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ABSTRACT

A novel technique is described for the production of pure, full-
length influenza virus ds DNA's corresponding to each segment of the influenza
virus genome, and suitable for molecular cloning and restriction endonuclease
mapping. The method involves the synthesis of DNA complementary to both
virion (negative strand) and messenger (positive strand) RNA, gel purifica-
tion and annealing. By avoiding the use of SI nuclease, which often removes
the terminal regions of DNA duplexes, the method allows transcription of the
total sequence information of influenza virion and messenger RNA's into a ds
DNA form.

INTRODUCTION

For sequence analvsis of RNA from a variety of sources, the production
of corresponding double-stranded DNA's (ds DNA's) is of great value, since
this allows analysis of the primary structure either by restriction endo-
nuclease mapping, or by total nucleotide sequence determination by established
rapid DNA sequencing techniques after molecular cloning and amplification
in bacteria. 1In recent years many reports have appeared describing methods
by which ds DNA's can be produced from an RNA molecule, most of these invol-
ving B-globin or ovalbumin mRNA as the RNA source (1-5). Typically, the RNA
is used as a template for the synthesis of a single-stranded DNA copy using
the enzyme reverse transcriptase. It has generally been found that the 3'
end of these cDNA products fold back upon themselves, forming a hairpin loop
structure which allows the 3' end to act as a primer for the synthesis of a
second strand of DNA complementary to the first using reverse transcriptase
or polymerase I. The resulting ds DNA molecule is covalently closed at one
end and can be converted to an open duplex by the use of SI nuclease. The
production of influenza virus ds DNA's by this method, using influenza virus
genome RNA polyadenylated in vitro as the initial template, has been des-

cribed (6). One disadvantage of this method is that the use of SI nuclease
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results in the loss of a portion of the terminal sequences of the ds DNA.

The influenza virus genome is comprised of eight negative-stranded RNA
segments (7), each of which is transcribed in vivo into corresponding dis-
crete mRNA species (8). These mRNA species are not exact transcripts of the
virion RNA segments but contain additional host derived sequences of approxi-
mately 15 nucleotides in length at the 5' end (9), and at the 3' end lack
20-30 nucleotides complementary to the 5' end of virion RNA (10). This paper
describes the synthesis of single-stranded DNA copies of both classes of RNA
and their subsequent hybridisation to produce ds DNA's which represent the
structure and properties of the genome segments of influenza virus, and can
be used for sequence analysis of both the influenza virion RNA segments and

their in vivo mRNA transcripts.

MATERIALS AND METHODS

Materials

ATP:RNA adenyltransferase was purified as described by Sippel (11) from
E. coli MRE 600 cells (MRE, Porton Down). Reverse transcriptase purified
from avian myeloblastosis virus (Lot No. G-179) was supplied by the Office
of Program Resources and Logistics, Virology Cancer Program, Viral Oncology,
Division of Cancer Cause and Prevention, National Cancer Institute, Bethesda,
Maryland. Calf intestinal phosphatase and polynucleotide kinase were
obtained from Boehringer, restriction endonuclease Hind III from Miles
Research Ltd., SI nuclease from Sigma, and Pronase from Calbiochem.

The primers p (dT) and p(dT)sdA were obtained from P-L Biochemicals,

12-18
and cycloheximide, bovine serum albumin and phage A DNA were obtained from
Sigma. [ a-32P] dTTP (>350 Ci/mmol), [3H] dTTP (15-30 Ci/mmol), and [Y—32P]

ATP (>2000 Ci/mmol) were all obtained from the Radiochemical Centre, Amersham.

Purification and polyadenylation of influenza virion RNA

Fowl plague virus (Rostock strain) was grown in fertile hen eggs and
purified by sucrose gradient velocity centrifugation as described by Inglis
et al. (12). Purified virions were disrupted in 0.1M tris-HCl, pH 7.5,
0.05 M NaCl, 0.01M EDTA, 0.5% SDS and digested with 0.5 mg/ml Pronase for
1 h at 37°%. Total RNA was extracted with phenol:chloroform (1:1) and the
aqueous layer precipitated twice with ethanol. The purified virus RNA was
resuspended in H20 to a final concentration of 0.5 mg/ml, as determined by
UV absorbance (1.0 ODygq = 40 pg/ml).

Virus RNA was polyadenylated at the 3' end using ATP:RNA adenyltrans-
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ferase (11,13). The reaction mixture for RNA polyadenylation contained 50
mM tris-HCl pH 7.9, 10 mM MgClz, 2.5 mM Mnclz, 0.2M NaCl, 0.5 mg/ml bovine
serum albumin, 0.1 mM ATP, 200 pg/ml virus RNA and 1/10 volume of enzyme.
After incubation at 37° for 10 min, the reaction was terminated by extrac-
tion with an equal volume of phenol:chloroform (1:1). The RNA was precipi-
tated twice with ethanol, resuspended in 520 to a final concentration of
0.5 mg/ml, and stored at -70%.

Isolation of influenza virus-infected cell mRNA

Primary chick embryo fibroblasts were infected with influenza virus,
harvested and the cytoplasmic RNA extracted as described by Inglis et al.
(14), except that the cells were treated with cycloheximide (100 png/ml) from
2.5 h post infection (15) and harvested 4.5 h post infection. Poly(A)-con-
taining RNA (mRNA) was purified by oligo (dT)-cellulose chromatography essen-
tially according to Glass et al. (16), except that the RNA binding buffer con-
tained 0.4 M LiCl instead of 0.4M NaCl, and the RNA bound to the column was
washed with 0.1M LiCl, 10 mM tris-HC1l pH 7.4, 1 mM EDTA, and 0.1% SDS before
elution. Following elution, the mRNA was precipitated twice with ethanol, dis-
solved in 820 to a final concentration of 0.5 mg/ml, and stored at -70°C.

Synthesis of cDNA

Single-stranded, complementary DNA was synthesised in a reaction mixture
containing 50 mM tris-HC1l pH 8.3, 10 mM chlz, 20 mM 2-mercaptoethanol, 0.4
mM dATP, 4CTP, 4GTP, 50 uM 4TTP ( a-32P or 3H -labelled), 100 ug/ml primer,
60 ng/ml RNA (mRNA or polyadenylated virion RNA) and 150 units/ml of reverse
transcriptase. Incubation was at 46° for 1 hour. The primer used was dif-
ferent for the two classes of RNA; for mRNA, the reaction was primed with
p(am 12-1
latter will hybridise specifically to the 5' end of the poly(A) tail since

a8’ but for the polyadenylated virion RNA p(dT)edA was used. The

the 3' terminal nucleotide of influenza virus genome RNA is known to be U
(17). Pollowing incubation, the solution was made to 0.0lM EDTA, 0.1M
NaOH, incubated at 60°C for 30 min, neutralised with HCl, 5 ug tRNA carrier
added and the DNA recovered by ethanol precipitation.

Gel electrophoresis

RNA and single-stranded DNA were electrophoresed for 15 h at 300V on
2.5% polyacrylamide gels (40 x 20 x 0.15 cm) containing 90 mM tris-borate,
2.5 mM EDTA and 7 M urea (pH 8.3). The wet gel was exposed to Kodak X-Omat
H film at -70°C with an intensifying screen.
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Double-stranded DNA's were analysed by electrophoresis for 15 h at 150V
on 1.5% flat-bed agarose gels (24 x 18 x 0.5 cm) containing 40 mM tris, 8 mM
Na acetate, and 0.4 mM EDTA, pH 7.9. Agarose gels were dried down under
vacuum before exposing to Kodak X-Omat H film.

Production of ds DNA

Individual cDNA's were eluted from gel slices by soaking for 16 h
in 0.5 M NH4 acetate, 5 mM Mg acetate, 1% SDS, and the DNA recovered by
ethanol precipitation with 40 ug tRNA carrier (18). Corresponding cDNA's
were dissolved in 10 mM tris-HCl pH 7.6, and prior to mixing, boiled for
30 seconds and cooled on ice. They were then mixed together in a volume
which ensured a final cDNA concentration of greater than 1 pg/ml, and an
equal volume of 20 mM tris HC1 pH 7.6, 2 M NaCl added. The mixture was
incubated at 70°C for 16 h in a sealed glass capillary and the ds DNA

recovered by ethanol precipitation.

End-labelling of RNA and preparation of DNA markers

The 5' termini of RNA were dephosphorylated by incubation at 37° for 30
min with calf intestinal phosphatase purified as described by Efstratiadis
et al. (19). The phosphatase was removed by phenol extraction, and follow-
ing ethanol precipitation, the RNA was 5' end-labelled in a mixture containing
polynucleotide kinase and [Y—32P] ATP and incubated at 37° for 30 min (17).
For the production of DNA markers, phage A DNA was digested using Hind
III under the conditions recommended by the suppliers. The restricted DNA
was 5' end labelled using polynucleotide kinase and [Y—32P] ATP as described
by Miller et al. (20). The molecular weights of the restricted fragments
are from Murray & Murray (21).

SI nuclease treatment

SI nuclease treatment was carried out by incubation at 37°¢ for 30 min
in reaction mixtures containing 30 mM Na acetate pH 4.6, 50 mM NaCl, 1 mM

Znso4, DNA and SI nuclease as indicated.

RESULTS

Polyadenylation of influenza virion RNA

Influenza virion RNA was polyadenylated in vitro at the 3' end using
the enzyme ATP:RNA adenyltransferase (11,13) prior to labelling of the 5' end,
and electrophoresed in parallel with 5'-labelled virion RNA in a polyacryla-
mide-urea gel (Fig.l, tracks a & b). The eight RNA segments which range in
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Fig, 1. Polyacrylamide gel electro-

a b C d e phoresis of influenza virus RNA and
influenza virus-specified cDNA pro-
ducts.,

(a) 5' end-labelled virion RNA
polyadenylated in vitro.

(b) 5' end-labelled virion RNA.

(c) internally 32p-labelled cDNA
synthesised from 1 pg virion RNA
polyadenylated in vitro.

(d) internally 32p-labelled cDNA
synthesised from 1 pg mRNA.

(e) internally 32p_1abelled cDNA
synthesised from 1 pg non-poly-
adenylated virion RNA.

size from 900 to 2400 nucleotides in length can be identified, with segments
1 and 2 comigrating in this gel system (7,22). Polyadenylation resulted

in a slight decreased mobility of each segment, and degradation of the
virion RNA was negligible. Evidence from the polyadenylation of virion RNA
with [3H] ATP as substrate indicated that this shift in mobility was due to
the addition of adenylate residues, and that under these conditions approxi-

mately 400 pmol of AMP are added per ug virion RNA (data not shown).

Reverse transcription of influenza virion and messenger RNA's

Influenza virion RNA polyadenylated in vitro, and mRNA extracted from
influenza virus-infected cells were used as templates for cDNA synthesis by
reverse transcriptase, following which the RNA was destroyed by hydrolysis

with NaOH. Analysis of the products by gel electrophoresis indicated 8
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major species which migrated more slowly than their corresponding templates
(Fig.l, tracks b, ¢ & d). The similarity between the patterns obtained on
electrophoresis of the cDNA products produced from both classes of RNA and
the electrophoretic pattern of virion RNA indicated full length transcription
of all 8 RNA segments as has been observed elsewhere (22).

The background of minor cDNA products was presumably produced due to
premature termination of reverse transcription and transcription of frag-
ments of the templates. 1In addition, the pattern of cDNA synthesised in
response to virion RNA indicated that not all templates were transcribed
with the same efficiency, since although the individual in vitro polyadeny-
lated virion RNA segments were present in equimolar quantities (Fig.l, track
a, and ref.7), the corresponding cDNA's were not. This differential trans-
cription was not related to the degree of polyadenylation or the amount of
reverse transcriptase used in the reaction (data not shown), and could re-
present uneven priming or the different secondary structure of individual RNA
segments. DNA copies of influenza virus mRNA were not synthesised in equi-
molar amounts, since the cDNA's corresponding to segments 4 & 5 were over-
represented, and the cDNA corresponding to segment 6 was underrepresented
relative to other segments. This uneven representation may be due in part
to the relative transcriptional ability of each mRNA template as shown above
with the virion RNA template, and in part to the relative abundance of each
message. It has been well established by a variety of techniques, including
cell free translation (23,24), hybridisation studies (25), and the direct
electrophoretic analysis of labelled mRNA's following hybridisation with un-
labelled virion RNA (8), that there is an unequal representation of influenza
virus mRNA's “in the infected cell, and this overall pattern of representation
of each mRNA is reflected in the pattern of the cDNA products shown here.

It is also clear from the pattern of the cDNA synthesised that the majority
of the mRNA in the infected cell is influenza virus-specified.

In the absence of polyadenylation, influenza virion RNA does not direct
the synthesis of corresponding full-length cDNA's (Fig.l, track e). A promi-
nent low molecular weight product and some additional minor products can be
seen which occur either by hybridisation of the primer to internal sites
in the template, or by self-priming of the reaction due to the presence of
hairpin loops at the 3' end of the virion RNA. This clearly shows that
polyadenylation and priming are necessary steps for the production of full

length cDNA products.
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The production of influenza virus ds DNA's

For the production of influenza virus ds DNA, the two classes of
influenza virus cDNA, i.e. cDNA to virion RNA and cDNA to mRNA, were annealed
together, and on analysis by electrophoresis in a non-denaturing agarose
gel, bands were observed which corresponded in molecular weight to that of
influenza virus ds DNA (Fig.2, tracks a & e). There was, however, an ex-
ceedingly high background caused by the hybridisation of incomplete cDNA
transcripts. Treatment with SI nuclease reduced but did not remove this
background by degrading the single-stranded regions of these partial hybrids.
Indeed, it was observed that this treatment led to a reduction in size of
the ds DMA's, and that the extent of nucleotide loss from the ds DNA's in-
creased with the amount of nuclease used (Fig.2, tracks b, c & d).

To overcome the problem of contamination with partial hybrids and the
sequence loss from SI nuclease treatment, selection for full length trans-
cripts of individual virion RNA segments and messenger RNA's was made at
the level of single-stranded cDNA synthesis. Labelled cDNA was synthesised
from virion RNA, and non-labelled cDNA from messenger RNA, and the individual
CcDNA segments excised and eluted from a polyacrylamide-urea gel as in Fig.l.

Fig. 2., Hybridisation of unfraction-
m a b c d e ated cDNA synthesised from mRNA and
virion RNA polyadenylated in vitro.
7 Internally 32p-labelled cDNA synthe-
g sised from virion RNA polyadenylated
L= e in vitro was annealed together with
a 2-4 fold excess of unlabelled cDNA
28— = synthesised from mRNA and samples
analysed on a non-denaturing agarose
gel (ag&e). Further samples, estimated
to contain approximately 2 pg of total
nucleic acid, were treated with 0.2(b),
2(c) and 20(d) units of SI nuclease.
Molecular weights (x 10~6) are derived
from the Hind-IIIA markers (m).
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Analysis of the individual labelled cDNA segments on a non-denaturing
agarose gel indicated only a trace of contamination by incomplete segments.
Also, some of the cDNA segments (tracks 5s, 7s & 8s) migrate as doublets
in this non-denaturing gel system. Vhen individual labelled cDNA segments
produced from virion RNA were annealed together with an excess of the cor-
responding non-labelled cDNA segments derived from mRNA, the resulting ds
DNA's showed a considerably lower mobility than the non-annealed segments
(Fig.3, tracks labelled d), and the overall pattern of the individual ds ‘
DNA's showed the characteristic pattern obtained on electrophoresis of
influenza virion RNA and both classes of single-stranded cDNA products
(Fig.1) .

It is clear from comparison with the mobility of the molecular weight
markers that these species represent complete 'ds DNA copies of each of the
influenza virus genome segments. Sleigh et al. (22) recently determined
the chain length of influenza virus genome segments 1 & 2 to be 2390 nucleo-
tides; thus ds DNA's corresponding to these segments will have a molecular
weight of 1.6 x lO6 daltons. Figure 3 (track 1/2, d) shows that these ds
DNA's comigrate exactly with the 1.6 x 106 MW marker. When equimolar amounts
of corresponding cDNA segments are annealed together, the entire sequence
information is converted to a ds DNA form (data not shown) giving rise to
individual ds DNA's with no detectable contamination by non-annealed

sequences, partial duplexes, or ds DNA's derived from any other segment.

DISCUSSION

This paper describes a new method for the production of influenza virus
ds DNA's which makes use of the fact that the virion RNA segments are of
opposite polarity to the virus mRNA segments. By annealing together the
single-stranded DNA copies of virion RMA and messenger RNA made using reverse
transcriptase, we have been able to produce individual ds DNA's correspond-
ing to each of the influenza virus genome segments. These individual ds
DNA's are free of contamination by ds DNA's derived from any other segment
and of sufficient chemical purity to act as substrates for restriction
endonucleases (data not shown). This approach has two main advantages over
a previously described method for the production of influenza virus ds DNA's
(6). First, the process of duplex formation following polyadenylation of
the virion RNA requires only one enzymatic step, does not involve treatment
with SI nuclease, and thus allows the incorporation of the full length of

the cDNA into the DNA duplex. Second, by incorporating the sequence informa-
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Fig. 3. Production of individual influenza virus ds DNA's. 32P—labelled

CcDNA synthesised from virion RNA polyadenylated in vitro was fractionated

on a polyacrylamide-urea gel and the individual species extracted. These
single-stranded cDNA's were further analysed on a non-denaturing agarose

gel (tracks labelled (s)). In addition, double-stranded DNA's were produced
by hybridisation of each individual cDNA with a 2-4 fold excess of the cor-
responding non-labelled cDNA synthesised from messenger RNA (tracks labelled
(d)). Molecular weights (x 10~6) are derived from the Hind III-A markers (m).
Numbers refer to the segment from which the cDNA's are derived.

tion of both virion RNA and mRNA into the DNA duplex, properties of both
classes of RNA can be studied directly by DNA sequence analysis.
The use of SI nuclease results in the loss of terminal sequence informa-

tion and it is apparent from Fig.2 that increasing the ratio of SI nuclease
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to ds DNA increases the extent to which the DNA dyplexes are degraded. Our
approach eliminates the necessity for the use of SI nuclease and allows
selection of full length single-stranded cDNA's, ensuring that the total
sequence information of both the virion RNA and mRNA are present in the
final ds DNA. Although it is apparent in Fig.l that some incomplete cDNA
transcripts are produced, the similarity between the electrophoretic pattern
of the virion RNA segments and the major cDNA products transcribed from both
mRNA and virion RNA polyadenylated in vitro strongly suggests that these
products represent full length copies of the templates, and are not the
result of premature termination of transcription of one of the larger tem-
plates. Recent reports on the reverse transcription of influenza virion RNA
polyadenylated in vitro also show this characteristic migrational pattern
of the cDNA products (6,22), and in other systems, high yields of full
length transcripts have been obtained using similar conditions to those

used here (26-29). This series of observations indicates that the major cDNA
products shown in Fig.l represent full length transcripts of the influenza
virion and messenger RNA templates.

The presence of the sequence information of both virion RNA and messen-
ger RNA in the DNA duplex is particularly important in the study of influenza
virus, since these two classes of RNA are not exact complements of each other.
When influenza virus mRNA is synthesised, modifications occur at both the 3'
and 5' end. In the first instance, influenza virus mRNA is known to lack
20-30 nucleotides complementary to the 5' end of virion RNA (10), and direct
analysis of these ds DNA's will allow determination of the precise location
at which termination of in vivo mRNA transcription occurs. Secondly, in-
fluenza virus mRNA contains additional, host-derived sequences of approxi-
mately 15 nucleotides in length at the 5' end (9), and these will be ren-
dered accessible either to direct DNA sequence analysis or to total sequence
determination following molecular cloning. On repair of these ds DNA's
following insertion into molecular cloning vectors by 3' end tailing, no
influenza virus-specific sequences will be lost. Clones isolated from ds
DNA's produced using this approach will contain the total sequence of in-
fluenza virion RNA and the additional host derived 5' mRNA primer sequence.
Thus, in addition to allowing the simple production of influenza virus ds
DNA's suitable for molecular cloning, the method also provides a technique
for the isolation and sequence analysis of the putative host-derived 5' mRNA

primer (9).
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