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In vivo transcription and polyadenylation at the junction of the L cistron and
the 5'-terminal extracistronic region of vesicular stomatitis virus RNA was inves-
tigated. Annealing of 5’ *P-labeled RNA representing the 5'-terminal noncoding
77 nucleotides of vesicular stomatitis virus genomic RNA to L gene mRNA
resulted in specific duplex formation. Two specific RNase T;- and RNase A-
resistant duplexes, 66 and 77 nucleotides long, bound to oligodeoxythymidylic
acid cellulose. The specific sizes of the duplexes and their selection by oligodeox-
ythymidylic acid cellulose chromatography demonstrated that they were cova-
lently linked to the polyadenylic acid tail of L. gene mRNA. These data strongly
suggest that the viral polymerase polyadenylates L gene mRNA in vivo by using
the stretch of seven uridine residues at the end of the L cistron and that the
polymerase can resume transcribing the 5'-terminal extracistronic region, result-
ing in a covalent linkage of the transcript to the polyadenylic acid tail of L gene

mRNA.

The antimessage-sense genomic RNA of ve-
sicular stomatitis virus (VSV) is sequentially
transcribed into five monocistronic mRNA'’s.
The molar amount of each mRNA synthesized
decreases with its distance from the 3’ terminus
of the genome in the order of 3’ N-NS-M-G-L 5’
(1, 4). The messages are modified and carry
methylated cap structures (2, 3, 22) and poly-
adenylic acid [poly(A)] tails (6, 35).

The search for potential intermediates of tran-
scription, such as triphosphate-bearing messages
(13, 24, 27, 34; R. A. Lazzarini, I. Chien, and J.
D. Keene, submitted for publication) or cova-
lently linked polycistronic messages (14, 15), and
the study of the capping reaction (2, 12) have
led to two apparently mutually exclusive models
for the mechanism of transcription.

The proposed models suggest either that mes-
sages are initiated and terminated at the begin-
ning and end of each cistron (stop-start model)
or that they are cleaved from a polycistronic
transcript (processing model) (5). Both models
can accommodate the single entry site for the
viral polymerase at the 3’ terminus of the ge-
nome suggested by the UV inactivation studies
(1, 4). Thus, in both models, transcription begins
with synthesis of leader RNA (7-9) which is
encoded by the 3’-terminal extracistronic region
of the VSV genome (16, 21, 26).

In this communication, we report about in
vivo transcription at the junction of the L cistron
and the 5-terminal extracistronic region. We
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have identified a unique 59-nucleotide-long tran-
script which is covalently linked to the poly(A)
tail of L. gene mRNA. This transcript represents
an exact copy of the 5'-terminal extracistronic
region of VSV genomic RNA. These data indi-
cate that transcription can resume after poly-
adenylation of L gene mRNA by the viral polym-
erase, using seven uridine residues as the tem-
plate for polyadenylation at the end of the L
protein cistron.

MATERIALS AND METHODS

Virus growth and RNA purification. The two
defective interfering (DI) particles DI-LT, and DI-011
were derived from the heat-resistant strain and the
Mudd-Summers strain, respectively, of VSV (Indiana).
For the isolation of in vivo mRNA’s, VSV Mudd-
Summers strain was used. Propagation of the particles
and the extraction of the RNAs have been described
earlier (17, 19, 23).

Isolation of 5’-terminally labeled 77°’mer RNA.
After removal of the terminal phosphates with calf
intestinal phosphatase, the 5 terminus of DI-LT.
RNA was labeled with [y-**P]ATP and polynucleotide
kinase as described earlier (29). [y-**P]JATP was re-
moved by gel filtration through Sephadex G-150. The
RNA was then self-annealed, and the single-stranded
portion was digested with RNase T, followed by the
inactivation of the RNase with proteinase K (31). The
77mer/73’'mer RNA duplex (J. D. Keene, R. A. Laz-
zarini, and I. Chien, Proc. Natl. Acad. Sci. U.S.A,, in
press) which survived the RNase digestion was heated
for 1 min at 100°C, and the 5-terminally labeled
77mer RNA was separated from the unlabeled 73'mer
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RNA by electrophoresis on a 12% polyacrylamide gel.

Isolation of in vivo mRNA’s. BHK-21 cells were
grown in suspension, and infection of 3 x 10® cells was
carried out at a multiplicity of 10, using VSV Mudd-
Summers strain as previously described (6). At 4 h
postinfection, the cells were lysed, and the nuclei were
removed. The cell sap was layered onto two parfait
gradients consisting of an 8-ml linear 20 to 40% (wt/
wt) CsCl gradient and a 2.5-ml hyperphase of 5%
sucrose in 10 mM Tris-hydrochloride (pH 7.5)-1 mM
EDTA (ET buffer) (18). After centrifugation in a
Beckman SW41 rotor for 17 h at 33,000 rpm and 4°C,
the RNA pellet was dissolved in ET buffer containing
0.5% sodium dodecyl sulfate and applied to two 10 to
30% sucrose gradients in the same buffer. Centrifuga-
tion was in an SW27 rotor for 16 h at 22,000 rpm and
room temperature. Fractions (1 ml) of the gradients
were collected, portions were trichloroacetic acid pre-
cipitated to measure the [*Hluridine label, and the
absorbance at 260 nm of each fraction was determined.
Appropriate fractions were pooled, ethanol precipi-
tated, and extracted with phenol and chloroform. After
ethanol precipitation, the RNAs were stored in water.

Annealing of the 77’mer RNA. RNAs of the
pooled sucrose gradient fractions corresponding to the
amount from 10’ infected BHK-21 cells were annealed
for 4 h at 60°C to approximately 5 X 10~° pmol of 5'-
terminally labeled 77’mer RNA in 20 ul of 10 mM
Na,HPO,-NaH,PO, (pH 6.8)-0.4 M NaCl in the pres-
ence of 20 to 40 ug of rRNA or tRNA or both. Single-
stranded RNA was completely digested in 20 min at
37°C with 60 U of RNase T, per mg of RNA. The
RNase was inactivated by the addition of proteinase
K (100 pg/ml) and incubation for 15 min at 37°C. With
proteinase K as a carrier, the RNase-resistant duplexes
were precipitated with ethanol. The pellets were
washed with 80% ethanol, dried in vacuo, dissolved in
4 M urea, heated for 1 min at 100°C, and directly
applied to a 12% polyacrylamide gel.

Selection of the RNA duplexes. VSV L mRNA
was selected after denaturation in 80% dimethyl sulf-
oxide by oligodeoxythymidylic acid [oligo(dT)] cellu-
lose as described previously (28). The poly(A)-contain-
ing fraction was annealed to 5'-terminally labeled
77mer RNA as outlined above. Single-stranded por-
tions other than poly(A) were digested for 20 min at
37°C with 10 ug of RNase A per mg of RNA and 2 U
of RNase T, per mg of RNA. The RNases were inac-
tivated with proteinase K, and the reaction mixture
was passaged three times over oligo(dT) cellulose.
Bound and unbound materials were pooled and pre-
cipitated.

Partial hydrolysis conditions. The 5'-terminally
labeled RNAs were hydrolyzed either in formamide
for 60 min at 100°C (33) or in a Na;COs-NaHCO;
buffer, pH 9, for 30 min at 90°C (10).

Separation of the RNAs. The RNAs were sepa-
rated on 20 or 12% polyacrylamide gels as described
previously (10).

RESULTS

It was first shown by Herman and associates
(14), using electron microscopy, that polycis-
tronic VSV mRNA’s containing intervening
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poly(A) sequences are produced in VSV-infected
cells and during in vitro transcription. We have
recently demonstrated (15) by direct RNA se-
quencing that these intervening poly(A) se-
quences are extended at their 3’ end by a faithful
transcript of the two intercistronic nucleotides
(20, 25) followed by sequences which correspond
to the 5’ terminus of the next mRNA.

In this communication, we report on tran-
scription of the 5'-terminal region of the VSV
genome, a region that includes both the end of
the L gene and the terminal extracistronic se-
quences. The L protein cistron ends at position
60 from the 5’ terminus of VSV genomic RNA
with a stretch of seven uridine residues and is
followed by an extracistronic region of 59 nu-
cleotides (28). If transcription is resumed after
polyadenylation of L. gene mRNA, some of the
L messages should bear a copy of this extracis-
tronic region at their poly(A) tails. To test for
this possibility, we have isolated a specific
77mer RNA probe which is identical to the last
77 5'-terminal nucleotides of VSV genomic RNA
and should be complementary to the postulated
transcript. The probe was isolated from a DI
particle RNA, DI-LT,; RNA, which recently was
shown to have termini that were complementary
for 70 nucleotides (Keene et al., in press). Se-
quencing of the terminal regions revealed that
the first non-base-paired guanosine residues
after the complementary region are in position
77 from the 5’ end and in position 73 from the 3’
end (Keene et al,, in press). Consequently, pan-
handles isolated by RNase T, digestion of the
DI-LT; RNA would contain a 77-nucleotide
chain containing the original 5’ terminus and
spanning the junction of the end of the L protein
cistron with the extracistronic region.

After removal of the 5-terminal phosphates
DI-LT; RNA was labeled with [y-**PJATP and
polynucleotide kinase. The RNA was then self-
annealed, and the single-stranded portion was
completely digested with RNase T,. RNase T,
was inactivated by the addition of proteinase K.
The RNase-resistant duplex was heat dena-
tured, and the unlabeled 73’'mer was separated
from the labeled 77’mer by polyacrylamide gel
electrophoresis (Fig. 1, lane 1). The marked
RNA band running as an approximately 80-nu-
cleotide-long single-stranded RNA was excised
and eluted from the gel slice.

Figure 1, lanes 3 and 5, shows partial form-
amide hydrolysates of the same RNA separated
next to those of DI-011 RNA (lanes 2 and 4). DI-
011 RNA was also labeled at its 5’ terminus, and
we have shown earlier that its 5’ end is conserved
from VSV RNA for approximately 900 nucleo-
tides (29). The ladder-like patterns of the hy-
drolysates demonstrate that the RNA in lane 1
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Fi1G. 1. Isolation and characterization of 5'-ter-
minally labeled 77’mer RNA. DI-LT. RNA (lane 1)
was labeled at its 5 terminus with [v-*PJATP and
polynucleotide kinase and self-annealed. After diges-
tion with RNase T, and inactivation of the RNase,
the resistant duplex formed by the complementary
terminal regions of the RNA was denatured and
separated on a 12% polyacrylamide gel. The marked
RNA was eluted from the gel slice. The 5'-terminally
labeled DI-011 RNA (lanes 2 and 4) and the RNA
from lane 1 (lanes 3 and 5) were partially hydrolyzed
in formamide (33) and separated on a 20% polyacryl-
amide gel by using two different times of application
(first, lanes 4 and 5; second, lanes 2 and 3). The
lengths (nucleotides) of the RNA fragments are as
indicated.

was, as expected, exactly 77 nucleotides long and
that all of its RNA fragments comigrated with
those of DI-011 RNA. Positions of preferred
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hydrolysis at XpA bonds are also identical in
both RNAs. These patterns are characteristic
for each individual RNA species, and the corre-
spondence between the 77’mer and DI-011 RNA
patterns identifies the 77’mer as the 5'-terminal
region of VSV genomic RNA. The sequence was
also confirmed by direct RNA sequencing (data
not shown; J. D. Keene, personal communica-
tion).

Annealing of the 77’mer RNA to VSV
mRNA'’s. VSV in vivo mRNA’s were isolated
by pelleting through a CsCl gradient as de-
scribed earlier (18), a process which separates
them from the nucleocapsid template. The
RNAs in the pellet were dissolved and applied
to a 10 to 30% sucrose gradient (Fig. 2A). Indi-
cated fractions were pooled and phenol ex- °
tracted, and equal portions corresponding to
RNA from approximately 10’ VSV-infected
BHK cells were annealed to the 77’mer RNA.
Since 28S and 18S cellular rRNA’s were present
in some fractions, the RNA concentration in
each annealing reaction was almost equalized by
the addition of tRNA. After complete digestion
with RNase T followed by the inactivation of
the RNase with proteinase K, the resistant du-
plexes were heat denatured and separated on a
polyacrylamide gel next to partial hydrolysates
of 5'-terminally labeled DI-011 RNA and 77’mer
RNA (Fig. 2B). As can be seen from the auto-
radiogram, annealings of the 77’mer RNA oc-
curred preferentially with RNAs from pools ¢
and d (fractions 7 to 12), which sedimented at
28S and were the size of L gene mRNA. In
addition, the size of the RNA probe remained
unchanged after complete RNase T digestion,
indicating that all guanine residues, including
position 59 of the 77’mer (see Fig. 4), were base
paired, possibly with sequences present in L
gene mRNA or associated with the L message.
Because of the removal of the complementary
plus strand of the DI-LT; panhandle during the
isolation of the 77’mer RNA, self-annealing of
the 77mer RNA was not observed (data not
shown).

To determine whether duplexes were formed
with L message and not with RNAs associated
with L message, pools ¢ and d were combined,
and the RNAs were selected after denaturation
in 80% dimethyl sulfoxide for poly(A) sequences
with oligo(dT) cellulose (28). The poly(A)-con-
taining fraction was heated and annealed to the
77mer RNA. Single-stranded RNA was digested
with RNase T; and RNase A, the RNases inac-
tivated by proteinase K, and the resistant du-
plexes were applied to oligo(dT) cellulose. The
bound material (E) and the flow through frac-
tion (FT) were heat denatured and separated on
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Fi6. 2. Annealing of 77’mer RNA to in vivo RNA’s.
Nucleocapsid-free in vivo mRNA’s were isolated as
described in the text and separated on a 10 to 30%
sucrose gradient (A). The counts per minute for tri-
chloroacetic acid-precipitable [*H]Juridine was deter-
mined for portions of each fraction. The arrows mark
the positions of the host rRNA as determined by
spectrophotometry at 260 nm. Adjacent fractions (O
and @) were pooled and used in the annealing reac-
tion with 5-terminally labeled 77’mer RNA (B).
RNase T-resistant duplexes formed with the RNAs
of the pooled fractions (a to l) were denatured and
separated on a 12% polyacrylamide gel next to partial
hydrolysates of 5'-terminally labeled DI-011 (FA, left)
and 77’mer RNA (FA, right). The sizes (nucleotides)
of the RNA fragments are as indicated.

a polyacrylamide gel next to a partial hydroly-
sate of the 77’mer RNA (Fig. 3). Virtually all of
the duplexed RNA bound to oligo(dT) cellulose
and migrated after heat denaturation as 77’mer
and 66’'mer RNAs with decreasing amounts of
minor RNA bands in the order of 65, 64, 63, 62,

5“TERMINAL EXTRACISTRONIC REGION OF VSV RNA

259
OH" E FT

77 G —

50

F1G. 3. Oligo(dT) selection of the duplexes formed
with L mRNA. The 5'-terminally labeled 77’mer RNA
was annealed to poly(A)-selected in vivo L mRNA.
After RNase T, and RNase A digestion and degra-
dation of the RNases with proteinase K, the reaction
mixture was passaged through an oligo(dT) cellulose
column. The bound (E) and the unbound (FT) mate-
rials were heat denatured and separated next to a
partial alkaline hydrolysate of 77’mer RNA on a 12%
poly;cr;ylamide gel. Sizes (nucleotides) are as indi-
cated.

and 61.

Since a mixture of RNase T; and RNase A
was employed after annealing, all duplexes were
covalently linked to poly(A) without any inter-
vening residues (28). Any intervening nucleo-
tides (other than adenine) would have led to a
cleavage between the poly(A) and the duplex,
and the specific selection of the duplex by
oligo(dT) cellulose would not have been possi-
ble. In addition, the amount of 66’mer RNA
could be favored over the amount of 77’mer
RNA by increasing the RNase A concentration
during the digestion (data not shown). This in-
dicates that the 66’mer RNA duplex was gener-
ated at the expense of the 77’mer RNA duplex.

Since positions 67 to 77 of the 77’mer RNA
are part of the L protein cistron (28) (Fig. 4), the
duplex must have been formed with polyaden-
ylated L mRNA. In addition, the conversion of
77mer into 66’mer by increasing the RNase A
concentration identifies the position of the poly
(A) (Fig. 4). The RNA duplex appears to be a
combination of a 66’'mer duplex (positions 1 to
66 of the 77mer RNA) and an 11’mer duplex
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5' *pACGAAGACCACAAAACCAGAUAAAAAAUAAAAACCACAAGAGGGUCUUAAGGAUCAAAGUUUUUUUCAUACUUAAAG
3! UGCUUCUGGUGUUUUGGUCUAUUUUUUAUUUUUGGUGUUCUCCCAGAAUUCCUAGUUUCAAAAAA GUAUGAAUUUCAAACCUCAGAGGA
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Fic. 4. Structure of the duplex formed between 5'-terminally labeled 77’mer RNA and in vivo L mRNA.
The L cistron ends at position 60 from the 5 terminus of VSV RNA, represented here by the 77’mer RNA,
which spans 59 extracistronic and 18 intracistronic nucleotides. It also contains the polyadenylation site of
the L gene from positions 60 to 65 (28). This short 77’mer RNA annealed specifically to L mRNA which carries
a transcript (trailer RNA) of the 5'-terminal extracistronic region at the 3 end of its poly(A) tail. The cleavage
site of RNase A on the L message and the more resistant cleavage site on the 77’mer RNA (position 66) are

indicated by arrows.

(positions 67 to 77) with an intervening poly(A)
loop on one strand. Position 66 was held open
due to steric constraints of the poly(A) loop (Fig.
4) and therefore was accessible to RNase A,
although less sensitive to RNase A than single-
stranded RNA.

The minor bands corresponding to the 65'mer
to 61'mer duplexed RNAs suggest that the
RNase A-sensitive site can be at various posi-
tions within the stretch of seven uridine residues,
probably because the poly(A) loop can wander
across the track of uridines; the longer 66’'mer
duplex, however, seems to be favored (Fig. 3).
The data taken together demonstrate that L
mRNA can carry a transcript of the 5’-terminal
extracistronic region at its poly(A) tail.

DISCUSSION

In this communication, we have demonstrated
that a specific 5'-terminally labeled RNA rep-
resenting 77 nucleotides from the 5’ end of VSV
RNA anneals specifically to VSV in vivo L
mRNA. The formed duplexes are RNase T; and
RNase A resistant and bind to oligo(dT) cellu-
lose. Therefore, no intervening nucleotides
(other than adenine) link the duplexed RNA to
poly(A). We have previously shown, using a
similar method, that the L cistron ends at posi-
tion 60 with a stretch of seven uridine residues
(positions 60 to 66; Fig. 4), the site which speci-
fies polyadenylation of L gene mRN.\ (28). The
sizes of the recovered duplexes strongly suggest
a duplex formation (Fig. 4). The duplex involves
full-length 77’mer RNA with an RNase A-sen-
sitive position at 66 due to the intervening
poly(A) loop.

The structure of this duplex including the

poly(A) loop is almost identical to those of po-
lycistronic messages annealed to template RNA
as observed by electron microscopy (14). These
duplexes also proved to be RNase A and RNase
T, resistant. We have recently shown by direct
RNA sequencing that these polycistronic mes-
sages carry at the 3’ end of their poly(A) tails
faithful copies of the intercistronic regions fol-
lowed by sequences characteristic for the 5’ ter-
minus of all mRNA’s (15). As demonstrated
here, the last transcribed gene on the template
coding for the L protein can also bear a tran-
script at the 3’ end of its poly(A) tail, the tran-
script of the 5’-terminal extracistronic region. To
distinguish this unique RNA from other short
RNA products such as leader RNA (7, 8) and
the DI particle product (11, 30, 32), we refer to
it as a “trailer” sequence since it appears to trail
transcription of L gene mRNA.

The existence of the trailer sequence is impor-
tant with respect to polyadenylation of L gene
mRNA in vivo. The trailer sequence is specified
by the viral genome and, therefore, like the L
protein mRNA, is synthesized by the viral tran-
scriptase. Consequently, the sequences that
flank the polyadenylate at both ends are prod-
ucts of the transcriptase, an arrangement that
strongly suggests that polyadenylation of L mes-
sage results from chattering of the viral tran-
scriptase at the end of the L gene, with the
uridine stretch as a template.

To estimate the amount of linked trailer se-
quence, we annealed two minus-sense T oligo-
nucleotides from the L gene region to L. message,
the 18’'mer positions 60 to 77 from the 5’ termi-
nus of VSV genomic RNA (28), and a 33’'mer
which is derived from a region approximately
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800 nucleotides upstream from the L gene po-
lyadenylation site (31) (data not shown). We
compared the amounts of 18'mer and 33’'mer
RNAs which could be annealed to various
amounts of L message to those of the 77’mer
RNA. The frequency at which full-length trailer
RNA linked to L message was found to be 1 to
3%. This corresponds to the frequency of
poly(A)-linked polycistronic messages in in vitro
transcripts (14, 15).

The significance of trailer RNA in respect to
the mechanism of transcription (stop-start
model versus processing model) remains open.
One possibility is that trailer RNA is simply the
product of an infrequent inaccuracy of the tran-
scriptase, a failure to terminate transcription
after polyadenylation of L message. If linked
trailer RNA is a normal intermediate of tran-
scription, it would have to be released from L
message by a cleavage event since the vast ma-
jority of L. messages do not carry a full-length
trailer RNA. Further search for small RNAs
which might represent processing products of
the trailer RNA and their abundance relative to
L message may give insight into whether or not
trailer RNA is a normal intermediate of tran-
scription.
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