dCTP and AMV reverse trangcribtase
at 934 units/ml (Humphries et. al., 1978). The peéction
" was incubated at 42°C for 2 hours.

Both the DNA polymerase and the AMV reverse
transcfiptase reactions were terminated by addition of
EDTA, pH 8.0 to 20 mM. Purification of the double-

st‘randeenol extraction and column v L

chromatography was accomplished in the same manner

described for first strand synthesis. The yield of second

strand was calculated as previously described.

4.2.4.3 S1 Nuclease Digestibn

A consequence of priming second strand .
synthesis from the first étrand‘is the generation of a
hairpin loop at one end of the double—stranded cDNA whi;h
~consists of unpaired single-stranded DNA (Ullrich et.

al., 1977). This hai¥pin loop structure was removed from

the double-stranded cDNA by digestion with Aspergillus

oryzae single-strand épecific nuclease S1. Digestions
were carried ouf for 30 minutes at 25°C in a reaction
mixture of 0.1 ml or less containing 30 mM sodium
acetate, ph 4.5, 0.3 M NaCl, 4.5 mM ZnCl,, 5 ug/ml
doﬁble—stranded cDNA and S1 nuclease at 1200 units/ml
(Ullrich et. al., 1977, Goodman and MacDonald, 1975).

This concentration of S1 nuclease was the maximal amount
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which would not degrade linear pBR322 (data not shown).
The reaction was. terminated by addition of 1 M Tris-HCl, -
pH 9.0 to 100 mM and 0.25 M EDTA, pH 8.0 to 25 mM.

The reaction was then phenol extracted as
¢ L4

described previously, then extracted twice with 8 volumes

of ether. The double-stranded cDNA contained in the
“ . L

aqueous phase.was then et ol precipitated and recovered
as previously described. In some cases after phenol )
extraction, the aqueous DNA-containing phase was loaded

directly onto a Bio-gel A150 n® (1.0 cm x 35 cm) column

equilibrated in 0.15 M NaCl, 1 mM EDTA. Aﬁpropriate_ ) .

e -

fractions were poéied and ethanol prggipitated at vZOOC.

4.2.4.4 Tailing of duplex cDNA and vector pBR322

The 3'-terminal ends éfgduplex cDNA were
extended with homopolyméric-tracts of deoxycytidylate
residueg using calf thymué terminal deoxynucleétidyl
transferase (Roychoudhury et al., 1976). The reaction was
éarried out in enzyme exc?ss using the followi?g reaction 5 )
condiéions: 0.14 M cécbdylic acid, 0.03 M Tris, pH 6.9,
100 uM dCTP, 25 ugiBH—dCTP, 100 uM DTT, 10 pmoles cDNA 3'
ends per ml, 1 mM CoCl, and approximately &4 units of -
terminal deoxy;ucleotidyl transferase per pmole 3' DNA
ends. The reaction was incubated at 37°C .~ The reaction
was stopped after 5 to 10 min by placing the sample on

ice from which an aliquot was removed and precipttated

with TCA. If the reaction had not progressed sufficiently °

i
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it Qas returned to 37°C. Genérally.the feaction was
terminated after 15 to 30 residues were added.‘The vector
pBR322 was linéari!Ed by Pst I digestibn. Typically/lb 14
of pBR322 was added to 56 ul of restrigction buffer
composed‘of~10 mM Tris-HCl, pH 7.5, 10 mM‘MgCIZ,_SP mM{;
NaCl and 6 mM B—mercaptoethanoi. The DNA was then- f.
digested with 12 units of Pst I for 6 hours. Thg reacéisg-

mixtures were extract® with phenol: chloroform: isoamyl
) .
alcohol (25:24:1) followed by an ether éxtraction of. the

aqueous_phase. The DNA was then ethanol precipitated as

previously described. The 3'-terginal ends were similarly

extended with deoxyguanidylate residues under identical

reaction coriditions with the exception that d4GTP |

substituted for dCTP. Again, the reaction was terminated:

after the addition of 15 - 30 residues/3* end.

t

When tailing of the.vector or insert was,

acceptablle the reaction was stopped by the addition of
S A !
0.1 volumes of 0.25 M EDTA, pH 8.0. The reaction was then -

extracted with phenol: chloroform: isocamyl alcohol ,

. € 3
(25:24:1) as previously described. The samples were then

precipifrated wii;)ethanoL, o , ' v

4.2.4.5 Anneéiing of Tailed Insert and Vector pBR322

After recovenwy by centrifugation, the tailed .

‘vector and insert sequences were mixed in equimolar

<+

amount's or in amounts fip to a $-fold molar excess of

. vector in 10 mM Tris-HCl, pH 8.0, 1 mM EDTA and 10Q mM °
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. NaCl at a total DNA concentration of 1 rg/ml. Annealing

was then achieved by successive incubations at 65°C for 5
mfnutes, 42°C for 2 hours, 30°¢ for.one hodr and 15°C for
1 hour. Samples were made, 0.2 M in NaCl and 10 wg/ml

yeast RNA, then erecipitéted-at -20°C with 2.5 volumes of

95i (v/v) ethanol.
¥ 4 . _ .

4.2.5 Cloning double-stranded cDNA by restriction

and ligation

Digests of'both‘double—sgranded cDNA and the
plasmids pBR322 and pBR325 were performed at 37°C for 6 -
12 hours in a séandard,restriction buffer containing 10
mM Tris-HCI, pH 7.6, 10 m MgCl, and 6 mM
B-mercaptoethanol. NaCl was added separately in
accordance with the enzyme's requirements specifiéd by
the supplier. In general, a two to threefold excess_of
enzyme was used in each egperiment. After digestion
samples were .extracted with phenof: chloroform® isocamyl

alcohg} (25:24:1) -and ether, then recovered by ethanol
J-‘ .

precipitation as previously described.

o Following digestion and recovery, linearized

plasmid DNAs were treateq,wikh alkaline phosphatase

(Chaconas and van de Sande, 1980) to prevent their

_recircularization. Reactions‘oﬁjo.l ml contgined 50 mM

Tris-HC1, pH 9.5, 1 mM MgCl,, 1 mM ZnCl, 10 mM

2
spermidine, IO'Hg linearized plasmid DNA and 1 unit- of

calf intestine alkaline phosphatase.

~ - . *
-
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.df.linear;zed plasmid DNA and 1 - 2 units of T4 DNA

a minimum of 6 hours, then stored at -20°C until. used for

was grown in L-broth to an OD600 = 0.4 (approyimatly 3 x

'L/“\j ' | i 129

Digestions were performed at 37%¢ for 30

minutes, after which time_an additional 1 unit of calf

intestineé alkaline phosphatase was added. After 60

-
minutes total. incubation, the reaction was made 20 mM.in

EDTA, pH 8.0, then extracted and ethanol precibitated as
previously described. Samples were washed three times

with 70% thgnol prior to resuspension in 10 mM Tris-HCl;
} hM EDTA, pH 7;5 to a concentration of 50 ng/ul.
"The.liﬁearized plésmid vector and.restriction
eniyme“digested double-stranded cDNA were fhen ligated in
a 20 ul reactign with the following éompositioﬁ: 50 mM ‘

Tris-HC1, pj7.5, 0.04% (w/v) gelatin, 10 mM DTT, 0.26 mM
ATP, 50 ng of dilgested double-stranded cDNA, 150-190 ng

ligase. The assembled reaction was incubateéd at 13°C for
tranéformapion.

4.2.6 Transformation of E. coli strains RR1 and

HB101

During the éourse of this work numerous
transformation procedures were tested in order to attain
the maximal transformation efficiency possible (i.e.
number of transformants/ug DNA added). In this regard, we '
found ;he proce&ure of Kushner, (1978) to be superior.

Briefly; a 10 ml culture of E. coli strain HBY01 or RR1




108 cells/mly. Two ml of culture (é # 108 cells) was
centrifuged‘ht 8000 rpm for 10 minuteés in an SS34 rotor.
The supernatant wés removed immediately and the cell
pellet gently resuspended in 1 ml of 10 mM-MOPS, pH 7.0

-containing 10 mM RbCl. The suspendéd céils were
immediately centrifuged as above: The supérnatant was
removed quickly and the pellet resuspended in 1 ml of 100
mM MOPS, pH 6.5, 50 mM CaClz, and 16 mM RbCl (Buffer B).
The ceils were held on ice for, 30 minutes, centrifuged as
aboﬁg, and resuspended in 1.2 ml of buffer.B. 3 ul of
dimethylsulf0xide~and up to 0.2 u g of DNA‘in 20 ul were
then added. The mixture of cells and DNA was incubated on
ice for 30 minutes, shocked at 43°C for BO.seconds and
finally diluted with L-broth to a final volume of 5 ml.
The cells were'subsequeqtly incubated at 37°C for 60

ﬂminutes to allow expréssion of antibiotic resistance.
From 50 41 to 100 w1l of the nrénstrmed cell sgspension
was plated with 2.5 mls of 0.75% (w/v) overlay agar on
100 mm L-broth agar plates containing 20, é/ml
tétracycline. , ;”

Typical transformatéon efficiencies using the

6

plasmid pBR322 were 1.6 x 10% and 2.4 x 10’

[
v
1

~

transformants/ug DNA in E. coli strains HB101l and RR1

respectively.
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4.,2.7 Isolation of Plasmid DNA

Cultures harbouring the plasmid of interest
were grown to mid-log phase (OD600 of 0.5) in L-broth or
supplemented M9 medium prior to the addition of )
chloramphenicol to 160 ug/ml. Cells were harvested 14 to
16 hours later. Circular plasmid DNA was isolated by
dye-buoyant density centrifugation of the cleared lysate
(Clewell, 1972). Plasmid DNA was ultimately dissolved in
10 mM Tris-HCl, 1 mM EDTA, pH 7.5 at concentrations of

200 to 400 wg/ml and stored at 4°C.

4,2.8 Electrophoresis of Nucleic Acids

. Polyacrylamide gel electrophoresis was carried

out as described by Maniatis et. al. (1975), using the

.

TBE (90 mM Tris base, 90 mM borate, 25 mM EDTA, pH 8.3)
buffer system. Electrophoresis was carried oﬁt at either
40V (constant voltage) for 15 hours or 100V for 6 hours
in vertical éels.‘Neutral or alkaline agaroge gel i
electrophoresis 'was executed in buffer systems composea
of 40 mM Tris base, 20 mM acetic acid and 2 mM EDTA or 30
mM NaOH, 2 mM EDTA respectively (McDonnel et. al, 1977).
Horizontal gels wéfe run at 40V (constant vg&;age) for 15
hours. After electrophoresis, gels were stained with 0.5
ug/ml ethidium bromide prior to visualization of DNA
under U.V. light at 302 n.m. The alkaline agarose gel
system was neutralizgd by soaking the gel in 6.5 M Tris-

HCl, pH 7.5 prior to staining.
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DNA was éxtraqted from pblyécrylamide gel
slices by the diffusion method of Maxam and Gilbert
(1979) and from neutral agarose éels-with the chaotropic
agent NaClO, followed by rgtention of the DNA on glass—
fiber filters (Chen and Ihomas, 1980).

4.2.9 In Situ Colony Hybridization

4.2.9.1 Immobilization of DNA on Nitrocellulose

Cell colonies containing plasmids with cDNA
inser;s were.detected using modifications (Chang et al.,
1978, Buell et al., 1979 and Wickens et al., 1979) of the
in situ colony hybridization procedure (Grunstein and
Hogness, 1975). Individual te;racycline-resistant,
ampicillin-sensitive colonies were inoculated into. 2 ml
of L-broth and 10 ug/ml tetracycline and grown at 37°C
overnight. 2 ul of each culture was épotted‘in ordered
arrays on nitrocellulose fiiters placed on L-broth agar
plates containing 10 pg/@l tetracycline. The plates were
incupated at 37°C until colonies were 3 to 4 mm in
diameter (approximatelj 24 hours). Subsequentlx, the

élasmid DNA of the' filter-bound colonies was amplified by
transferring the filter anto L—broth agar plates

containing 10 ug/ml tetracycline and 250 ug/ml
cdloramphenicol followed by further incubation at 37 °c
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for 18 hours. Colonies were then lysed in situ by placing
the nitrocellulose filter for 10 minutes on a pad of 4
layers of‘Whatman(g 3 MM paper saturated in 0.5 N NaOH.
For neutralization and immobilization of the DNA on the
filter, the nitrocellulose filter was transferred
‘sequentially to a series of similar pads saturated in 1 M _
Tris-HCl, pH 7.5, (twice, 5 minutes), then 0.5 M Tris-
HC1, pH 7.5, 1.5 M NaCl (twice, 10 mi?utes). The filter

was washed with 95% (v/v) ethanol, air dried for 15

minutes, then baked at 80°C for 3 hours in vacuo. Filters

were then stored at room temperature until used.

4.2.9.2 ‘Preparation bf -Labeled Nucleic Acids

4
i) End-labeling
32

P-end-labeled viral RNA fragmengs were
prepared as described by Gergen et. al., 1979. First, up
to 5 ug of viral RNA was partially‘hydrolyzed by
incubation at 90°C for 30 minutes in 90 ul of 5 mM Tris-
HCl, pH 9.5, 10 uM EDTA and 0.1 mM spermidine. This
partial hydrolysate was transferred to an eppendorf

32

microtest tube containing 50 w Ciy-""P-ATP dried in vacuo.

The ATP concentration was adjusted to yfeld a final '
concentration of 1 uM. The reaction was adjusted to 50 mM
Tris-HCl, pH 9.5, 5 mM DIT and 10 mM MgCl,. 0.5 ¥1 (5
units) of polynucleptide kinase was then added and the

reaction incubated at 37°C for 30 minutes. The reaction
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was terminated by the addition of 20 mM EDTA, pH 8.0 and
extraction with phenol: éhloroform: isoamyl alcohol as
previously described. The end—labe}ed‘material was
purified by gel filtration on a 0.9 cm x 30‘cm Bio—gel‘E
AlS5m column as previously described (Section 4.2.4.1).
After purlflcatlon the end-labeled material was stored

frozen untll used. Routinely, specific activities of O. 7

- 1.0 x 10° cpm/ug RNA were obtained.

ii) Nick Translation °
[ 7

DNA fragments extracted from gels were nick-
translated using the protocol provi&edij Bethesda
Research Laboratories in\their,Nick Translation Kit. At
the end of ‘the reaction labeled DNA was purified by
either chromatography on a 0.9 x 25 cm column of Bio-gel
A 1.5 m ®equilibrated in 10 mM Tris-HCl, 0.1 mM EDTA, pH

8.0 or by three successive precipitations with 10 mM

spermine (Hoopes and McClure, 1981).

4.2.9.3 Hybridization of Immobilized DNA with Labeled

RNA

Hybridizations were executed in 150 x 15 mm

silane-coated glass petri dishes. Prior to hybridization,
= * { .

filters were incubated at 6§°C in 15 ml of buffer H1 N

composed of 5 x SSC, 1 x Denhardt's solution (Denhaxdt,
19665 (0.02% (w/v) Ficoll 400, 0.02% (w/v) polyvinyl

pyrrolidone, and 0.027% (w/v) bovine serum albumin) 100

’
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pg/ml E. coli‘tRNA, 100 ug/ml poly A and 0.02% (w/v) SDS

(Wickens et al., 1979). After 12 hours this solution was

[N

replaced with 10 mls of buffer Hl1 containing 32P-—engl-—

labeled-fragmented RNA (5.0 x 105 - 1.0 x 106 cem), ard

>

incubated at 65°C for 24 hours. After hybridization, the

filters were washed six times (1 houf each) in 20 mls of
buffer H1 then twice (30 ﬁinutés‘each) in 20 mls of 2 x
SSC at room temperature. Filters were subsequently

incubated in 10 mls of 2 ﬁ SSC tontaining 10 ug/ml RNAse

A for 30 minutes at room temperature followed by one wash

in 20 mls of:2 x SSC for 30 minutes at room temperature.

‘Finally, filters were blotted an Whatman(E 3 MM paper,

air dried, then used to expose Kodark(B X-Omat AR film
®

with the aid of an intensifying screen for 12 to 48 hours

~at -70°cC.

4.2.9.4 Hybridlzatlon of Immobilized DNA with, Labeled

DNA A
Prior to incubation with labeled probe,

filters containing the immobllized DNA were incpbeted for

'12 hours at 68°C in 15 ml of buffer H2 (150 mM Tris-HC1,.-

pH 8,0, 0.75 M NaCl, 5 mM EDTA, 1 x Denhardts, and 0.1%

M
~

(w/v) SDS) (Hanahen and Meselson, 1980) containing 100,
pg/ml poly A and 1 mg/ml sheared and denatured calf

thymus DNA. After this period, this mixture was replaced

with 10 ml of hybridization buffer containing Dé}\

32

fragments labeled with “"P by nick translation.'The

L 5
el v ~o "
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filters were again incubated at 68°C for 12 - 24 hours.

After hybridization the filters were washed five times (1

hour each). in 100 ml of 60 mM Tris-HCl, pH 8.0, 0.3 M
NaCl, 2 mM EDTA and 0.5% (w/v) SDS at 68°C. This was
followed by 4 washes (15 ‘minutes each) with 3 mM Tris =
basé at room temperature (Hanahan and Meselson, 1980).

’

/ ,
The filters were dried and autoradiographed as before.

o

4.3 ~ Results

4.3.1 -Chardcterization of Enzymatic Reactions

i) First-Strand Synthesis

Figure 22 illustrates the numerous enzymatic
steps required to convert a sfhgle-stranded RNA ‘template »

into a double;sfraﬁded DNA with ends suitable for cloning

" 4into a vector, in this case the plasmid pBR322. A survey-

» N .

. B . ~
of the literature indicates that no consensus exists for

. optimal reaction conditions for the first enzymatic step

in the series, the transcription of a single-stranded DNA

complementary to its RNA template by avian myeloblastosis

" virus reverse transcriptase. Among the parameters which

may affect this reaction, the quality of the reverse
trgpstrﬁptase, the enzyme.to ﬁNA templgte'rafio, and\
secqndazy s}ruqturg in the template itself are probably
most imporgant. We therefore examined these, parameters as -

follows. Serial dilutions of the AMV reverse

-
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Figure 22 General scheme of the synthesis of
double-stranded DNA complementary to
poly A" RNA and its subsequent

ligation into pBR322.
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transcriptase were tested against a fixed amount of CYMV
RNA to determine the ratio of enzyme to RNA which
provided the maximal yield of transcript. Figure 23
illustrates that the maximal yield was obtained at 2.9
units of AMV reverse transcriptase/ug RNA. The yield
rapidly declined however as the concentration of enzyhe
in the reaction increased beyond the 6p;imdm. This
decline may be due to the presence of a cgnpaminating
ribonuclease activity in the AMV reverse transcriptase
preparation. Nonetheless, the inclusion of rieoeucfease
inhibitors such ée sodium pyrophosphate, vanadyl
ribonucleoside complex or human placental riboenuclease
inhibitor in the reverse transcription reaetioﬁ did not
increase the transcript yfeld even at the optimal ehzyme/
RNA ratio (data not shown). In fact, human placental
" RNAse inhibitor (2 - 10 wg ml) had no effect on yield
whereas sodium pyrophosphate (1 -~ 5 mM) and vanadyl—
r1bonuc&1eos:.de complex (2- 5 mM) were founct to be
inhibitory. Recently, it has been ‘'suggested that vanadyl
ribonucleoside complex'may be heipfﬁi if used below 1 mM
(Maniatis et. al., 1982). |

Anobher factor which may affect transcrlpt
yield and size is the secondary structure of the template
_RNA. To examine this, we treatdd CYMV RNA with methyl-—
mercufy-hydroxide (Payvar and Schimke, 1979) "prior to its
.addition into the fevefse tran[criptase’reaction. Table 4

illustrates that treatment of CYMV RNA with 2.5 mM
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Figure 23 The effect of AMV reverse

transcriptase .concentration on the

t

yield of first-strand cDNA.

. 25 ul reverse transcription reactions

,

were assembled on ice and each contained components at .
concentrations listed in Materials and Méthods, Section
4.2.4.1 with the exceptions that the CYMV RNA template

vy

wé& added to a concentration of 80 wg/ml, Oligo-dT to LOOv
ug/ml and 34-dcTP (0.2 Ci/mmole).supstituted for 3%p-
dNTP. The reaction was initiated'by the addition of 5 ul
of AMV reverse transcriptase (11,700 U/ml) or 5 ul of an
appropriate dilution of therenzyme in enzyme stérage

buffer (0.2 MJKPOA, pH 7.2, .50% ‘y-cerol, 0.2% Triton X-
. | n

Y0 and 2 mM DTT). Samples were incubated for 60 minites

at 42°C, then TCA precipitated, filtered and counted.
Yields were calculated as described in Materials and

Methods, Section 4.2.4.1. g '
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methylmércury hydroxide;(line 3) enhanced the transcript
yield over that obtained with ﬁb;treatment. Treatment
with increasing concentrations of methylmercury hydroxide
(iines 4 and 5) resulted in lower‘transcript yields,
those at 10 mM being below the control (line 2). The
addition of B—mercaptoethanoi to 150 mM ragher than to 30
mM in -the reversé tréngcriptiqn reaction was necessary to -
qpmplex free methylmercury. This increased concentration

bf reduéipg agenf as shown in Table 4 (line 25 has no p
.adverse effect qg the revéerse trénécripfion reaction. To
dgtermine whether methylmercury hydroxide treatment had

any effect on transcript size, the transcripts were \\

‘resolved by electrophoresis on alkaline 1% agarose gels.

-

Molecular weight markers were provided by a HindIII
dlgest of 1 plac 5 DNA and a HindIII and HincII digest of
pBR322. Figure 24 lane'b demonstrates that pre-treatment
‘ q{ the RNA with 2.5 mM methylmercury hydrox;de.

‘ sgbsténtially incrgaées the proportion of trpanscripts
whose size is 6600 nucleotides which rowghly Eorrequpds
to the full length of the RNAingamin ion of the

igure 24 ﬁhe a)

reveals that -the transcripts are heterogenous in length.

»

transcripts made from untreated RNA

Ihe presence of several discrete transcrlptg of less than
full'leﬁgth suggests that secondary stfucture,fg the RNA

may arrest reQefse transcription prematurely. We cannot,

"however, rule out the. suggestkbn (Payvar and Schimke, -

1979) that methylmercury hydroxide may also act as a

\~"" : -

—



Téble 4. The effect of methylmercury hydroxide on

first-strand synthesis:

Condition Total cpm (% 105; % yield®
Incorporatedb

No treatment,
30 mM B-mer‘captoethanol . 1.63 - 13.
No treatment, .
150 mM B-mércaptoethanol 1.67 13.
2.5 mM methylmercpry )
hydroxided o 2.10 17.
5.0 mM metﬁylmercury
hydroxide : 1.71 14.
1050 mM methylmercury
hydroiide : 1.40 11,

a. Reaction mixtures were assembled on ice omitting CYMV

RNA which was added 1ast:‘5 vg of RNA was treated

with an appropritate concentration of methylmercury

hydroxide or an equivalent volume of water
transferred to the reacti§n mixture'within
5 - ' ~

tPayvar and Schimke, 1979). Reactions were

at . 42°C for 60 minutes then stopped by the

bl

’

and then

one minute

incubated .

addition

L

of EDTA, pH 8.0, to-20 mM and chilling on ice.

4 5‘
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Table 4. cont'd

b. Total incorporation was determined by precipitation.
of 10 vl aliquots of reactiohé with 5% {(w/v) TCA.
Values represent the average of dﬁplicate samples.

c. A yield of 100% would correspond to 1700 pmoles of
dCMP incorporated per‘pmole RNA whose total length is
assumed\to be 6800 nucleofides. Specific activity of

8

dCTP was 3.0 x 10 cpm/umole..

d. All reactions with methylmercury hydroxide treated

RNA contained 150 mM 3—mercaptoethanpl.

1441
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nuclease inhibitor. Similarly, Figure 24 displays the "
size distribution of transcripts made in fhe‘presence of
2.5 mM methylmercury hydroexide by interﬁal priming of the
non-polyadenylated RNA of PMV. Lane c illustrates tke

size distribution of transcripts made from PMV RNA using

bligo—dle_18 as a primer for the enzyme. The resultant

transcripts are heterogeneogs iﬁ size, yith no discrete
transcripts formed. Alsb, the majority of“the transcripts
appear to be below 1000 nucleotides iﬁ length. The
priming of reversé tranécription'of PMV RNA with Oligo-

dG,,_1g also resulted in a very heterogenous transcript

_ population (Lane d). Although a large proportion of

transcripts are below;lOOO nucleotides, transcripts from
2000 to 4000 nucleotides are evident.,

co The treatment of CYMV RNA'with methylmercﬁry
hydroxide prior to first-strand synthe51s was found to ‘be
necessary in order to produce full length transcripts. As
a con!hquence of this observation the heterogeneous size
dlstrlbutlon of transgrlpts gmade from PMV RNA are llkely
due to multiple }Elernal sites to which the primer
hybridiées rather than premature arrest of tfanscriptiOn.
The transcript yield, although adequate, was relatively
low in comparison to other studies but may be a |
consequence of the sequence of these particular
templates. Under identical conditions, the transpfipt
yield from PMV RNA (0Oligo-dT or dG primed) never excéedgd
6% whereas that from the GYMV RNA was ma;imally ;7%.

- '
-
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. noted in the margins.

"
-

Figure 24 ,Elect:obho}etic sepafation.of cDNA
. made'from'CYMV.or PMV RNA.

32?-1abeled’-cDNAs'were

Single st?andgd:
prepared in 50 ¥l standard rgactién mixtur®s containing
150 mM B-mercaptoethanol, théﬁ purified (Materials and
Methods, Section 4.2.4.1) priorkto'electrophoretic

separation. Approximately 10 000 Cerenkov cpm were

applied to each-lane of a 1% alkaline agarose gel.'Lanes

a and.- b illustrate, the size distribution of cDNA pronEts

. made from either CYMV RNA (lane a) or CYMV RyA treated';

with 2.5 mM methylmercuty hydroxide prior to addition to

s

the reaction (lane b). Lanes ¢ and d illustrate the size

distribution of cDNA products made fyoijMV RNA in the

presence of bl@go—dleilB (lane c) or Oligo-dG,, ;¢ (lane

d) as primers. In both reactions, PMV RNA was treated

with 2.5 mM methylmercu%y hydroxide prior to addition.
Molecular wegiht markers provided by a HindIII digest of

‘\plac 5 DNA and a HindIII and HincII digest of pBR322 are

-

]

4

14



<6.6 kb
<44 kb

«23kb

.0.62 Kb,
‘0348 kb
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ii) Second-Strand Synthesis

A property of first—strand.cDNA synthesis is
the generation of a double-stranded 3'-terminal hairpin
structure (Leis and:Hufwitz, 1972) (refer to Figure 22).
This hairpin structure can be utilized as a primer for
the synthe515 of . second- strand cDNA using AMV reverse
transcriptase, DNA Polymerase I (POL-1) or the large
fragment of DNA Polymerase 1 (POL-1A) lacking the 5' - 3!

fexonuclease Sactivity. (Efstratladls et al., 1976,
Ullrich et. al., 1977)

32

The P-labeled 3DNA was purifiaed by gel

filtrat{oé then released from the RNA (see’ Materials and
Methods, :Section 4.2.4.2), prior to use as a ;emplate for
second-strand synthesie. Figure 25'illustraﬁes the time
course of 3H—dCMP incorporation into CYMV second;strgnd
material using either POL-1A (Figure 25a) or AMV reverse
transcriptase (Figure 25b).
The POL-1A reagtion appears to be approachlng \\
" the completion of synthesis by six hours while that (
eatalyzed by AMV reverse transcriptase is complete after
two hours. The fate of the #yrst-strand cDNA during
second-strand cDNA syntheé%; was monitored in each case.
As shown in Figure 25a there is a slight loss of TCA
precipitable material from the” first-strand - cDNA when
POL-1A was used in second strand cDNA synthesxs This

indicated that nucleolytic activity may be present in the

.
- d)"fi .
- oL »
. . " v

-
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Figure 25 ‘ The timqyéourse of second-strand cDNA ‘-
, Syntﬁééis‘uging eithér AMV reverse

L} N w .

transcriptase or POl-1A.

32

. - 0.5 ug of purified ~“P-labeled CYMV

cDNA was added t® either the POL-1A or AMV reverse | =
pranscriptase‘:eéction mixtures (Materials and Methods,
Section 4.2.4.2) containing 34-dCcTP (0.2 Ci/mmole).‘The
fOl—lA reaction (Panel a) was incubated at 15°C whereas
the AMV rivé;se transcriptase reaction (Panel b) was

incubated at 42°C. Aliquots of the reactions were taken
tat the indicated times, then TCA precipitated, fifzgred

and counted. Open circles correspond to second-strand R

cDNA synthesis (3H cpm) whereas closed circles represent

32? cpm) . ? (/

¥
(

[

/ 4
the first-strand cDNA (



A i

2

’

4

'rimé,(l-l”ours)*

N

4 1
Time (Hours)
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POL-1A preparation. Within the period of second-strand ,
cDNA synthesis using AMV reverse transcriptase (Figure
25b) the first-strand cDNA appears stable.

fhe test of Goodman and MacDonald (1979) was
applied to determine whether the product generated after
second-strand cDNA synthesis was iﬁ fact double-stranded
DNA with a single-stranded hairpin at one end. As shown

in Table-5, row 1, the cDNA generated with AMV reverse

-

transc}iptase in second-strand synthesis was almost
completely double-stranded as indicated by almost
complete resistance to s1 nuclease digestion of both the
first (98% resistanced .and second strands (97% .
resistance). Second-strand synthesis cqtalyzed’by POL-1A,
however, resulted in molecules where approximately 30% of
the first-strand cDNA is susceptible to‘the action of S1
nuclease. In contrast, the second-strand cDNA was totally
resistant to digestion. .This indicated that a complete
second-strand trénscript was not made with POL-1A.
Denaturation of the double-stranded cDNA prepared by ,
either.method followed by S% nuclease treatment (Table 5,
row 2) resulted in QO—SOZDresistanée to digestion. This
fésd@&sindigéte¢ ih accordance with the results of
Goedman and MacDonald (1979) that the double-stranded
cDNA once denatured had the ability to renature due éo
the presence of the single-stranded héirpin. This

conclusion was substantiated by a third test in which the

¢

double-stranded cDNA was first treated with,S1 hucléase
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to remove the postulated single-stranded hairpin.
Subsequently, the first and second strands were separated
by denaturation then subjected to a second Sl nucleasé
treatment. A second S1 nuclease treatment should digest
both stfands completely as their rate of reann?aling
should be slow. When double-stranded cDNA generated using '
AMV reverse transcriptase in second-stranded synthesis
was subjected to this treatment (Table 5, row 3)¢
approximately 15% nuclease resistance in both the first
and second strand was maintained. Similarly, the first
and second strands of double-;tranded cDNA whose second-
strands wete synthesized using POL-1A were approximately
13% resistant to SlQnuclease'digestion. This reaction was
repeated using 1000 units of S1 nuclease in both L
digestioné with similar results (not shown). The S1
nuclease resistance of first-strand cDNA pfidr to
second-strand synthesis (Table 5, column 5) was 13%. This
may suggest that individual strands have internal
secorfdary structure which rapidly reanneal after
denaturation. These results indicate that using either
AMV reverse transcriptase or POL-1A in second-strand
synthesis, 70% of'grea;er of the second %trands
synthesized are"complementary to the first:strand

. template. The behavior of first and second strands is

consistent with a hairpin loop at one end which is -

susceptible to cleavage with S1 nuclease.
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~deoxynuc1eot1dyl transferase was used to add:

L4
<,

N iii) Tailing.of deuble-~stranded cDNA~

o

The ends of this double stranded cDNA must be-
modifled in order to clone lt kRGQwa_MQSCQT sudh as the
plasmid pBR322 "To do thls, we have used G- C talllng

(Otsuka, 1981) (refer to Fighre 22). The enzgme termlnal
o>

deoxyguanidylate residues onto the protrudlng 3' ends of
Pst I dlgestedanR322 and sxmllarly deoxycytldylate ]
residues onto the 3' ends of the double- strandéd "cDNA.

. Figuyre 26 illustrates a typlcal exampre of the

time course of addltlon of dGMP and dCMP respectlfely to

the ends of pBR322. Reaction condltions were establlshed
a

.fkr each cDNA preparation and each enzyme‘lot used durlng

.‘

. the cQurse of this study. The addltlon of dCMT residues

to E‘ coli tRNA was also tested since 1t was' often used -

as a carzier in precipitation of the cDNA As illustrated

{in P}gure 26 tRNA was not su?/}rﬁ;e For the\enzyme.
: Similarly in the absence oﬂSﬁNL@,termlndl ¢
° Q2 e b"‘ -

i S

deoxynucleotidyl transferase did not cenvert dGTP into

xr
i-‘-'

| TCA precithable matefial. .= = . - “s"‘@

i ¥

Once tailed tpe vector and insert ‘were

b

annealed tegether and thgn used in transformation,o{

Escherichia coli (refer to Materidls ‘and Meﬁhods,“Section

o . LI

42105and426)1" N

. .
el
) te
' + 1

[
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' Figure 26®. Time course of homopolymer addition to )

linearized pBR522 directed, by terminal
’ \

deoxynucleotidyl transferase. .

140 ul reaction mixtures were .

’

a;gembled'as described"iﬁ Materials and Methods, Section o

<

4,2.4, 4 The teactions contained either 1. 4 pmoles 3'

ends of Pst I digested pBR322 or 10 ug of E. coli ERNA. 6

&

units of terminal deoxynucleot1dy1 transferase were useg

in each reaction, Homopolymer addition was monktored by
TCA,pretipitation of 20 ul aliquots of the reaqtionsﬂat .

the times indicated. () pmolequMP incorporatéd/B' end - 2
_of Pst I digested pBR322, @ pmoles dCMP incorporated/3'

end of Pst I digested pBR322, . [] pmoles dGMP -

et 7

incorporated.in the absence of DNA, [ pmoles dGMP

incorporated with” E -coli tRNA as substrate
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: Transformants which eghibited a more intense

4.3.2 Aﬁalysis of PMV clones

Tetracycline-resistant, ampicillin-sensitive

>

bacterial colonies were screened for the presence of

sequences complementary to PMV RNA by in situ colony

hybridization (Materials and’ Methods, Section 4.2.9).

32

Figure 27 illustsateé the hybridization of .7+ P-end
o :

labeled, fragmented PMV RNA to bacterial ttansformants

- containing inserts which were generated using Oligo-

dTlE—lS as primer in first—stradd synthesis,.

hybridization signal were assumed to contain plasmids

r

‘with larger inserce? DNA sequences. Such colonies were

. selected and.plasmidS'erepared from 30 ml ¢ultures of

each (Materials apd Methods, Section 4.2.7). The inserted
DNA sequences were released from each plasmid by
digestion with restriction endonuclease Pst 'I. Table 6

lists the sizes of the cloned“DNA determined by

»>

electrophoresis Only two plasmids, pPMV 6 and pPMV 8 .

~ were found to contain 1nserts greater than 1 Kb. Insert

sizes, however, cdr}elated well Qith the size of the S1
nuclease~treated ds cDNA used as substrate in the
terminal transferase reaction (Figure 28). The same :
strategy was applied to clones generated fron doubleci;\

straﬁded‘PMY cDNA whose first strdnd was pthwai

o 011304d612 18ﬁ In this case, however, inserts from all

transformants tested were found to be less than 500 base

|

pairs in size (d‘fa not shown)..Thrs did not correlate

” ~

159
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‘Figure 27 In situ coloﬁy hybridization of PM
. clones using 32P-end labelled

- fragmented PMV° RNA as probe

‘ ‘32P end labeled fragmented PMV' RNA (53¢
p 4 105 cpm) was hybrldrzed to the DNA of bacterial

transformants immobilized on nitroeellulose filters
. -(Materials and Methods,.Section 4.2.9). Positlve colonles
.~ e. éhose showing visible hybrldlzation) selected for

further chanacterization and the number assigned to each o
L4

{pPMV 1 through 15) is noted. Negative colonies represent

plasmid! which probably contain extremely small inserts
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well with the 51ze of S1 nucleaseaﬁreated double-stragded
cDNA (Figure 29, lane g). Ins’tead,c 51 nuclease treated

' dodble—stranded cDNA displayed four discrete bands on a’
1% neutral agarbse'gel of 2800, 1600, 980 and 680 ‘base f;
pairs. The 2.8 Kb double-stranded cbﬁA was partially
purified on a column.of Bio—gel<® AJSQ m, then treated
with E. coli DNA llgase to seal any nlcks in the DNA.
This DNA was then tailed with dCMP resrdues by terminal
trahsferase; and‘annealed to dGMP talled pBR322 AAll
‘cells transformed w1th this cDNA were again found to have
inserts of less than 500 base Palrs in size (data not

#  ,shown). .This result implied that this parsticular terminak

.transferase preparation might have a DNA nicking activity

which w0u1d result in 1nternal talling of the double-

stranded cDNA.

(/ ' f,' To circumvent this problenngwe av01ded
terminal transferase altogether Rather we generated a
P DNA suitable for cloning by digestlng it with
. ~restrictionﬂenzymes Aliquots of the Oligo dG~primed PMV
donble;stranded cDﬁA were digested with various
reatr}ction enzymes as shown in’FigUre 29kand)Tab1e 7.
‘ What hendanted ideally was a fragment with ends suitable'
for cloning thos{g size a;aproached 2, ékh the maximurh
size. of the PMV ds cDNA. Of all digestionsljfaryzed that

with Eco RI and HindIII (Figure 29, lane b)l/appeared most

suitable, produting a cleavage préduct of 2,5 Kb ‘which

did not result from cfeavage with either Eco RI (lane a)

e~

-




| _Figure 28 ~ The electrophoretic separation of

double-stranded PMV -cDNA after S1
nuclease treatment. o I
Approximately 5000- Cerenkov cpm of S1

nuclease treated double-stranded PMV cDNA whose f£irst-

" strand cDNA was made using Ollgo—dle 18 as prlmer was

»

separated on a 1% (w/v) alkaline agarose gel as described
4 <

in Materials and Methods, Section 4.2.8. On cgmpletion of

elecgrdphoresis, the gel was neutralized and 3mm *

fractions sliced with a razor'bldde‘ Radioactivity in,

_individu&1 fraqtions was monitored by Cerenkev radiation.

Markers provided by a HindIII x Eco RI

3
k]

. gigest of X plac 5 were visualized by staining of. d/\

separate lane yith ethidium bromide. The positions to'.

’wh}ggjfragmenfs“of known size migrated is'notgd; .

™

.
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R
- . ; .T-a‘b~1e 6.. Sizes of clened PMV cDNA inserts
N Plasmid : Size of clc;ned cDAI‘ilAa (in Kb)
| pRMV 1 ' 0.2 | g
9 DPMV- 2 I : ©0.35
" pPMV 3 : 0.2
« .. - pPMV ﬂa ( ) ’ 0.6
v . pPMV 5 0.8
.o ":pPMV 6 _ 1.2
' PPMV 7 ‘ 0.5
pPW 8 o " 1.6
‘ c. pPMY 9 | 0.45 ,
SV o pPMV 10 0.35
ﬁ SPHY 11 ) 0.2 .
| ‘pPMV 12 0.8 .
pPMYV 13 _ 0:2°
v pl,’MV 14 . . 0.6
pPMV 15 0.3
| pPMV 16 ' 0.2
L s ! | 0.4
. . pPMV 18 / © 0.4
N ( PPMV 19 0.2
vt pRW 20 0.5
- o '
4



Table 6. cont'd

a. Sizes were determined by electrophoresis of Pst-1I

| digested dﬁA samgles on 1.5% aéarose gels.
Molecular weight standards were producedfby
digestion of X plac 5 with Eco RI and HindIII and

digestion of pBR322 with gigfll

7
2

“

166
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or HindIII (lane c) alome. Accordingly,‘ 50 ng of PMV ds‘
cDNA digestwd with Eco RI and HindIII was ligated to 190
ng of pBR322 cleaved with the same enzymes (Materials and
Methods, Section 4.2.5). Transformants were obtained at

an effficiency of 1.3 x 103/ug. Seventy percent of thpse .

7

‘tested were tetracycline-sensitive and ampicillin- °

resistant, consistent with their containing'DNA inserted -
into the véptor. Plasmids were extracted from sixteen

such colonies chosen at random. Each'plasmid was digésted

with Eco RI and Eigdlil and the cleavage products

separated by electrophoresis on a 1% (w/v) agarose gel

(data not shown).40f these, only pEHPMV1 contéine& a 2.5

3 €
Kb insert as judged against an Eco RI and HindIII digest

.of aplac 5 DNA as size markers. All other clones were

less than 0.7 Kb in size.

k Since all clones derived from PMV RNA were
generated by internal priming, it was reasonable to”
assume that the cloned DNA corresponded to the 5' half of
PMV RNA.'TO test whether, the cloﬁed sequence in pEHPMV1
was also present in clones generated using Oligo-dTy; ;g

as primer in first-strand synthesis, we aga‘h used in

situ colony hybridization. The 2.5 Kb Eco RI-HindIII

insert from pEHPMVl was purified hy electrophoresié, and / k
labeled by nick translation (Materials and Methods,

Section 4.2.9.2,1i.) This labeled DNA was then used as a

ﬂprebeA€ﬂ~s€reen the pPMV series of ciones for homologous =~ — ~ ~— "~
‘ ' . .

.
- L . 1
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Figure 29 ° Electrophoretic separation of oligo-dG
prlmed PMV douple-stranded CJ&A
digested with restriction enzymes.'

.Apbroximately 10,000 Cerenkov cpm of

S1 nucleasé‘treated PMV double-stranded cDNA was added té

each 20 ul reaction containing 1 ug of i plac 5 and !

¢
~standard restriction buffer (Materials and Meé&ods,

<
Section 4.2.5). Samples were allowed to digest for 6

» hours at 379C. DNA fragments were then seéarated by

electrpphore51s on a 1% neutral agarose gel. After
electrophore51s the gel' was stained with ethidium bromide
and the positions of restriction fragments of i plac 5 \
noted:;The gel was then dri'ed and exposed té x—fay film
for 12 hours. ' ‘ ) S |

[’ . Restriction diggsts were as follows;
lane .a, Eco ﬁl; lane b, Eco RI + HindITI; lane c,
HiﬁdIII' lane.d "Bam HI; lane e, Sal I; lane f, ﬁ;m HI +

HlndIIrjhlane g, Ollgo—dG pr1med double- stranded PMV cDNA

L4 o
~ é

‘after S1 nuclease treatment.
The size of the major fragments (in '

Kb) of lane g are noted in the margin. The arrow between
) !

lanes b and ¢ lndicates the 2.5 Kb Eco RI + HindIII

fragment described in the text.
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Figure 30 | In situ colony hybridization of

selécted pPMV clones using the insert
of pEH~PMV.1 as probe.

N, The 2.5 kb insert of pEH PMV 1 was
extracted from a {i neutral agarose gel and }abeied-yith
32P-—dCTP by nick tfbﬁslation. 1 x 10° Cerenkov cpm of
labeled DNA was hybridized to the DNA of clomes ﬁPMV 1
through 20 immobilized on nitroceiluloée filters as

described in Materials and Methods, Section‘4.2.9.

2
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sequences. Figure 30 tllustrates that the -pEHPMV insert
hyﬁ}idized to pPMV6, pPMV8 and pPMV17. Thié_bfobe also
hybridized weakly to pPMV1, pPMV1l and pPMV19.

N

Further Characterlzation of PMV Clones

Four plasmids pEHPMV1, pPMVS pPMV6 and pPMV8
wdte chosen for further s;udy, pPMV6 and pPMV8, since
they contained the -largest inserts (TabIé 6) and shéred
séquences'with pEHPMVl.'pPMVS since it contained an 800
bp insert and displayed no hdmoiogy with pEHPMV} and
therefore was expected to contgin'uniqﬁé sequences.
Restriction maps of these plasmids were’ constructed to
.fécilitate their cqmparisonvanp to determine their
orientation within the vector. Table 8 indicates which
restriction enzymes weré able to gleave within the -~
inserted sequence of each of these plasmids. The insert
in pEHPMV1 was cleaved by EEQVHI, §Bg I, Pst I, Sma I ;nd
twice with Ava I. pPMV8 cOnéained an Ava I, an Sph I and
a HindIII site within the insert. pPMV6 contained two Ava
I'sites, an Sph I and a Sma I site withié its insért.'ln
conjunctioﬁ with the colony hybridization the sharing of
restriction sites among' pEHPMVl pPMV6 and pPMV8 is

consistent with the 1dea that the insert sequences in

these three plasmids are nes;ed. Only. pPMV5 contgined a

BglII site, clearly’distinguishing its insert from those

in the otper three plasmids
) ,
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The orientation Qf - these restriction sites was
then determined for each plasmid by using multiple:
digestions. Since the inserted DNA .of pEHPMV1 has unique
ends the restriction sites within the insert can be
. mapped gelative-to the Eco RI or HindIII termioi. Figure
32 {1lustrates the electtophoretic separation of DNA
fragments produced by multiple digestion of pEHPMV1, The
corresponding sizes of the DNA fragments are glven in
Table 9. The cleavage»pf pEHPMV1 with Sma I (lane b)
linearized the plasmid to’produce a single band of
approximately 6.8 Kb (lane S). Further digestion of the
Sma I.cleaved plasmid with Eco RI (lane c) released an
1150 Sase.pair fragment. ' |

- . This fragment size therefore represents the
distance from the Eco RI end of the ingsert to the Sma I
~ cleavagp site. Similarly, digestion of Sma T cleaved
pEHPMV1 with HindIII (lane d) released a 1375 bp
fragment..Ihis fragment size thereﬁoce representsvthe.

distance from the gingII.!hd of the insert‘io the Sma I

cleavage site. Both the 1150 and 1375 bp fragments were

released upon digestion of the vector with Sma I, Eco RI

and HindIII (lane h). | .

'Other restriction sites were also mapped ° :

relative to the Eco RI and HindIII sites. Digestion with
Ava I (lane i) produced three frqgmenis of 4000, 2156'aﬁp
620 bp. Ava I cleaves pBR322 once at coordinate 1424

(Figure 31). The distance from the ézg‘l'site to the

176
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Figure 31 : Cieévage coordinates in pBR322 of
- ‘restriction enzymes used in this
 study. .
) ‘ Compiled from Sutcliffe (1979) and

: Roberts (1982?.
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‘lanes e, f and g fespecqively). Interestingly, the Smﬁ

-

HindIII site in the vector is 1395 bp.%ubtracting this ‘ W”
value from 2150 yields the result that;one Ava I in the

insert in pEHPMV1 is 755 bp from the HindIII site at the
vecto;—insert junctLon.‘A,more precise 6easuremen*‘fr@m

an ézg I—gigdlli digestion of pEHPMV1 (Figure 32, lane k)

suggests é distance of 600 bp. This latter site was

confirmed by resolving Ava I—Hind;ll fragments on

.polyacrylayide-gels. The 620 base pair fragmenf resulting

both in the Ava I and Ava I plus HindIII digest must ' ‘

therefore represent a fragment with Ava I ends. This

L

places the second .Ava I tleavage site approximétely 1200.

———

bp from the HindIII site at the insert-vector junction.

Digestion of pEHPMV with Eco RI and.Ava.l (Figure 32,

lane j) confirms the disposition of. Ava 'l sites within

the inseré (see the map in Figure 33). Data in Tabie 9

show§ that Sph I, Bam HI and Pst I sites were‘faund 210,

344 and 570 bp respectivelf froﬁ the Eco RI site of the o
insert-vector junction. Confirmatory digests were also

performed to ensure that the positions of restriction

-

sites were correct, for .example using Sma I in

-

combination with Pst I or Ava I or Bam HI (Figure 32,

I-Ava I digest (lane f) produced the same fragment sizes
as that produced by digesting pEH?MVl with Ava 1 aione

(lane i). The sequence recognition site of Sma I is 5' -

CCCGGG -3' and that of Ava I is 5'- CPy CG Pu G - 3'.

Therefore, it is. likely that the unique Sma I site /
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figyre 32 _ ‘Resolution of restriction dlgestlon
products of pEH .PMV 1.
Approximately 2 iig of plasmid DNA was’
digested with 3 units of the appropriate restrlctlon
_enzyme for 6 hours at 37°C. The digests were Lhén
subjected to ‘electrophoresis on ‘a 1% agarose gek together
with the‘standards;noted below. Digests are as follows:
a. Undigésted pEH PMV 1, b. Sma I, c¢. Sma 1. + Eco RI,
d._S_égI + HindIII, e. Sma I + P;%l,_‘fi-.gnf_l + Ava
I, g. §EI<; Bam HI, h. Sma + Eco RI + H_irldII‘I, i.
Ava'l, j. AvaI + Eco'RI, k. Ava I + HindIII, 1. Sph
'I,m.gm'z + Eco RI, n. HindIII + Eco RI c,1,eéved
A plac 5 DNA.
'The siées of fragments prodhcgd by'gsg
RI and HindIII digestion of aplac 5 are moted in the |

Whargin. ,
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is congruent with the Ava 1 site closest to.the Eco RI
sitte. The finql compilation of restriction sites in the
insert of pEﬁPMVI and their distances are given in Figure
33. -

The restrietion mappIng of insertgicIened into
the Pst I site of pBR322 was treated similarly. For
example,-digestion’of pPMVE with Pst-1 released the
insert of 1300 bp from the vector. Cleavage with HindIII,
howevar, released a 930 base pair fragment. Ibe distance
from the Pst I site (coordinate 3612) to that of the
HindIII site of the vector (coordinate 29) is 779 base
paire. The 930 base pair distance therefore represents
the vector HindIII-Pst I distanc} plus the distance from
the Pst 1 site to the Hind III site of the insert. The
HindIII site in the insert. is therefore 151 bp from.one
Pst I site. Further digestions with HindIII and Ava 1
confirmed that the Ava I site is 600 base pairs from tﬁe‘
HindIII site as was found in pEHPMV1. This, coupled with
the coleny hybridization results suggests stfongly that
this g;deII ~Ava X fragment is the same as that found in
pEHPMYl The sizes of fragments produced by digestion of
pBEMV5 and pPMV6 are given in, Table 9 and the deduced
orientation displayed in‘FIgpée 33. Tﬁelrestriction_map
of pPMVS established that this 840 base pair insert was
distinct from that of pEHPMVl, whereas the sequences of ,
pPMV6 and pPMV8 fall within those of pEHPMV1. In total

then we obtained clones representing approximately 50% of

L4




Figure 33

prientation were

9.

Partial restriction maps of pEH PMV 1,

pPMV 5, pPMV 6, and pPMV 8.
Restriction fragment sizes and their

constructed from the data shown in Table
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the PMV genome (3300 base pa%rs). The manner in which- ~ ¥#& .

these plasmids were generated that is, using internal
priming of first strand cDNA synthesis suggests that
these inserts represent the 5! end of the RNA. Attempts
to attach a poly A tall to PMV RNA in order to facilitate
a more conventional strategy have failed. Thus cloning of

, ) ¢
the rest of PMV RNA is a task for the future.

4.3.4 Analysis of CYMV clones

Transformation of Escherichia coli with pBR322

into which double-stranded cDNA derived from.CYMV RNA had
been annealed at the Pst -1 site resulted in tetracycline
resistant, ampicillin sensitive colonies. The analysis of
these'clones followed tﬁe same initial strategy as was
applied to tne analysis of PMV clones.

First, colonies were screened for the presence
of sequences complementary to CYMV RNA by in situ colony

hybrldlzatlon using 32

P- labeled fragmented CYMV RNA as
probe. Figure 34 illustrates that most -colonies tested

} contained sequences which hybridized with CYMV RNA. The
intensity of. the hybrldlzatlon 51gnal was agaln assumed

to be an indicator of -the size of the inserted DNA
sequence. Plasmids were extracted from 30 ml cultures of
those colonies whichvdisplayed the most intense
hybridization signals. The inserted DNAs were released by
digestion of the plasmid with Bst I then sized by gei v

electrophoresis. Comparisonrof the insert sizes (Table O

¢




Figure 34

LY

L)

In situ colony hybridization of bacterial

320 end labeled

-

transformants with .
fragmented-CYMV RNA. =

Tetracycline @:, ambicillin S bacteria

generated by transformation with plasmids containing _

CYMV double-stranded cDNA iqsérté were screened by in

32

situ colony hybridization .with 1.0 x 10® cpm 3?p-end

labeled fragmented CYMV RNA as described in Figure 27.
pCYMV colonies were numbered as follows:

N
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i 10) with the hybri&ization intensity of the corresponding
~» .. . .
*colony (Figure 34) demonstrates that there was close
i } . - ' R ) A
Agreement between.the intensity of the hybridization )
$ignal and the insert size. Again, the sizes of the *
Lo - iﬁéerts did not agree ﬁith the size of the S1 nuciease » /
. treated double- stranifd cDNA used as™substrate in ‘the
Ld N

termlnal transferase reactlon (Figure 35) This again
suggested that the term1na1 transferase used may have

- been contamlnated with a DNA nlck;ng activity whlch

resulted in internal talllng of the double- stranded cDNA.
To circumvent ;Qg-use,of te;mlnal transferase

samp}eé of the S1 nuclease.éreated doublg-stranded cDNA
shown in Figure 35 were gigestéd with ohe of the
yestriFtion eﬁé;nucleases Pst I, Eco RI; Bam HI or
giEdIIE, Without further sﬁzing;JSO ng'of each digest was
ligated with 150 ng of similarly Aigested“and, |
dephosphor?lated'vectora The yesérgctibn map of pBR32Z
(Figure 31) shows that'ingeréidn‘of‘gggvﬁl or ‘HindIII

- fragmepts into their respgctive cleévage sites in‘pﬁRBZZ Q’
shoul&linactivage the tetfécycline gene.'Similarly,
insertion of Pst I fragmenfs,into the Pst I site in
pBR322 should inactivate'tﬁe émpicillin"gene. The
cléavagéfsife for Eco RI in pBR322, however falls betweén
the two drug resistant markers. Accordipgly, Eco RI

fragments were cloned into the plasmid pBR325 (Bolivar,

1978), a derivative of PBR32Z which contains a unique Eco

RI site in a gene conferring chloramphenicol. resistance

.
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Figure 35 - .* " " Electrophoretic separation of double-

sttanded CYMV'cDNA after’ S1 nuclease
treatment.

Appréximgtely 10;600 Cerenkov cpm of
double-stzanded CYMV cDNA’affer S1 nuclease treatment
(Materials and‘Methoa§, Section 4.2.&.3)‘was separated by
size by electrophoresis on a 1% (W/v) agéro§g gel under
alkaline conditions. %heqbgnds were visualized by

autoradiography of the dried gel.

. - Molecular size markers were provided

[

by a HindIII digest of xplac 5 and their.sizes (iﬁ Kb)

noted in the margin. S, '
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Table 1

pCYMV

0. Sizes of cloned CYMV cDﬁA inse;ts.
Plasmid - Size of cloned cDNA (in Kb)?
16 0.90
17 0.55
21 1.6 -
25 0.20
47 ~ 0.47
48 0.59
49 0.4
60 . ) 0.65
64 : 0.47
65 £ 2.0
67 0.20 '
69 0.74, 0.57
70 T 0.75
74 0.5
80 . 0.62
81 . N.C. «(£) -
84 /.24
91 1.1
92 0.44, 0.34, 0.26°
93 0.7 : |
94 1.0
95 0.6
- 99 0.8
100 0.7
101 1.0
105 N.C.
108 s 0.34 -
111 ) 0.355 *
118 - 1.1




Table 10. cont'd

pCYMV 139

17
43"

(c) pCE 13
56
62
81
91

(d) pCH 87
153

(e) pCB 125

¢

0.4
+0.3

0.42

0.2

0.2

1.05

0.45

0.85 _
0.3 a
0.92 ‘

.‘0.21 ‘ ‘ -

0.40
0.75
0.56

0.62
0.6
1.1

0.80 . |
0.90 ' .

. 0-78 . . ) ':".'

.C.
N.C' .

0.54 -
0.54

0.88
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Table 10. cont'd .

(a)

(b)

(c)

(f£)

Sizés were determined by ebectrophoresis of
Pst I dige;ted~DNA samples .on 1.5% (w/v)
agarose gels. ) l
RCP‘clones.are those in which Pst I digested ds

CYMV cDNA wés ligated with Pst I cleaved

pBR322. Inserts were released by digestion with

.- Pst 1.

pCE clones afexthose in which Eco RI cleaved ds,
CYMV cDNA was ligated with Eco RI cleaved
pBR325. Inserts were releas;d from the vector

by digestion with Eco RI.

Similarly pCH (d)iand pCB (e) cloﬁes refér to

d; CYMV cDNA cleaved with HindIII and Bam HI
;espectively and ligated witﬁ pBR322 similarly
cleaved. |
N.C.‘refers to clones whose inéerés were not

released from the vector by restriction.

%,
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- The bacterial transformants which grew after

v

¢ N * 13 .
transformation and selection for the appropriate

antibiotic resistances were further screened by in situ
colony hybridizetion using 32P—end labeled fragmented
CYMV RNA to select for those colonies which contained the
largest inserts (not shown). Those coloniee‘were grown,
their‘plasmids isolated and their inserts released by
digestion with the appropriate restriction eﬁzymesw The
sizes of the clcred DNA inserts are also shown in Table
10.

To our disappointment, the size of any*
individual cloned insert represented no more'thah 30% of
the 6800 nucleotide CYMV genome. However, £he sum of the
insbrt sizes (Table 10), if all fragments were different,
would span this genome more than thre times.

| As a means of further character121ng the
cloned CYMV sequences selected plasmlds were grown in
large scale eultures, the plasmids extracted, purified on
CsCl gradients then Subjected to digestion with numerous
restriction enzymes. Table 11 lists those restriction
enzymes which cleaved within the inserted eequence of
each of the plasmids tested. Comparison of the
restriction\enzyme cleavage sites within eaeh insert
indicated that some cloned inserts did contein sequences
representing different regibns of the CYMV genome. For
example, the 2000 bp insert of pCYMV65 had recognition

?

sequences’ for the enzymes Ava I and Kpn I, whereas the



1600 bp insert of pCYMV21l contained recognition sequences

“for Sph I and Eco RI. Since no Pst I sites were_found in

these inserts, the two ézg I‘cleavage sites of the 1100
6p insert of pCP43 which was cidned as a gét I fragment
must be ynique. Similarly, the Eco RI site in the 880 bpw
insett with Bam HI ends derived from pCB125 must be
unique. Also a small 210 bp insert derived from pCYMV 189
contained sites for both Xba I'and Pvu II clearly
differentiabing this insert from that of dther clones.
These 5 reeombinant plasmids span a total of 5790 bp
which represents 85% of thetCYMV genome.

" The orientatioﬁiof %esttiction sites within
these inserts was then determined using multiple

restriction enzyme digestions ITeble 12). Since the ends

of each insert have identical restriction enzyme

‘recognition sites, the orientation of sites within the

»

insert was mapped relative to their corresponding
restriction site and/or the Pvu II site in the vector.

For example, digestion of pCYMV 65 with Ava I and Pst I

.resulted in three fragments of 2200 (a doublet), 1075 and

960 bp. The distance from the Pst I site where the

fragment was inserted moving clockwise to the Ava I site

-

of the vector is 2174 bp. Moving counterclockwise from

the other Pst I site through the Pvu II site to the Avg 1
. - — .

sitg\;ib:he vector is 2188 bp. The 1075 bp and 960 bp
fragm

therefOre represent the distances from the Ava '

I site in the 2000 bp insert to the Pst I sites at either
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end. The orientation of the Ava I 'site relative'to the
vector cannot be discermed through this digestion alone.

The orientation of theUAva I restriction site was

.therefore determined relative to the orientation of the

Kpn I site. Digestion of pCYMV 65 with Kpn I and Pst I

divided the insert into two fragments, 1250 and 700 bp in

" length. Digestion with Pvu II and Kpn I also yielded two

fragments of 3600 and 2900 bp. Since Kpn I does not
cleave within the rector the 2900 bp ‘fragment therefore
represents the distance from the Pvu II site of the
vector to the Kpn I site withln the insert. Subtracting
the distance from the Pvu II site to the Pst T site (1547
bp) in the vector, results rn a calculated distance of
1353 bp The Kpn 1 site is accordlngly 1250 bp from the
left end of the insert and 700 bp from the right end. The
ag; I- Ava I distance (340 bp) within the insert is
therefore consistent with the placement of the Ava I site
960 bp from the left end of the insert. The orientations
of restriction sites in other inserts were determined
‘using similar logic and are shown in Figure 36. The
orientations of the restriction sites in each insert as
well as their relative separation confirmed that each was
located inldifferent regions of tHe CYMV genome.

To, address thie problem of how these clones are

oriented with respect to one other -and with respect to ‘

;‘e genome we again resorted to in situ colony

bridization. Essentially we "walked'" from a fixed point
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Table 12. Fragment Sizes produced by'restrictién .

enzyme digests of plashids containing. CYMV .

ingerts.
Plasmid Cleavage by ~ Products (bp)a’b
pCYMV 21  Pst I .+ 4300, 1600
| Sph I 3250, 2600
sph 1 + Pst I ° 3100, 1400, 1300, 395
Eco RI " 3900, 1300 SR
Eco RI + Pst I 3500, 1200, 740, 500
' Eco RI + Pvu IT - 2750, 2200, 1380
" Eco RI + Sph I 3500, 1300, 800, -550
pCE 62 Eco RI 4300, 780
_ BamHI_ ~ 4500, 500 A
Pst 1 + Bam HI 3200, 1400, 500
Bam HI + Eco RI © 660, 115
pCB 125 Bam HI 4300, 870
Bam HI + Eco RI . 660, 385, 210
Eco RI | >80 -
- pCYMV 171 Pst I . 4300, 850
- Pvu II + Bam HI 2900, 2200
Bam HI + Eco RI ~ . 600, 385, 115
Bam HI + Pst I 640, 200
Eco RI + Pst I ,: 700, 82



pCYMV 60 @ Pst I

: Téblq\12. contid

pCE 56 Eco RI

.Sph I
HindIII

I h I
Eco RI + Sph ]

Eco RI + HindIIlI

- Sph I + HindIII

L3

HindIII + Pst I
HindIII + Pst I &
Eco RI + Pst T

Eco RI + HindIII

Eco RI + HindIII +
Pst 1

pCYMV 176 Pst I

Sph I
HindIII
*Eco RI

Pvu I1I

Sph I + Pst I
HindIII + Pst I
Eco RI # Pst'I
Pvy II + Pst I
‘¥ba I + Pst I
_# Eco RI + Pvu II

" Eco . RI « Xba I

———

pCYMV--189 Pst I
~ Pvu II + Pst I
Xba I + Pst {1

4300,

4100,
200
560,
700,
530,

4300,

3600,
337,

750,

170
337,

A4

540, 360
170

370, 360, 200

700
550 (d)
1550, 800

120,
310,

210

118,
133,

800
70 -
70

95
80
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Table 12. cont;'d~

pCYMV 101 Pst

pCYMV 65

pCYMV 69  Pst

2

’

I

I+ Pst I |

I + Eco.RI:
11 :

4
IT + Eco R4
I + Pst 1

Pvu II

+ Pst I

[an B e D S e D o B o B o B o
+

+ Ava 1

pCP 43 Pst I

pCYMV 92  Pst

I + Pst I

4300, 1100

4300, 900 -
4400, 900

3700, 1600

2000, 1650, 1600
4300,. 900

4300, 2000

3400 (d) - - |
2200 (d), 1075, 960
3300, 2600, 650 .

5800

4300, 125Q, 700 ,
3600, 2900 '

—— —

3100; 2800, 340
4300, 740, 570

4300, 1100 " o

4800, 650

600, 400, 100

440, 260, 340

- a. DNA fragments which correspond to vector

sequences are underlined with a solid'line." Those

which ‘contain both vector and insert sequences are

underlined witﬁ a broken line énd thoée which

correspond to inéert'sequences are not underlined.

\

°

\
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Table 12. cont'd

b. Digestion productéffesolved on 1% agarose gels were

determined using an Eco RI + HindIII digest. of

» plac S as molecular size marked.
Digestions which produced fragments Iess than 600 bp.

were resolved on 6% polyacrylamide gels. Fragment

sizes shown are %nly those ‘resolved by the gel.
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’ :
of reference within our library of CYMV sequences to

ad jacent sequences. The hybridization probes used in this
case were cloned DNA inserteﬁpurified from either agtose
or polyaérylamide gels. After purificat@on, the inserts
were 32P—labéled by nick-tr&nslation (see Materials and
Methods, Section 4.2.9.2.ii). The results are summarized
in Table 13 and some representative colony hybridizations

-

are shown in the apbendix, Figure Al. .
As neted in Table 13 the ,nsert from pCYMV 21
hybridized only to the colorly bearing the plasmid from
which it was derived. Inserts derived from pCYMV 65,)
pCYM& 60 and pCYMV. 101, however, hybridized to a number
of colonies. In pérticular, all three inserts (65, 60 and
'101) hybridized to the colony havbouring plasmid pCYMV
176. A prelimiéary screening with restriction enzymes
(Table 11) had established that the;e four cloned inserts
shared some restriction sites. The orientatioﬂ of the
restriction sites in these plasmids was'determined (Table
12 and Figure 36). The results established that part of
the sequences of pCéhV 101 was nested within that of
pCYMV 65. The restriction map of pCYMV 101 established
that the Pvu II and Xba I cleavage sites were to the left

side of the .insert as it is oriented in the vector. pCYMV

189 was found to hybridize with'ﬁbe insert from pCYMV 101

and was known to be a small (210 bp) insert (Table 10)
containing the Xba I and Pvu II restriction sites (Table
11). This plasmid was used, therefore, to establish the

- ‘ ‘ <

Al
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dist?hce between these two sites. Similarly, the

restriction-digests of pCYMV 60 revealed a 70 bp Eco RI

fragment which was init}ally miséed in the digestions of
pCYMV 176. The-hybridization of the Eco RI - HindIII
fragment of pCYMV 60 established fhat part of its
sequence was nestéd within that of pCE56 which contains a
900 bp insert with unique Eco RI ends. Again, the
orientation ofrrestriction,sites confirmed their
relatedness using this technique the insert of pCYMV 65
has beeq;oYé;lapped some 1300 bp. The hybridization of
the 960 bp Ava I-Pst I fragment of pCYMV 65 (i.e. from
its 'right' end in Figure 36) to colonies lysed in situ
revealed that plasmf&s pCYMV 6? and pCYMV 74 shared
sequence homologies with this énd. The size of pCYMV 74
(SOOlbp, Table 10) was-smaller than the probe and -
therefore might have sequences.nésted with the Ava I-Pst

s A
I fragment. The insert of pCYMV 69 was, however, unique

. o
in two ways. First, it contained a Pst I site within the

' insert and secondly, t?e insert of pCYMV'69 annealed with

a probé made from the insert of pCP43 which has unique
ggg.liends.'The inéert of pCP43 also hybridized with
pigsmid pCYMV 92 wﬁLch has two Eggui sites within its
insert. Neither péYﬂVr69 nor pCYMV 92 were subjected to
further analysis due tg problems we encountered with
their stability.-Thus, the inserts of pCYMV 69, pCP43 and
pCYMV 92 have been oriented (Figure 36) to produce the

maximum overlap of fragments. With maximum overlap, the

’
LY .
Lo

’ ‘ . v
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>
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/% ' | - e .-
Figure 36 h Partial restr%gtién map ,and '
restrict&on.éite orientation of pCYMV ]
e ' . - inserts Qh%ch span the CYMV RNA
genome. D
~. "7 Restriction Sit%f and orientation of

fragmenfs were derived.from data in Table 12. The left

hand end of the insert as orientated in the plasmid

14

vector is indicated 'with an *.
Ty -
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s
insert of pC 65 is overlappéd 1770 bp in the right
hand direétion. Our tentative map at. this point spans

" 5070 bp from the en& of pCE56 to the end of pCYMV, 92,
centred on pCYMV 65 (see Figure 36). Since none of the
fragments-analyzed thus far contained Egm HI sites, the

insert from pGB 125 which has Bam HI termini was

hybridized to cplonies in situ. Two clones pCYMV 171

(thought to be 1200 bp at the time) and pCE62 (because it
bad unique Egé RI ends’ were gelecﬁed and further
characterized by rgsﬁﬁiétféédfgestibn. The orientations
in‘Fiéuré 36 arewadhsist;nt wifh.tbé restriction data
given in Table 12. As the data stand, however, these
three plasmids, pCYMV 171, pCB 125 and pCE62, which
comprise 1050 base pairs do not, overlap with any‘others
in our.£entative map. We have arbitrarily assigned this
insert group to thg left side of our map (Figure 36). In
total, thg plasmids mapped ih.Figure 36, span roughly
6100 nucléotides ér 90% of the 6800 nucleotide genome.

| An unsolved problem is the assignment to our
map of the 1660 bp insert in pCYMV 21. This plasmid (part
of the series pCYMV 16 to pCYMV 49), was constructed in a
separate experimgnt from a different pre ration-of cDNA.
- The disposition of restriction sites in z§§mv 21 is
incompétible g};p the present map. We do not know,

however, whether this is a clgning artifact

‘ (rearrangehent) or .a bona-fide pfoduct.

ek eny W
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4.4 Discussion °

|

The work presented in this chapter reports the
cloning of PMV and CYMV RNAs. We were disappointed in .
~both cases in not being able to construct single plasmids
congaining DNA fﬁsert representing the entire génome. In
addition, none of the clones constructed from either PMV

or CYMV RNA was found to express the respecéive coat
protein in E. coli as determined‘by an in situ colony
« immunodetection assay which was sensitive to 1 ng of coat
protein (data not shown; Kemp and Cowman, 1981). Also
none of the recombinant plasmids tested would produce
recognizablé products in an E. coli cell-free system in
which transcription and trgnslation are coupled (data not
shown; Mackie, 1977). Clone pCYMVI92, howgver, was found
in preliminary experiments to inhibit cbat protein
synthesis in hybrid-arrested translation of CYMV RNA
(data noteshown; Patterson et. al., 1977).
The terminal location of pCYMV 92 in our map (Figure
36) is fully consistent with our placement of the coat
protein coding sequences towards the 3' end of the genome
(Chapter, 3). DNA sequencing experiments to be performed
in collaboration with Dr. M. Abouhaidar (University of
Toronto) should confirm this.‘ |
Two other approaches to identify pla;mids containing
3' or 5' terminal viral sequencgs have failed. In one

case (for 3' ends) we attempted to purify polyadenylated

products of an RNAse III digest of CYMV RNA. The probe

2135
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Qas oﬁviously not pure as all colonies tested responded
positively. Wé attempted to construct a 5' probe by
protécting CYMV RNA from partial nuclease digestion with
coat protein. Ag;in the resultant probe was apparently
impure. a

We had not anticipated our failure to generate
nearly full length cDNA clones when we began this work.
- First, making.full’lengthlsecond—strand cDNA on first
strand templates of 6000 nucleotides ér greater is
difficult. This probiem Eaf.aISb been encountered in
attempts to prepare full length ds cDNA to TMV RNA
(Goelet et. al., 1982, Meshi‘gg; al., 1982) Secondly, the
DNA nicking activity associated with the terminal
transferase clearly illustrates that the quality of the
enzymes used at all stages is crucial to such an
undertaking. We feel, nonetheless, that the cyones we
have constructed will enormously facilitate the
determination of the nucleotidg sequence.of CYMV and PMV

RNAs. These ciones should also be of considerable value

An probing viral replication in vivo. Furthermore, this

work has established some guidelines which may aid future
attempts to clone larger full-length double-stranded CYMV
cDNA. For examplé,.glg I" was found not to cleave within
any of the recombinant plasmids bearing CYMV inserts.
‘Thus, attaching Cla I linkers to the ends of &he double-
stranded cDNA (Goodman and MacDonald, 1979) should '

provide a means of cloning without cleavage within the
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insert. Secdndfy, the finding that full length first—
strand synthesis can be accompllshed using methylmercury' ‘B
hydroxide suggests that cDNA made to purifled plus and
minus strands (replicative Lntermediates) of CYMV™ RNA may
be a successful alternative to create full length S
double-stranded cDNA; (Taniguchi et. al, 19785 Both et.
al., 19825. Another alternative would be to empioy a
recent method (Okayama and Berg, 1982) Which is'claimed
to‘be more efficient for cloning largee messenger RNAs.

The importance of eventually’obEaining'a full-length

cDNA to a plant viral genome, is the possibility that it

may be infectious in vivo. Such. was recently found to be

the case for a full-length cDNA copy of poliovirus RNA
(Rancaniello and Baltimore, 1982). If this could be
accomplished for plant virus genomes as well, it would
allow ‘the construction of defined mutants Wthh would

enhance our understanding of expression and replication

- of plant viruses
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SUMMARY

As noted in Chapter 1, the technique of in vitro

‘translation as applied\po plant viral RNA genomes has

provided a means for determining what proteins are
enco?eg by plant viral genomQS as well as a means of
localizing the regions of the genome which encode each
prbtein. Furthermore, in vitro translation has provided
insight into the E;anslatiqnal strategy or how the
infofmation within, the genome is converted into that of
discrete protein. At the time that this study was
initiated, information of_tﬁi§ nature was unavailable for
a group of morphologically related plant viruses known
collectively as the potéxvirus"groupﬂ To characterize.
further the physicalland functional properties of
potexviralgRNA genomés we have applied the gechniques of

e . :
in vitro translation and cDNA-RNA hybridization to the

genomes of potexvirus members whose morphology and
architecture were well charactérized, namely, papaya

mosaic virus (PMV), clover yellow mosaic virus (CYMV),

barrel cactus virus (BCV), foxtail mosalc virus (FIMV)

L]

r

* and viola mottle virus (VMV}).

The méjor findings desé;ibed.ianhis report are as

follows: .
e

-
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~

The RNA genohe of each potexvirus member tested

consisted of a single component of approximately 2.2

x,lO6 daltons which within the limits of detection

were aevoid of any low molecul;r weigﬁt‘components.
PMV and CYMV RNAs direct "the trénslation of numerous
polypeptide products in‘eipher wheat germ extracts
of rabbit reticulocyte lysates. In each case, three
ma jor productslare reproducibly encountered. The
majpr products directed by PMV RNA have apparent
molecular weights of 155 000, 73 000-and 22 000

daltons whereas those directed by CYMV RNA have

fappérent molecular weights of 182 000, 76 000 and/*\

20 000 daltons. The 22 000 and 20 000 dalton :

polypeptides directed by PMV and CYMV RNA

" respectively, comigrated on SDS-polyacrylamide with

their respective coat pr?yéins..

Peptidg mapping has revealed that the high molecular
weight polypeptides (i.e. 155 000 and 73 000 dalton)
as well as many f the minor products of PMV RNA

franslation are related. The sequences of the 73 000

241

— —  —-+—— . dalton protein are most likely nested within that of

the 155 000 dalton protein. These high molecular

weight polypeptides are, however, unrelated to that

. of the 22 000 dalton protein. Similarly, the 182 000

and 76 000 dalton products specified by CYMV RNA
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shared peptides in common and as such are related.
"However, the peptides of the 20 000 dalton préducc
were unique. '

The 22 000 and 20 000 dalton in vitro polypeptides
’sﬁec1f1ed by PMV and CYMV: RNA respectlvely were
( 1mmunoprec1p1tated by affinity purlfled antisera

N
. . .. R . '
raised against their respective coat proteins and

thus share antigenic determinants with their
respectlve coat proteins. Such antisera did nét
react with the high molecular weight polypeptides in
either case. Furthermore, comparison of peptides of
the CYMV RNA dlrected 20 000 dalton. product with
that of CYMV coat protein again suggested that the
- two were related.

Sub;lral particles generated by partlal
encap51dat1on of elther PMV or CYMV RNAs were found

to be pipplates for in vitro translation. Part1a1

encapsidation led to & substantial enhancement in

the yield' of the rgective in vitro coat protein

and a concomitant reduction in other products.. By

4correlating the disappearance of the in vitro

products with the extent of encapsiaation of the RNA

it was possible to construct a tentative map for
p%ﬁﬁch,genome. In each c;se, the.;igh molecular weight
broducté‘were localized towards the 5' end of the -
genome wherea; the coat protein was"loqglized

. towards thE«j' end.




e
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.6. The genomic RNAs.of.BCV, FTMV and VMV directed the

L S
‘synthesis of numerpus polypeptides in vitro, none of
which comigrated with their respective coat

- . .
proteins. ) . < '

7. Our finding that théa$or§hologica1 relatedness of
members of this_groﬁp apéeareq not to be a reliable
indication of the functionaifﬁehqyior‘of the
corresponding RNAs led us to examine e
relationship of these viral genomes at the level of
nucleotide sequence. Using'RNA—cDNA hybridization we
found that no homology exists between the . genomes of
all members of the potexvirus group E;sted, wiéh‘

W

~
-

dther unrelated viruses.
It is no surprise that this work ﬁas created more ;
' questions than it has answered. There are many direttions
“

this work could proceed. Pérhaps, the most important
direction would be to resolve. the mechaniém by which coat
protein is expressed from eitﬁer PMV or CYMV genomic RNA.

This could be achieved in several ways; by using in vitro

translation systems comﬁoséd of purified components to
minimize degitgation of the RNA during translation, or by
analyzing the‘'nature and translatability of RNA found in
'polysomésﬂ For this latter method, it would be‘helpful to
have ‘a QDNA clone to the region of the genome which -
specifies the coat protein. Anoéher’direction would Ee to
,3é£ermine the mechanism by yhich coat protein is

-

- expressed from the genomes of BCV, VMV and FTMV. Since

el
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their genomic RNAs did not direct tﬁe synthesis of coat
protein duri;g translation in xiggé‘it seems likely that
they may produée an L@C RNA in vivo in a manner analogous
to that described for TMV. Detection of such an LMC RMA
v . could be vaccomplished by using cDNA probes to analyze
' viral RNA sequences made in vivo ﬁsing the ‘method used to

analyze CYMV RNA sequences in vivo described in Chapter -

2.

Finally, as described in Chapter 4, tMe construction
of full length cDNA clones to potexviral genomes would
facilitate answering questions with regards to the
)

structure and eéxpression of their genomic RNAs and

‘provide a means of analyzing the relationship and

function of the genome specified products.
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Figure AL = In situ colony hybridization of pCYMV
clones using labeléd CYMV ds DNA |
: . P oo -
sequences as probe., .. " : g
DNA inserts wefé rgiéaéed and purified
from their’ plasmid vector as descrlbed in Table 13.
Inserts were labéled by n1ck translatlon (Materials
anﬁlMethods, Section 4 2 9.2.ii7) then hybridized to
the DNA‘of bacterial colonles whlch had been
‘immobiliéed on nitrogellulose filters as described in v
Maﬁerials.and Methods, Section 4.2.9.3. The inserts
used as probe'areﬁpé followsz ' #

. a. pCYMV 65, b. pCYMV 101, c. pCE 56, d. pCB 125, e.

- i

Eco RI - Bam HI fragment of pCYMV 171, f. Eco RI - 2'
gigdlli fragment of pCYMV 60. ,
Y . ‘The colonies probed ir a, b and c were '
those of template a; colonies proéed in d?ge and /f . .
were those of template 'b. . ~'q ’ “
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