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RNA primers and the role of host nuclear RNA polymerase II in
influenza viral RNA transcription

By R. M. Kruc, MicHELE BouLoy anDp S. J. PLroTcH
Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York 10021 U.S.4.

Influenza viral RNA transcription in the infected cell is inhibited by a-amanitin, a
specific inhibitor of the host nuclear RNA polymerase II. Because viral RNA tran-
scription in vitro catalysed by the virion-associated transcriptase is greatly enhanced
by the addition of a primer dinucleotide, ApG or GpG, we have proposed that viral
"RNA transcription iz vivo requires initiation by primer RNAs synthesized by RNA
polymerase II. In addition, because we did not detect any capping and methyl-
ating enzymes in virions, we have proposed that the 5 terminal methylated cap
found on in-vivo viral messenger RNA (mRNA) is derived from the putative primer
RNAs. Our recent experiments have proved these two hypotheses. Purified globin
mRNAs were shown to stimulate viral RNA transcription iz vitro very effectively. The
resulting transcripts directed the synthesis of all the non-glycosylated virus-specific
proteins in cell-free systems. Other eukaryotic mRNAs were also active as primers.
The presence of a 5 terminal methylated cap structure in the priming mRNA
was required for its priming activity. Thus, with globin mRNA, removal of the cap
eliminated essentially all of its priming activity, and much of this activity could be
restored by enzymically recapping the globin mRNA. Using globin mRNA con-
taining 32P only in its cap, we demonstrated that the 5’ cap of the globin mRNA
primer was physically transferred to the viral RNA transcripts during transcription.
Gel electrophoretic analysis suggested that, in addition to the cap, about 10-15
other nucleotides were also transferred from the globin mRNA to the viral RNA
transcripts. A mechanism for the priming of influenza viral RNA transcription
by globin mRNA is proposed. Initial experiments strongly suggest that priming by
capped host mRNAs also occurs during the synthesis of viral mRNA i vivo.

1. BACKGROUND: INFLUENZA VIRAL RNA TRANSCRIPTION REQUIRES
RNA SYNTHESIS BY THE HOST NUCLEAR DNA-DEPENDENT
RNA poLYMERASE II

A feature distinguishing influenza virus from other non-oncogenic RNA viruses is that a
host nuclear function is required for virus replication. Virus replication is inhibited by acti-
nomycin D and a-amanitin (Barry et al. 1962; Barry 1964; Rott ef al. 1965; Mahy ¢t al. 1972;
Rott & Scholtissek 1970), and the a-amanitin sensitivity has been shown to be due to in-
hibition of the host nuclear DNA-dependent RNA polymerase II (Lamb & Choppin 1977;
Spooner & Barry 1977), the enzyme concerned with the synthesis of cellular heterogenous
nuclear RNA, the precursor to messenger RNA (mRNA).

The RNA polymerase II function has been shown to be required for viral RNA tran-
scription. When a-amanitin is added at the beginning of infection, no detectable virus-specific
proteins are synthesized (Lamb & Choppin 1977; Spooner & Barry 1977). This drug was
reported to inhibit early RNA synthesis in infected cells (Mahy et al. 1972; Spooner & Barry
1977), and one experiment suggested that a-amanitin inhibited transcription (Rott & Schol-
tissek 1970). To document the effect of a-amanitin on viral RNA transcription, we used
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15]-virion RNA (VRNA) and 3P-complementary DNA (synthesized with oncornavirus
reverse transcriptase) as hybridization probes to measure the amount of complementary
RNA (cRNA, the product of transcription) and vRNA, respectively, synthesized in the
absence and presence of this drug (Mark ef al. 1979). When a-amanitin was added at the
beginning of virus infection, no detectable vRNA and only extremely small amounts of cRNA
(about 0.5 9, of normal) were synthesized. Thus, even primary transcription, the transcription
catalysed by the transcriptase associated with the inoculum virus, was almost totally inhibited.
The sensitivity of viral cRNA synthesis to a-amanitin disappeared rapidly, and by 1.5 h after
infection addition of this drug had no effect on subsequent viral cRNA synthesis. These results
strongly suggest that RNA synthesized by RNA polymerase I during the first 1.5 h of infection
is required for viral RNA transcription.

Actinomycin D also inhibits viral RNA transcription, but not as effectively as a-amanitin
(Taylor et al. 1977; Mark e al. 1979). When actinomycin D was added at the beginning of
infection, about 10-159%, of the normal amount of viral RNA transcripts continued to be
synthesized. Almost all (about 909,) of this residual cRNA was found in the nucleus. These
nuclear cRNA molecules were shown to be composed of polyadenylated transcripts of all of
the VRNA segments for which we assayed, consistent with these transcripts being complete
viral mRNA molecules. These results suggest that actinomycin D does not completely inhibit
host RNA polymerase IT and consequently some viral cRNA is synthesized. As actinomycin D
has been shown to block the migration of newly synthesized cellular mRNA sequences from
the nucleus to the cytoplasm (Levis & Penman 1977), the fact that the residual viral cRNA
synthesized in the presence of actinomycin D was restricted to the nucleus points to the nucleus
as the site of primary transcription.

Also consistent with primary transcription occurring in the nucleus are the results that we
obtained when cycloheximide was added at the beginning of infection (Taylor et al. 1977;
Mark et al. 1979). Because this drug inhibits vVRNA replication (Scholtissek & Rott 1970;
Pons 1973; Taylor et al. 1977; Mark et al. 1979), viral RNA transcription in the presence of
cycloheximide can be presumed to be confined to primary transcription. Under these con-
ditions, about 509, of the cRNA synthesized was found in the nucleus during the first 2 h
of infection, and the nucleus always contained a larger fraction of the cRNA than in infected
cells not treated with cycloheximide (Mark et al. 1979). In addition, our demonstration that
influenza viral mRNA contains internal methylated adenosine residues (Krug et al. 1976)
suggests that at least one step in viral mRNA synthesis occurs in the nucleus, as internal
methylated adenosine residues have been found in only those mRNAs, both cellular and
viral, that are synthesized in the nucleus.

In contrast to their effect in vivo, actinomycin D and a-amanitin do not inhibit viral RNA
transcription in vitro catalysed by the virion-associated transcriptase (Chow & Simpson 1971}
Penhoet et al. 1971). Thus, in an apparent paradox, these drugs inhibit the virion transcriptase
when it is introduced into the cell to carry out primary transcription, but not when it is assayed
in vitro.

Our recent experiments have resolved this apparent paradox and have identified the host
nuclear RNA polymerase II function required for influenza viral RNA transcription in the
infected cell. We shall first summarize the experiments that led us to a hypothesis for the role
of RNA polymerase II, and shall then present the experiments which essentially proved our
hypothesis.
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2. EXPERIMENTAL BASIS FOR OUR HYPOTHESIS FOR THE ROLE OF
RNA PoLYMERASE II IN INFLUENZA VIRAL RNA TRANSCRIPTION

In order to gain an insight into the role of host RNA polymerase II in viral RNA tran-
scription, we determined whether the virion transcriptase has the capability of synthesizing in
vitro viral cRNA that is identical to the viral mRNA synthesized in the infected cell. We
demonstrated that the virion transcriptase, in the presence of Mg?*, transcribes iz vitro each
of the eight vVRNA segments into cRNA segments containing polyadenylate (poly(A)), as
also occurs in vivo (Plotch & Krug 1977, 1978). This in-vitro synthesis, however, is almost
totally dependent on the addition of a specific dinucleotide primer, ApG or GpG, which is
incorporated into the 5’ end of the transcripts and stimulates viral cRNA synthesis about
100-fold. Synthesis with the ApG primer was shown to initiate exactly at the 3’ end of the
vRNA segments (Plotch et al. 1978; Skehel & Hay 1978). After enzymic removal of poly(A),
the cRNA segments synthesized in vitro are slightly smaller than the corresponding VRNA
segments because transcription terminates (and poly(A) addition occurs) at a point about
30 nucleotides before the 5’ end of the vRNA template is reached (Plotch & Krug 1978).
This termination is a specific event which also occurs in vive during the synthesis of viral
mRNA (Hay et al. 1977a, b; Plotch & Krug 1978; Skehel & Hay 1978). Because the in-vitro
synthesis of cRNA is almost totally dependent on the addition of a primer, we postulated that
viral RNA transcription in vive also requires a primer and that the in-vivo primer is an RNA
synthesized by host RNA polymerase II (Plotch & Krug 1977, 1978). This would explain why
a-amanitin inhibits viral RNA transcription iz vivo but not in vitro.

We have also postulated that capping and methylation of viral cRNA is dependent on
primer RNA. Using 5’ phosphorylated derivatives of ApG or GpG as primers, we have not
detected in influenza virions any capping and methylating enzymes active on the 5" initiated
termini of cRNA synthesized ir vitro, whether these termini possess one, two or three phosphates
(Plotch & Krug 1977; Plotch ez al. 1978). In contrast, we have shown that in-vivo viral mRNA
contains 5’ terminal cap structures (Krug e al. 1976). We proposed several hypotheses to
explain these results, one of which was that the putative primer RNA itself contains a 5" cap
structure which is transferred to the viral cRNA (Plotch et al. 1978).

3. PROOF OF OUR HYPOTHESIS FOR THE ROLE OF RNA PoLYMERASE 11

The identification of primer RNAs (Bouloy et al. 1978) arose from our experiments to
determine whether cRNA synthesized in vitro and primed by ApG could be translated in cell-
free systems. We tested a number of different cell extracts for their effect on viral RNA tran-
scription and translation, and we observed that reticulocyte extracts were unique in being
able to stimulate viral RNA transcription in the absence of ApG and that the resulting cRNA
was functional as viral mRNA. These results suggested that reticulocyte extracts contain a
factor, possibly an RNA primer, that stimulates the synthesis of functional viral mRNA by
the virion transcriptase. To determine whether this factor was indeed an RNA primer, RNA
was extracted from a reticulocyte extract and was added to a transcriptase reaction (figure 1).
This RNA very effectively stimulated cRNA synthesis. Stimulation was proportional to the
amount of RNA added, and at the highest level of RNA tested, the stimulation was 80-fold.
Most (about 759%,) of the RNA with priming activity bound to oligo(dT)-cellulose and thus
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Ficure 1. Stimulation of the influenza virion transcriptase by unfractionated reticulocyte RNA. The RNA was
assayed for 1 h at 31 °C in a transcriptase reaction with [0-32P]GTP as labelled precursor.

FiGURE 2. The sedimentation value of the poly(A)+ RNA from reticulocytes that stimulates viral RNA tran-
scription in vitro. An aliquot of each sucrose gradient fraction was assayed for 1 h at 31 °Cl in a transcriptase
reaction with [a-**P]GTP as labelled precursor. From Bouloy ¢t al. (1978).

Ficure 3 Ficure 4

Ficure 3. Polyacrylamide gel electrophoresis of the 108 poly(A) + RNA from reticulocytes. Only the bottom
10 cm of a 40 cm gel is shown ; no RNA bands were visible in the top 30 cm. From Bouloy e al. (1978).

F1GURE 4. Polyacrylamide gel electrophoresis of the [**S]methionine labelled proteins synthesized in a micrococcal
nuclease-treated cell extract with no added RNA (lane 1) and with the addition of poly(A) + RNA isolated
from a transcriptase reaction primed by globin mRNA (lane 2). The mobilities of virus-specific proteins

P1, P2+ 3, NP (nucleocapsid protein), M (membrane protein) and NS (non-structural protein) are indicated.
Gl, globin. From Bouloy ¢t al. (1978).
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contained poly(A). Sucrose density gradient analysis of the poly(A) + RNA revealed that the
priming RNA sedimented as a sharp peak at 105 (figure 2), the known sedimentation of
globin mRNA. We confirmed that this 10§ RNA was globin mRNA by translation experi-

ments.

TABLE 1. STIMULATION OF INFLUENZA VIRAL RNA TRANSCRIPTION IN VITRO BY
GEL-PURIFIED GLOBIN mRNAs

primer added GMP incorporated/pmolt
none 0.6
ApG (0.4 mm) 55.7
B-globin mRNA (1.5 pg) 45.1
a-globin mRNA (1.0 pg) 9.7

t Transcriptase assays (50 pl) were carried out for 1 h at 31 °C with [a-32P]GTP as labelled precursor. From
Bouloy et al. (1978).

To verify that the priming RNA was globin mRNA, the 10S poly(A) + RNA was further
purified by electrophoresis on polyacrylamide gels (30g/l) containing 6 M urea (Bouloy et al.
1978) (figure 3, lane 1). The RNA was resolved into two relatively broad bands, which were
identified as B-globin mRNA and a-globin mRNA by translation experiments. After extraction
from the gel, the B-globin mRNA, at a level of 1.5 pg (in a 50 pl reaction volume), stimulated
viral cRNA synthesis iz vitro about 75-fold (table 1). It should be noted that, on a molar basis,
B-globin mRNA is about 1000-2000 times more effective as a primer than ApG. The eluted
a-globin mRNA was about 30 9, as effective per microgram as B-globin mRNA. The broadness
of the gel bands shown in lane 1 of figure 3 is due to the poly(A) sequences in the globin mRNAs.
When the 10§ poly(A) + RNA was enzymically deadenylylated, the B (B, and B,)-globin and
a-globin mRNAs were resolved into three sharp bands by gel electrophoresis (figure 3, lane 2).
Each of the deadenylylated globin mRNAs was approximately as active per microgram in
stimulating cRNA synthesis as their adenylylated counterparts.

A critical question arising from these results was whether the cRNA primed by globin
mRNA was a functional viral mRNA. To determine this, the globin mRNA-primed cRNA
was extracted and translated in a micrococcal nuclease-treated L-cell extract (Bouloy et al.
1978). As shown in figure 4, all of the non-glycosylated virus-specific proteins were synthesized.
In addition, globin was synthesized in response to the excess poly(A) + globin mRNA that
co-purified with the poly(A)+ viral cRNA. Per microgram of cRNA, the globin mRNA-
primed viral cRNA was translated into virus-specific protems about three times more efficiently
than the ApG-primed cRNA.

To investigate whether the globin mRNA-primed cRNA contains a 5’ terminal methylated
cap structure, we determined whether the translation of this viral cRNA was inhibited by
7-methylguanosine-5"-phosphate (pm’G) (Bouloy et al. 1978), an inhibitor of the translation
of mRNAs containing 5’ methylated caps (Hickey et al. 1976; Weber ¢t al. 1976). S-adenosyl-
homocysteine was added to prevent de-novo methylated cap formation during translation
(Both et al. 1975). First, we established that the translation of uncapped, ApG-primed viral
cRNA was not inhibited by pm’G (at 0.5 mm) (figure 54). Under the same conditions, the
translation of globin mRNA-primed viral cRNA into virus-specific proteins was inhibited
by 759%, (figure 55). This level of inhibition is equal to, or greater than, that observed with
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in-vivo viral mRNA and globin mRNA, both of which contain 5’ terminal caps. These results
suggest that the viral cRNA primed by globin mRNA contains a 5’ terminal methylated cap
structure.

To determine whether a 5’ cap structure was synthesized de novo during transcription by
virion-associated enzymes, viral cRNA was synthesized in vitro with globin mRNA as primer
and [a-32P]GTP and S-adenosyl[methyl-3H]methionine (AdoMet) as labelled precursors
(Bouloy et al. 1978). DEAE-Sephadex chromatography of the ribonuclease T, (RNase T,)

(a) NP M NS

Ficure 5. Effect of pm?G on the translation of (a) ApG-primed cRNA and (b) globin mRNA-primed cRNA
(bottom panel) in micrococcal nuclease-treated L-cell extracts. This is a densitometer tracing of the poly-
acrylamide gel of the [33S]methionine labelled proteins synthesized in vitro (see figure 4).
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Ficure 6. DEAE-Sephadex chromatography of the RNase T, digest of the poly(A)+ cRNA synthesized in the
presence of globin mRNA, [¢-32P]GTP and Ado[methyl-*H]Met. The elution position of the charge
markers is indicated. The change of scale for 32P at fraction 52 should be noted.
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digest of the poly(A) + cRNA product demonstrated no 3H incorporation at all and the
absence of a 32P labelled cap structure at a charge of —4 to — 6 (figure 6). Based on this result,
we proposed that the cap of the globin mRNA primer was transferred to the viral cRNA during
transcription (Bouloy et al. 1978).

TABLE 2. REQUIREMENTS OF A 5 TERMINAL METHYLATED GAP STRUCTURE FOR
THE PRIMING ACTIVITY OF GLOBIN mRNA

globin mRNA added (2.5 pg) GMP incorporated/pmolf

B

none 0.2
untreated 37.2
B-eliminated 0.5
TAP decapped 0.6
B-eliminated and enzymically

recapped 22.1

T Transcriptase assays (50 pl) were carried out for 1 h at 31 °C with [a-32P]GTP as labelled precursor. From
Plotch ez al. (1979). TAP, tobacco acid pyrophosphatase.

THE ROYAL
SOCIETY

Consistent with this proposal, the 5’ terminal methylated cap of globin mRNA was shown
to be required for its priming activity (Plotch et al. 1979). As shown in table 2, removal of the
cap by either chemical or enzymic treatment eliminated essentially all of the priming activity
of the globin mRNA. This loss of activity was not due to non-specific degradation of the globin
mRNA, because after the decapping procedure, the 10§ globin mRNA was reisolated by
sucrose density gradient centrifugation. To provide definitive proof that the loss of priming
activity was due to the removal of the cap, the p-eliminated globin mRNA was recapped
with the use of vaccinia virus guanylyl and methyl transferases (Moss 1977; Muthukrishnan
et al. 1978), and then tested for priming activity. By using Ado[methyl-3H]Met to monitor
the recapping reaction, about 409, of the mRNA was recapped, and the resulting 108 globin
mRNA regained about 609, of its priming activity.

To determine directly whether transfer of the cap from globin mRNA to viral cRNA occurs
during transcription, we prepared globin mRNA containing %P only in its cap (Plotch et al.
1979). After B-elimination, the globin mRNA was recapped with the vaccinia virus enzymes
in the presence of [a-**P]GTP and unlabelled AdoMet, and the recapped globin mRNA was
purified by sucrose density gradient centrifugation (figure 7a). The recapped globin mRNA
sedimented as a sharp peak at about 10S. When analysed by gel electrophoresis (figure 75),
the 3P-labelled 10§ RNA migrated as a diffuse band at the same position as unlabelled
marker globin mRNA, and little or no label was detected in RNA species of smaller size.
Essentially all of the P radioactivity was in cap structures. As shown by DEAE-Sephadex
chromatography of the RNase T, digest of the recapped globin mRNA (figure 7¢), about
97% of the *P label eluted as major and minor species at charges of —5 (cap 1) and —6
(cap 2), respectively. Both cap 1 and cap 2 structures have been observed in globin mRNA
(Lockard 1978).

This globin mRNA containing %P only in its cap was then used as primer for the synthesis
of viral cRNA in a transcriptase reaction mixture containing unlabelled nucleoside triphos-
phates (Plotch et al. 1979). The poly(A) + cRNA synthesized was isolated, deadenylylated
and examined by gel electrophoresis. As shown in figure 84 (lane 1), each of the viral cRNA
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F1GuRE 7. Preparation and characterization of globin mRNA containing 32P only in its cap. Globin mRNA was
first decapped by B-elimination and then recapped with vaccinia virus guanylyl and methyl transferases in
the presence of AdoMet and [0-22P]GTP. The recapped globin mRNA was subjected to sucrose density
gradient centrifugation (¢). The 10§ RNA from the sucrose gradient was analysed by electrophoresis on a
acrylamide gel (30 g/1) containing 6 M urea (b). Electrophoresis was from left to right. An aliquot of the 105
RNA was hydrolysed with RNase T, and the digest analysed by DEAE-Sephadex chromatography in 7 M
urea (¢). From Plotch ez al. (1979).
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Ficure 8. Transfer of the 32P-labelled cap of globin mRNA to viral cRNA during transcription. (a) Electro-
phoresis of in-vitro cRNA, after deadenylylation, on an acrylamide gel (30 g/1) containing 6 M urea. Under
the electrophoresis conditions employed, globin mRNA migrates off the gel. The cRNA was synthesized in
transcriptase reaction mixtures containing: lane 1, the 32P-labelled globin mRNA from figure 7a and
unlabelled nucleoside triphosphates; lane 2, unlabelled globin mRNA with [0-32P]GTP as labelled pre-
cursor. (b)) DEAE-Sephadex chromatography of the RNase T, digest of the RNA eluted from the bands in
lane 1 of (a). From Plotch et al. (1979).
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bands was labelled with 32P derived from the globin mRNA primer. These cRNA segments
had the same electrophoretic mobility as the cRNA segments shown in lane 2, which were
synthesized in a reaction mixture in which unlabelled globin mRNA was used to prime the
synthesis of cRNA in the presence of [0-3*P]GTP as labelled precursor. To demonstrate
conclusively that the 32P-labelled cap of globin mRNA was transferred whole to the viral
cRNA, the cRNA bands in lane 1 were eluted, digested with RNase T, and analysed by
DEAE-Sephadex chromatography (figure 85). All of the 32P label eluted at a charge of
—5 to — 6, indicating that this viral cRNA contained radiolabelled cap 1 and cap 2 structures
and no radiolabel in internal residues.

@ t2as (128

*Q*: *%ﬁ

Q!Qé « 8

Ficure 9. Difference in size between ApG-primed and globin mRNA-primed cRNA. Gel electrophoresis of
cRNA, after deadenylylation, synthesized in reaction mixtures containing [a-3*P]GTP as labelled precursor,
and as primer either ApG (lane 1) or globin mRNA (lane 3). Lane 2 contains a mixture of the cRNA of
lanes 1 and 3. In (a) the deadenylylated cRNA was electrophoresed directly; in (b) the deadenylylated
cRNA was first treated with glyoxal in the presence of dimethylsulphoxide (McMaster & Carmichael 1977).
From Plotch et al. (1979).

If sequences in addition to the cap were transferred from the globin mRNA primer to the
5’ end of viral cRNA, we should expect that the globin mRNA-primed cRNA segments would
be larger than the ApG-primed cRNA segments, which are initiated at exactly the 3" end of the
vRNA templates (Plotch et al. 1978; Skehel & Hay 1978). To compare the size of the globin
mRNA-primed and ApG-primed cRNAs, these two cRNAs were deadenylylated enzymically
and analysed by gel electrophoresis, either directly (figure 94) or after treatment with glyoxal
in the presence of dimethyl sulphoxide (figure 94) (Plotch et al. 1979). The latter treatment
has been shown to eliminate all secondary structure in RNA (McMaster & Carmichael 1977).
With both methods of analysis, the globin mRNA-primed cRNA segments (lane 3) migrated
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slightly slower than the ApG-primed cRNA segments (lane 1). This difference in mobility
was confirmed by electrophoresing a mixture of the two cRNAs (lane 2): doublets can be seen,
which are most evident at the position of the two smallest cRNA segments. This indicates that
the globin mRNA-primed cRNA segments are larger than the ApG-primed cRNA segments.
From the difference in mobility, we estimate that the globin mRNA-primed segments are
about 10-15 nucleotides larger than the ApG-primed segments. Other experiments have
established that these additional nucleotides are at the 5’ end of the globin mRNA primed
cRNA segments (Plotch ¢t al. 1979). Thus, in addition to the cap 10-15 other nucleotides are
most probably transferred from the globin mRNA primer to the 5’ end of viral cRNA.

a

3 VRNA 5
UpCpGpUpUPUPUPCP App(p)
m7GpppAmp(Xp)nY Apépé
poly(A)
Uppp
Appp
Chpp
Gppp
stop
YpCpGpUpUpYpUpCp t App(p)

-------

n76pppA™p(Xp) ,YPAPGPCHAPAPABARGH

poly(A)
Ficure 10. Postulated mechanism for the priming of influenza viral cRNA synthesis by B-globin mRNA. From
Plotch et al. (1979). The 3’ terminal sequence of VRNA is from Skehel & Hay (1978).

The priming activity observed with our globin mRNA preparation can be presumed to be
due primarily, if not totally, to the B-globin mRNA. Per microgram, p-globin mRNA is at
least 3—4 times more effective as primer than a-globin mRNA (table 2), and p-globin mRNA
is the major species present in our preparation of 10§ poly(A)+ RNA from reticulocytes
(figure 3). Based on our results, we can propose a mechanism for the priming of influenza
viral cRNA synthesis by B-globin mRNA, as shown in figure 10. We assume that an AG, AGC
or AGCA sequence in the B-globin mRNA hybridizes to the 3’ end of the vRNA template
and serves as the primer sequence, analogous to the priming observed with the dinucleotide
ApG (Plotch & Krug 1977, 1978; Skehel & Hay 1978; Plotch et al. 1978). The B-globin
mRNA would have to be cleaved at the 3’ side of the primer sequence to allow subsequent
transcription of the vVRNA. It would be expected that a fairly close interaction between this
putative primer sequence and the 5 cap of the globin mRNA exists because of the requirement
of the 5’ cap for priming. The 5’ cap is probably responsible for making the primer sequence
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in B-globin mRNA more effective as a primer, on a molar basis, than the dinucleotide ApG.
If priming does occur at an AG-containing sequence in B-globin mRNA, then there must be a
substantial number of nucleotides between this putative primer sequence and the 5’ cap,
represented by the loop shown in figure 10. In B-globin mRNA, the distance from the 5’ end
to the first AG sequence is 46 nucleotides, to the first AGC is 316 nucleotides, and to the first
and only AGCA is 547 nucleotides (Efstratiadis et al. 1977). No sequences longer than AGCA
which are complementary to the 3’ end of VRNA exists in B-globin mRNA. Thus, to end up
with a cRNA molecule which extends only 10-15 nucleotides beyond the 3’ end of the vRNA
template, much of the B-globin mRNA sequences between the 5’ end and the putative primer
sequence must be removed, and the 5’ cap and associated sequences spliced onto the primer
sequence. To establish whether this is the mechanism of priming, it will be necessary to identify
the putative primer sequence in B-globin mRNA and to determine the exact sequence of the
10-15 nucleotides at the 5" end of the viral cRNA. If splicing does occur, then the influenza
virion transcriptase complex would provide an interesting model system to study mRNA
splicing n vitro.

Eukaryotic mRNAs other than globin mRNA are active as primers for influenza viral RNA
transcription in vitro (Bouloy et al. 1978, and unpublished experiments). With these mRNAs,
priming activity also requires a 5’ terminal methylated cap structure. Thus, growth hormone
mRNA, kappa chain mRNA, and 38§ avian sarcoma virus RNA, all of which are capped, are
active, whereas satellite tobacco necrosis virus RNA, which contains a 5’ diphosphate end, is
inactive. This dependence on a 5’ cap is seen most dramatically with reovirus mRNAs which
are synthesized iz vitro (Bouloy et al. 1979). Reovirus containing a 5’ terminal methylated cap
(m’GpppG™) are very effective primers for influenza viral RNA transcription, whereas reovirus
mRNAs containing either a blocked but unmethylated 5 end (GpppG) or a diphosphate 5’
end (ppG) are completely inactive as primers. Experiments have been carried out that demon-
strate that the 5’ cap of reovirus mRNAs is also transferred to influenza viral cRNA during
transcription and that these cCRNA segments also contain 10-15 additional nucleotides at their
5" end. This suggests that the influenza virion transcriptase specifically transfers only this small
number of nucleotides from any primer mRNA to the 5’ end of the viral RNA transcripts. A
similar mechanism also appears to operate during the synthesis of viral mRNA in the infected
cell. In-vivo viral mRNA also contains 10-15 nucleotides at its 5’ end, including the cap,
which are not complementary to sequences in vVRNA (Krug ef al. 1979).

These results thus strongly support our hypothesis that in the infected cell, product(s) of the
host RNA polymerase II, i.e. mRNA(s) and/or precursor(s), serve as primers for viral RNA
transcription and that the synthesis of these host mRNA(s) constitutes the a-amanitin-sensitive
step required for viral RNA transcription. If it is verified that the nucleus is the site of primary
transcription, then the requirement for new synthesis of host mRNAs would be explained
at least partly. In the nucleus, the pool of available host mRNAs and/or their precursors,
the potential primers for viral RNA transcription, is probably limited, and consequently new
and continuous synthesis of these host mRNA precursors would be required.

Note added in proof (12 November 1979). Recent experiments with the use of 125I-labelled globin
mRNA to stimulate influenza viral cRNA synthesis have demonstrated that the first 12—14
nucleotides from the 5’ end of B-globin mRNA are transferred to the viral cRNA (Robertson,
Dickson, Plotch & Krug, unpublished experiments). The fact that this transferred sequence is

[ 81 ] ay-2


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

370 R. M. KRUG AND OTHERS

not complementary to the 3’ end of the VRNA suggested that priming does not require the
hydrogen-bonding between an AG sequence in the primer mRNA and the 3’ end of the
vRNA indicated in figure 10. This conclusion was verified by our recent finding that capped
ribopolymers lacking AG are effective primers for viral RNA transcription. Therefore, we now
favour a mechanism in which a capped 12-14 nucleotide. fragment is cleaved from the 5’ end
of the primer mRNA and then undergoes a specific interaction with the transcriptase which
causes stimulation of transcription concomitant with the linking of the primer to the first base
transcribed.

The experiments reported here were supported by U.S. Public Health Service Grants
CA 08748 and AI 11772 and by U.S. Public Health Service International Research Fellowship
TW02590 to Michele Bouloy.
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'GURE 3. Polyacrylamide gel electrophoresis of the 105 poly(A)+ RNA from reticulocytes. Only the bottom
10 cm of a 40 cm gel is shown; no RNA bands were visible in the top 30 cm. From Bouloy et al. (1978).
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IGURE 4. Polyacrylamide gel electrophoresis of the [3*S]methionine labelled proteins synthesized in a micrococcal
nuclease-treated cell extract with no added RNA (lane 1) and with the addition of poly(A) + RNA isolated
from a transcriptase reaction primed by globin mRNA (lane 2). The mobilities of virus-specific proteins
P1, P2+ 3, NP (nucleocapsid protein), M (membrane protein) and NS (non-structural protein) are indicated.
Gl, globin. From Bouloy et al. (1978).
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F1GURE 7. Preparation and characterization of globin mRNA containing 32P only in its cap. Globin mRNA was
first decapped by B-elimination and then recapped with vaccinia virus guanylyl and methyl transferases in
the presence of AdoMet and [a-22P]GTP. The recapped globin mRNA was subjected to sucrose density
gradient centrifugation (a). The 105 RNA from the sucrose gradient was analysed by electrophoresis on a
acrylamide gel (30 g/l) containing 6 m urea (4). Electrophoresis was from left to right. An aliquot of the 108
RNA was hydrolysed with RNase T),, and the digest analysed by DEAE-Sephadex chromatography in 7 m
urea (¢). From Plotch et al. (1979).
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FiGUrRe 8. Transfer of the *?P-labelled cap of globin mRNA to viral cRNA during transcription. (a) Electro-
phoresis of in-vitro cRNA, after deadenylylation, on an acrylamide gel (30 g/1) containing 6 M urea. Under
the electrophoresis conditions employed, globin mRNA migrates off the gel. The cRNA was synthesized in
transcriptase reaction mixtures containing: lane 1, the *2P-labelled globin mRNA from figure 7a and
unlabelled nucleoside triphosphates; lane 2, unlabelled globin mRNA with [a-*?*P]|GTP as labelled pre-
cursor. (b) DEAE-Sephadex chromatography of the RNase T, digest of the RNA eluted from the bands in
lane 1 of (a). From Plotch et al. (1979).
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Ficure 9. Difference in size between ApG-primed and globin mRNA-primed cRNA. Gel electrophoresis of
cRINA, after deadenylylation, synthesized in reaction mixtures containing [a-**P]GTP as labelled precursor,
and as primer either ApG (lane 1) or globin mRNA (lane 3). Lane 2 contains a mixture of the cRNA of
lanes 1 and 3. In (a) the deadenylylated cRINA was electrophoresed directly; in (b) the deadenylylated
cRNA was first treated with glyoxal in the presence of dimethylsulphoxide (McMaster & Carmichael 1977).
From Plotch et al. (1979).
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