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A BRIEF OVERVIEW OF PARAMYXOVIRUS RNA SYNTHESIS 

Paramyxoviruses contain non segment ssRNA genomes of around 15 kB 
and negative polarity, i.e., complementary to the viral mRNAs. These 
genomes (and negative-strand viral genomes in general) function not as free 
nucleic acid, but as helical nucleocapsids (NC) assembled with the viral 
nucleoprotein (NP) in which the genome RNA represents only 4% by weight. 
It is these nucleocapsids which are the templates for RNA synthesis. The 
vrial polymerase is composed of two subunits, the phosphoprotein P and the 
large protein L, but its overall structure is unclear. 

The genome contains about 6 genes or transcriptional units, preceeded 
by a short non-coding leader region. Between the genes are highly conserved 
sequences thought to function as the mRNA polyadenylationltermination and 
the mRNA start signals, separated by a short non-transcribed spacer. A 
central feature of (-)RNA genomes is that they are templates for both mRNA 
synthesis (transcription) and that of the full length antigenomes (the 
complementary intermediates in genome replication). During transcription, 
the polymerase starts at the 3' end of the template and sequentially produces 
the leader RNA and mRNAs by stopping and restarting at each of the 
junctions. 

The mRNAs contain a poly(A) tail of several hundred nucleotides and 
the start of this tail maps to the U5-7 stretch within the conserved termination 
sequence of the (-) template (e.g., 3'AUUCUUUUU for Sendai virus). The 
poly(A) tail is presumably made by polymerase slippage and reiterative 
copying of the U5-7 stretch (McGeoch, 1979; Rose, 1980; Schubert et ai., 1980; 
Robertson et ai., 1981; Giorgi et ai., 1983; Gupta and Kingsbury, 1984), and 
this phenomenon can be refered to as "stuttering". The same polymerase is 
thought to start the next mRNA only after terminating poly(A) synthesis. 
During antigenome synthesis or replication, the polymerase reads through 
all junctions to make an exact full length complementary copy. Unlike the 
mRNAs but like genomes, the antigenomes are assembled into NCs and this 
takes place concomitant with their synthesis. (Antigenomes presumably also 
function as templates only in the assembled form). This coupling of 
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antigenome synthesis and assembly is thought to playa key role in whether 
the junctional stop/restart signals are obeyed. For a more complete review, 
see Banerjee, 1987, and Kolakofsky and Roux, 1987. 

Except for their poly (A) tails, most mRNAs are faithfull copies of their 
genes. This is not so, however, for the P gene mRNA(s), the subject of this 
review . 

THE DISCOVERY OF G INSERTIONS WITHIN THE P GENE mRNAs 

Even before the realization that a form of mRNA editing operated in 
paramyxoviruses, their P genes were considered unusual. In every case 
multiple proteins were expressed from this gene, in contrast to all the other 
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Fig 1. Schematic representation of the paramyxovirus P gene mRNAs. 
The mRNAs are indicated as lines and the ORFs as boxes. For each group, the upper 

line shows the mRNA which is an exact copy of the gene, and the beginning of the ORF box 
indicates the ribosomal start codon. When more than one ORF box is attached to the line, they 
are accessed by alternate initiation codons. The boxes below indicate alternate downstream 
ORFs which are accessed by G insertions in the mRNAs. The positions of the insertions are 
shown by the arrowheads and the dotted vertical lines. The three possible ORFs are indicated 
by open, hatched, and black boxes. 
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viral genes in which only a single primary translation product was 
expressed. The Paramyxoviridae is a relatively large family of viruses, and 
their P genes can be devided into basically two groups (see fig 1): 

i) the Sendai/measles virus or SENIMV group, which express longer P 
proteins (568-603 aa) and which also contain an alternate ORF to express the 
C protein(s). The C protein ORF overlaps the amino-terminal sequences of 
the P ORF in the +1 frame, and 

ii) the simian virus 5 (SV5)/mumps virus group, which express shorter 
P proteins (245-400 aa) and do not contain the overlapping C ORF. 

For the SENIMV group, there was evidence that the P and C proteins 
were translated from the same mRNA by ribosomal choice, via leaky 
ribosomal scanning and sometimes by what appears to be a scanning 
independent mechanism (Curran and Kolakofsky, 1988, 1989). However, even 
for the SV5/mumps group which did not contain the alternate C ORF, these P 
genes also expressed at least two proteins. For example, the mumps virus P 
gene also expresses the nonstructural proteins NS1 and NS2 (since renamed 
V and I, with tongue in cheek, for consistency with SV5) (Herrler and 
Compans, 1982; Paterson and Lamb, 1990). However, until the sequence of the 
first P gene in this group was determined (correctly), there was no way of 
knowing what mechanisms might be operating to produce these multiple 
proteins. 

The first such gene determined was that of SV5 (Thomas et al., 1988) (fig 
1). The sequence was determined both from three separate cDNA clones (to 
mRNA) and then confirmed on the viral genome. This yielded the surprising 
result that there was no single ORF large enough to code for the SV5 P 
protein. Rather, the gene contained two separate ORFs at each end, which 
briefly overlapped in the middle. mRNA transcribed from these cDNAs in 
vitro could be translated into the shorter V protein encoded by the 5' proximal 
ORF, but not into the longer P protein. After a period of frustration, the 
solution to this dilemma became clear when Thomas et al prepared a second 
cDNA library with a larger number of P gene clones, and sequenced 22 of 
these. Twelve of these were identical to the genome and the 3 mRNA clones 
sequenced initially. The ten other sequences were identical to these, except 
that they had 2 G residues inserted within a short run of Gs in a region 
where the 2 ORFs overlapped (arrowhead in fig 1). This fused the separate 
ORFs at each end into a single continuous unit, and mRNAs prepared from 
these latter clones translated into P (but not V) proteins in vitro. 

A second unexpected finding emerged from this study. Whereas the P 
protein sequences are the least conserved of the viral proteins between 
different paramyxoviruses, that region of V which is not shared with P (i.e., 
the C-terminal region) is cysteine rich and among the best conserved of all 
the viral sequences. This cys-rich V domain was in fact present in all the P 
genes of the SEN/MV group previously sequenced, but had not been noticed 
because it was relatively short (ca. 75 aa), in the middle of the genes, and 
generally lacked a start codon. Thomas et al predicted that these other virus 
would also express V proteins by a similar mechanism, except that in the 
SENIMV group IG would need to be inserted to switch from the P to the V 
ORF. 

This prediction was verified, and in fact, before the paper of Thomas et 
al appeared in print. M. Billeter's laboratory in Zurich, who were studying 
the mutations generated in the various MV genes during persistent 
infections of human brain (known as subacute sclerosing panencephalitis or 
SSPE), independently found that some P gene mRNAs generated from cDNA 
clones made normal sized P proteins whereas others made proteins of only 
half this size. When the various cDNAs were sequenced, the only real 
difference between tham was that those that made the shorter V protein 
contained a single extra G within a short run of Gs, and which was also 
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absent in the genome (Cattaneo et al., 1989). Once it became clear what to look 
for, other examples of G insertions in P gene mRNAs then followed shortly 
(Sendai virus, Vidal et al., 1990a; mumps virus, Paterson and Lamb, 1990; 
bPIV3, Pelet et al., 1991; hPIV3, Galinski et al., 1992; LMPV, Berg et al., 
1992). 

THE MECHANISM OF THE G INSERTIONS 

As mentioned above, poly(A) tail formation of these mRNAs is thought 
to take place by the viral polymerase reiteratively copying the U5-7 stretch 
within the termination sequence at the end of each gene. Since the G 
insertions appear to take place only in the P gene mRNAs and not in the P 
genes (i.e., during transcription but not during genome replication), and 
because there was also some homology between the sequences which precede 
the U5-7 stretch and those of the G insertion site, it seemed reasonable that 
the G insertion could arise by reiterative copying of the short C stretch on the 
genome template at the insertion site (Thomas et al., 1988; Cattaneo et al., 
1989). 

Support for this notion was obtained with Sendai virus (Vidal et al., 
1990a). All paramyxovirions contain a template bound-polymerase and 
purified virions can make mRNA in vitro, however, only for SEN had the 
conditions for efficient mRNA synthesis been worked out. When P gene 
mRNAs made with purified SEN virions were examined and compared to 
those made in vivo, they were found to be "edited" very similarly; 
approximately 25% had a single G insertion, and about 2% had insertions 
which ranged from 2 to 8 Gs. This suggested that the insertiona were due to 
viral proteins. Equally of importance, when the P gene mRNAs were 
expressed from recombinant vaccinia viruses in cells doubly infected with 
SEN, those made from the SEN genome were modified as before whereas 
those made from the vaccinia genome were not modified at all. The inability 
of the insertion activity to act in trans supports the idea that the insertions 
occur during mRNA synthesis, rather than on preformed mRNA. The G 
insertions also do not occur when the mRNA is made in vivo from plasmid 
DNA via T7 polymerase (Curran et al, 1991), nor from an RNA vector which 
uses the Sindbis virus polymerase (U. Gegenmuller and S. Schlesinger, 
unpublished). Sindbis virus, however, is a plus strand RNA virus, uses 
"naked" RNA as template, and does not form poly(A) tails by a stuttering 
mechanism. All these data, of course, are consistent with a co
transcriptional mechanism. 

On the other hand, it is entirely possible that when a portion of the SEN 
P gene containing the editing site is placed in an artificial vector system 
based on another minus-strand RNA virus, such as influenza virus or a 
rhabdovirus, G insertion at this site in the mRNAs will take place. Although 
influenza virus and rhabdoviruses are not known to edit their own mRNAs, 
they nevertheless use a nucleocapsid as template for RNA synthesis, and also 
form poly(A) tails on their mRNAs by stuttering on an oligo(U) stretch. 

A STUTrERING MODEL FOR THE G INSERTIONS 

How, then, would this stuttering or reiterative copying proposed for the 
G insertion take place? The mechanism implies that the viral polymerase 
reiteratively copies one of the three C residues on the Sendai genome template 
(nt 1051-1053). This presumably occurs when the 3' end of the nascent mRNA 
at the insertion site, which is base-paired to the template over a few 
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Fig 2. Polymerase and nascent chain slippage at the editing sites. 
The proposed events at the insertion site for each virus group are shown. The top line in 

each case is the genome, and on ly the consensus sequence is shown, with a dot above 
marking the proposed pause site. The bottom line is the nascent mRNA, with its 3' -OH end 
indicated. Only 7 bp between the mRNA and the template are shown, with normal pairs 
indicated with asterisks, and U:G pairs with 2 dots. The top duplexes show the nascent chains 
at the pause site before slippage, the middle and bottom duplexes after a one and two bp 
slippage respectively. The strength of the arrows indicates the preference of a one or two base 
initial slippage for each group, based on the stabilities of the misalignment intermediates. 
Incorporation after slippage which brings the polymerase back to the pause site leads to the G 
insertions, and incorporation beyond the pause site fixes the events. 

nucleotides, slips backwards or upstream on the template together with the 
polymerase before the next base is incorporated (right side, fig 2). The 
frequency with which the P mRNAs are inserted appears to be tightly 
controlled. For Sendai virus in vivo, 31 +/- 2% of the mRNAs contain a IG 
insertion (5 determinations, Vidal et al., 1990a). It seems reasonable that the 
polymerase would pause at the insertion site, otherwise there would not be 
time for the slippage to occur. RNA polymerases are known to pause during 
transcription on both procaryotic and eucaryotic DNA not only at termination 
sites, but well within the mRNA (von Hippel et al., 1984; Platt, 1986; Reines et 
al., 1987), and pause times of 10 sec to several minutes have been estimated 
(Chamberlin, 1976; Krakow et al., 1976). The reasons for the polymerase 
pausing are unclear, but pausing occurs in vitro even in the presence of high 
NTP concentrations (von Hippel et al., 1984), and for RNA polymerase II the 
pausing is independent of the structure of the nascent mRNA (Reines et al., 
1987). These findings suggest that pausing is an intrinsic property of the 
template at these sites. 

Assuming that the length of the pause is described by a bell-shaped 
curve (fig 3), a plausible mechanism to explain how the frequency of inserted 
mRNAs is controlled can then be based on this distribution. If, for example, 
the average pause time was 10 sec and the minimun time necessary for 
slippage were slightly longer (e.g. 13 sec), then insertions would occur at a 
fixed frequency of less than half. The fraction of mRNAs with G insertions is 
then determined by the fraction of the polymerases which pause longer that 
the time required for slippage, and changes in either of these two parameters 
would alter the frequency of G insertions. Conditions which increase the 
pause, for example, by so limiting the NTP required to continue elongation 
that further incorporation becomes rate limiting (Ruteshouser and 
Richardson, 1989), might then increase the frequency of G insertions. 
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Fig 3. Polymerase pausing and the frequency of G insertions. 
The distribution of the length of the pause at the insertion site (before 

slippage/insertion) for individual polymerases is shown as a bell shaped curve. The vertical 
line within the curve indicates the minimun time necessary for slippage to occur, and the 
shaded area to the right indicates the fraction of polymerases which will insert one or more 
Gs. The difference between the fraction of inserted mRNAs in vivo (31 +!- 2%) and under 
standard conditions in vitro (20 +/-2%) could be due to a difference in either of these 
parameters. The effect of replacing guanosine with inosine (below) is shown as lowering the 
minimun time required for slippage. 

We therefore examined the effect of limiting NTP concentration during 
Sendai virus mRNA synthesis on the frequency of G insertions, using virion 
polymerase reactions. CTP, UTP, or GTP were individually lowered from 1 
mM to 25 flM (and mRNA synthesis decreased about 9-fold), and the 
frequency of G insertions were determined by a cloning/oligonucleotide
typing method (Vidal et al., 1990a) (Table I). ATP was not lowered, since all 
viral RNAs start with ATP and its relatively high Km for synthesis (300 flM) 
reflects initiation rather that internal incorporation. Neither the frequency of 
single G insertions nor that for multiple G insertions were basically different 
from the standard reaction when either CTP or UTP were decreased to 25 flM 
(Table I). When treated as a group, 19.9 +1- 1.7% contained +lG, and 2.6 +1-
0.5% contained >lG. Only when GTP was lowered to 25 flM were significant 
differences apparent, but in an unexpected fashion. The frequency of single G 
insertions was decreased by half, whereas those with multiple G insertions 
were increased 3-fold. The net result, however, was that the total fraction of 
inserted mRNAs varied little, if at all. 

In terms of the stuttering model, we did expect any differences at 25 flM 
UTP, as the first U after the G run is 3 nt downstream on the mRNA (5' 
GGGCA U 3'). Causing the polymerase to wait longer before it can 
incorporate this base should have no effect because it is too far from the 
insertion site. By the same criteria, the lack of any effect at 25 flM CTP 
(5'GGGCAU 3') would argue that if the stuttering mechanism applies, 
stuttering would not take place at the third C on the template, but presumably 
on the first or second C (3' .c.c.CGUA 5'). If this were so, at low GTP there 
might be more time for slippage before the 2nd or 3rd G was incorporated (5' 
G.G.G.CAU 3'), and so the frequency of insertions should increase. This is in 
essence what has occurred, even though the total fraction of inserted mRNAs 
is unchanged. Under standard condition, 1G is aded 18.5% of the time, and 
an average of 6 Gs are added at 2.7%, such that overall an average of 1.6 Gs 
are added when insertions occur. The same calculation when 25 flM GTP is 
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TABLE I. MRNA SYNTHESIS IN VITRO 

Reaction Total Colonies No. GS inserted at nt 1051-1053 Total 
freq. 

conditions Coloniesa examined insertions 
>1 

~ 

Mock 34 34 22 (65%) 9 (26%) 3 (9%) 35% 

Standard 2688 224 174 (78%) 44 (18.5%) 6 (2.7%) 21. 2% 

25 uM CTP 408 170 135 (79%) 32 (18.8%) 3 (1.8%) 20.6% 

25 uM UTP 362 151 112 (74%) ;a (~~I :2il L!1....ll.l. .n...ll 

average + mean 19.9 • 1.7% 2.6 0.5% 22.5%·2.2% 

25 lIM GTP 192 160 128 (80%) 19 (U.8%) 13 (8.1%) 19.9% 

~ 

Mock 10 

Standard 2688 176 130 (73. Bt) 43 (24.4%) 3 (1. 7%) 26.1% 

40t Br UTP 952 167 133 (79.6%) 32 (19.1%) 3 (1. 8%) 20.9\ 

40' rTP 317 176 74 (42%) 67 (3st) 35 (19.8%) 57. Bll 

a , neutral oligo""" colonies 

used shows that an average of 3.6 Gs added when insertions occur. In terms 
of the stuttering model, it would appear that 25 uM GTP is not low enough to 
significantly lengthen the initial pause at the insertion site, and so the total 
fraction of inserted mRNA is unchanged. However, 25 J.lM GTP appears to 
extend the pause after the 1st insertion has occurred, hence a greater 
fraction of the inserted mRNAs contain multiple insertions. These results 
also support the stuttering model in another way. That the frequency of 
insertions is similar in all respects at low CTP or UTP even though 9-fold less 
mRNA is made, is inconsistent with the insertions occurring on mature 
mRNAs; the ratio of insertion activity (viral proteins) to mRNA would be 6 to 
9-fold higher here. 

Stuttering implies that during the polymerase pause at the insertion 
site, the base pairing between the 3' end of the nascent mRNA and its 
template will be broken transiently, for slippage to occur. The precise number 
of these base pairs and their composition would then be important. We 
therefore examined the effect of incorporating base analogs into the mRNA 
chain which alter the strength of these interactions. Inosine (I) incorporation 
in place of guanosine will decrease the stability of the base pairing (and there 
must be at least 1 G:C pair available here for substitution), whereas 5-Br
uridine incorporation will have the opposite effect. Parallel transcription 
reactions were carried out under standard conditions, and in which 40% of 
the UTP was replaced with Br-UTP, or GTP with ITP. 

When the frequency of G insertions in the mRNA were examined (Table 
1), Br-U substitution for U was found to have little or no effect (a 1G insertion 
frequency of 19.1% vs 24.4% for the parallel control, and a >lG insertion 
frequency of 1.8% vs 1.7%). In contrast, inosine substitution for G increase 
the frequency of 1G insertions to 38%, and the multiple G insertions were 10-
fold more frequent now (19.8%). The incorporation of the analogs would have 
two effects; they would alter the stability of the intramolecular pairing 
upstream of the 3' end of the nascent chain, as well as that to the template at 
the 3' end. The absence of an effect when U is substituted with Br-U argues 
that the folding of the nascent chain has little effect on the insertion 
frequency. The effect of substituting inosine for G is then more likely to be due 
to the pairing with the template. In terms of the model in figs 2 and 3, this 
can be viewed as a decrease in the minimun time necessary for the initial 
slippage to occur, as well as subsequent slippages, because it would be easier 
to break the I:C pairs within the polymerase domain. 

131 



THE DIFFERENCE BE'IWEEN THE SENIMV GROUP AND THE 
SV5/MUMPS GROUP mRNA EDITING 

All attempts to show that the insertions can occur on preformed 
mRNAs were negative, and manipulations of the in vitro system can be 
interpreted in a coherent way for the predicted insertion site in terms of a 
stuttering model. The model can account for how the fraction of 1G-inserted 
mRNAs is tightly controlled both in vivo (31 +1-2%), and in vitro under 
standard conditions (20 +1-2%, 4 determinations). Can it also offer any clues 
why 2Gs are inserted at high frequency in SV5 and mumps virus when 
insertions occur, rather than the 1G inserted in Sendai and measles virus? 

An alignment of the demosntrated (or suspected) insertion regions of 11 
paramyxovirus templates is shown in fig 4. They all contain a minimun of 3 
Cs on which the polymerase could pause and slip, but interestingly, the 
length of this C stretch is not well conserved; it varies from 3 to 5 Cs for the 
SENIMV group, and from 4 to 7 Cs for the SV5/mumps group. In addition, 
there is little homology in these alignments downstrean of the C stretch. 
However, the 1st, 3rd and 4th bases upstream of the C stretch are all 
uridines. The consensus sequences 3' UUUUUCCC 5' (SENIMV group) and 
3' AAAUUCUCCCC 5' (SV5/mumps group) are evident. The meaning of the 
longer consensus sequence for the SV5/mumps group is unclear, and may 
only reflect the fact that the viruses in this group are more closely related to 
each other than those in the SENIMV group. 

A global consensus sequence 3' UUYUCCC 5' is also evident, in which 
the Y is a U in those viruses where 1G is inserted, and a C where 2Gs are 
inserted, and it is this difference which may be involved. Fig 2 shows a 
schematic representation of the insertion mechanism for each virus group. 
We do not know which template C is the pause site, nor the number of base 

SEN/MY Group 

SEN gUUUuuuccc 

hPIV3 AUUUUUUccccc 

bPIV3 A U U U U U U C C C C 

(COV) A A U U U U U C C C C 

MY AAUUUUUCCC 

(NOV) 9 A U U 0 U U C C C 

consensus AUUUUUUCCC 
9 A 

SV5/MumPS Group 

G U a U C C 5' 

u U u U C C 5' 

u U c c u U 5' 

G U G U C U 5' 

G U G U C U 5' 

G 9 G U a C 5' 

G U G U C C 5' 
ugncnu 

MUMPS A A A U U C 0 C C C C C eGg C c c U 5' 

SV5 A A A U U cue c C C G u C c c U 5' 

(PIV2) A A A U U cue c c c c c Cue 9 a u U 5' 

(PIV4) A A A U U cue c c c c c u u a u a U 5' 

LPMV A A A U U cue c c c C eGg c u 9 9 5' 

consensus l\ A A U U cue c C C G n C n n U 5' 

global 
consensus UUYUCCC 
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Fig 4. Paramyxovirus P gene editing sites. 
The sequence of the various sites on the genomes or template strands are listed in the 3' 

to 5' direction, with the C stretch on which the insertions occur in the middle. Lower case 
letters indicate poor conservation, upper case letters indicate better conservation, and upper 
case and bold letters indicate complete conservation. The asterisk shows the pyrimidine 
residue which differentiates the SENIMV and SV5/mumps groups; n refers to any base. 
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pairs between the nascent chain and the template. However, we would expect 
the latter to be limited to the minimum in this region, to facilitate the 
transient melting required for slippage. The model was originally 
demonstrated (Vidal et al., 1990b) with 4 bp starting at the middle C of the 
sequence 3' UUYUCCC 5' to accomodate the proposed NDV editing sequence 
(3' UUQUUCCC 5', (Cattaneo et al., 1989; Paterson et al., 1989» which is 
likely to be the incorrect one. The NDV sequence 3' UUlIUUCCC 5' also exists 
nearby, and is more likely to be the corect one. The model in fig 2 usesthe 
extended consensus sequence of each group, with 7 bp in each case and the 
polymerase paused on the penultimate C of the C stretch. There is 
presumably some pressure following the pause to displace the nascent chain 
upstream. For SV5/mumps, displacement upstream by 1 bp is unstable as it 
includes and A:C pair, whereas displacement by 2 bp creates a more stable 
intermediate. For the measles/Sendai group, on the other hand, an A:U 
rather than an A:C pair occurs at this position upon displacement by a single 
bp, and this intermediate is more stable than that obtained on a shift of 2bp. 
Thus, the relative stabilities of the 1 and 2 bp misalignment intermediates for 
each virus could determine whether 1 or 2 Gs are inserted at high frequency 
when insertions occur. In the case of the SV5/mumps virus group, we note 
that once the initial 2 base slippage has occurred to avoid the unfavorable A:C 
pair, further rounds of slippage (when they occur) would now proceed one 
base pair at a time, as there are no further possiblities for forming A:C pairs. 
The distribution of G insertions in the mumps virus mRNAs has recently 
been determined (Paterson and Lamb, 1990, see fig 5) and fits nicely with this 
prediction. 

A mechanism with many similar features has recently been proposed to 
account for the repeate TTGGGG sequences in Tetrahymena telomers 
(Greider and Blackburn, 1989). These are added by a telomerase which 
contains a RNA template for this sequence within a larger chain. What is 
similar here is that the enzyme is proposed to pause on the template and then 
slip 6 nt upstream, and this distance is determined by the base pairing to the 
template. 

DIFFERENCES BE'IWEEN THE INITIAL AND SUBSEQUENT ROUNDS OF 
SLIPPAGE 

Once the initial one or two base slippage/insertion has occurred, a 
second round is somehow avoided so that the 1 or 2 G insertions predominate. 
This could occur by the initial insertion(s) relieving the polymerase pause, in 
contrast to what would happen during polyadenylation. However, for Sendai 
virus, the initial insertion apparently fails to relieve the pause some of the 
time, as 7% of the mRNAs in vivo contain multiple G insertions, as do 2% of 
those made in vitro. When twelve >1G inserted mRNAs were first examined 
(Vidal et al., 1990a), those with +2Gs did not predominate as expected, but 
mRNAs with +2 to +8 Gs inclusive were found. If the multiple G insertions 
arose by simple repetition of single G insertions, one would expect a 
distribution in which +2Gs > +3Gs > +4Gs, etc. A larger number of these 
mRNAs made in vitro has also been examined, and their distribution is not 
dissimilar (Vidal et al., 1990b). What is striking here is that 12 Gs are as 
likely to be incorporated as 2 Gs when multiple insertions occur. This 
distribution suggests that in these cases the initial insertion has not only 
failed to relieve the pause, but may rather have increased it. In this respect, 
the G insertion mechanism would approach the polyadenylation process, 
where the pause is presumably much stronger, and can only be relieved by 
chain termination. However, we have not seen any evidence for chain 
termination at the insertion site under any conditions, using RNase 
mapping. 
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BOVINE PARAJNFLUENZA VIRUS TYPE 3, THE EXCEPTION THAT 
STRENGTHENS THE RULE 

A remarkable feature of the paramyxovirus editing mechanism is that 
for each virus group, the requisite number of Gs are added at high frequency 
to provide access to the alternate downstream ORF, i.e., 2Gs are added in the 
SV5/mumps group to go from V to P and mRNAs with only 1G inserted are 
very rare, whereas +lG is the predominant event for the SENIMV group to go 
from P to V. This is best illustrated by comparing figs 1 and 5. 

PIV3 (parainfluenza virus type 3) is closely related to SEN and MV, but 
is slightly more complicated. The P gene sequence of both the human (h) 
(Spriggs and Collins, 1986; Galinski et at., 1986; Luk et at., 1986) and bovine 
(b) (Sakai et at., 1986) viruses are known, and these contain one more ORF 
(called D). The D ORF follows shortly after that of C, in the same reading 
frame as C (fig 1). On the basis of sequence comparisons, Cattaneo et at (1989) 
suggested 2 editing sites for hPIV3, both of which would favor single base 
slippages according to the above rule. Insertions at the first site (site a) 
cannot produce a functional V mRNA for hPIV3, as there are several stop 
codons between this site and the cys-rich domain. However, as 2G insertion 
here would give rise to a mRNA which has fused the N-terminus of P to 131 
amino acids of the D ORF. A second insertion site (site b), ca. 300 nt 
downstream and at the same relative location as the site which operates in 
MV and SEN, lies downstream of the stop co dons and can produce a 
functional V mRNA. hPIV3 would then appear to use two insertion sites; the 
first to express the D ORF exclusively, and the second for V. 

The P gene of bPIV3 is organized identically to that of hPIV3 and 
contains the same two putative insertion sites (fig 1). However, there are no 
stop codons between the first site and the cys-rich domain of the V ORF. This 
creates the very unusual situation where a block of 320 nt can potentially be 
expressed in all 3 reading frames. As it is unlikely that such a situation 
would exist by chance, this suggests that the first editing site will be used to 
express both the V and D proteins (fig 1). Moreover, if the second site also 
operates in bPIV3, there could potentially be 3 different forms of V as well as 
multiple forms of P. 

A primer extension method was used to quantitate the fraction of 
mRNAs with insertions, and the distribution of the number of bases inserted 
(Pelet et at., 1991). Examination of the bPIV3 mRNAs indicated that site b 
was non-functional, whereas site a operates frequently. Moreover, the 
distribution of G insertions at site a were remarkably broad; from 1 to 6 Gs 
were added with virtually equal frequency (fig 5). Insertions at site a can then 
give rise to both V and D protein mRNAs, because a very broad distribution of 
Gs are added when insertions occur. This broad distribution is very different 
from the editing sites of Sendai virus or SV5, where predominantly one form 
of edited mRNA containing either a 1 or 2G insertion respectively is created, 
to access the single overlapping ORF of these latter viruses. 

Although SEN, MV, and bPIV3 all insert Gs within the common 
sequence 5'AAAAAGGG, bPIV3 does this somewhat differently, and there is 
a plausible mechanism for how this could occur in the stuttering model. In 
this model, the polymerase would pause after incorporating the second G at 
the editing site (top line, fig 6). In some cases, the pause would be too short for 
the base pairing between the 3' end of the nascent mRNA and the template to 
be broken. Here the polymerase would continue on, whitout creating 
insertions. When the pause is long enough, the base pairing is transiently 
interrrupted, and there is some pressure to move the 3' end of the mRNA 
upstream. For bPIV3 the pause would presumably be longer than for SEN, as 
65% of the bPIV3 mRNAs are inserted versus 25% for SEN. However, once 
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Fig 5. Distribution of G insertions in various paramyxoviruses. 
The distribution of the number of Gs inserted in the indicated paramyxovirus P gene 

mRNAs is shown as a bar graph. The mumps virus data is from Paterson and Lamb, 1990, 
and was determined by sequencing 54 mRNA clones. The Sendai and bPIV3 data is from 
Pelet et aZ., 1991, and was determined by a primer extension method directly on the mRNA 
population. Zero Gs inserted refers to the unedited mRNA. 
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Fig 6. A model to explain the different frequencies of multiple G insertions for SENIMV and 
PIV3. 

The polymerase pauses after adding the second G to the mRNA (in bold, bottom line of 
top duplex), and the mRNA slips one base upstream, creating a single G:U pair (double dots). 
The length of the pause determines the total fraction of mRNAs with insertions, and 
presumably the pause is stronger for bPIV3 than for SEN. Addition of the pseudotemplated G 
brings the polymerase back to the pause site (the template C with dot above), creating a single 
base insertion (underlined). For SENIMV, the pause is presumably eliminated at this point, 
the next truly templated G is added, and the polymerase continues in a strictly processive 
mode. For PIV3, the pause is not eliminated. Because the G:U pair makes it easier to break 
the bonds between the mRNA and the template for slippage to reoccur, multiple rounds of 
slippage and insertion are favored, and a large majority of the mRNAs with insertion 
contain multiple insertions. After about 6 rounds, the probability that the pause is eliminated 
eventually increases, or the process ceases as oligo G formation becomes self-limiting. 

the initial round of slippage/insertion(s) has occurred (2n and 3rd lines, fig 
6), the polymerase is back to the same position as before, except that one G:U 
pair has been formed in the misalignment. A second round is then favored if 
nothing else has changed, since it should be easier to break the new base 
pairs for slippage to recur. Nevertheless, both in vivo and in vitro, 80% or 
more of SEN mRNAs which contain insertions have inserted only a single G. 
For IG insertions to predominate, something else must have changed when 
the polymerase returns to the pause site after the initial events, to prevent a 
the polymerase returns to the pause site after the initial events, to prevent a 
second round. For example, protein modification of the polymerase or 
template could have occurred during the first round, which eliminates the 
pause. It is apparently this something else wich has failed to occur in large 
part during bPIV3 mRNA editing, because hare insertions of >lG are now 
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more than 5 times as frequenct as those with only 1G. Somewhat similar 
situations can be created with SEN in vitro, by altering reaction conditions 
which are thought to either extend the pause, or decrease the time required 
for slippage to occur (Vidal et al., 1990b). For example, lowering the GTP 
concentration during mRNA synthesis does not appear to extend the initial 
pause at the insertion site, but does appear to extend the subsequent pauses. 
This suggests that the initial and subsequent pauses operate somewhat 
differently. Moreover, partial replacement of GTP with ITP during synthesis 
only doubles the frequency of mRNAs with 1G insertions, whereas those with 
>1 G insertion increases 10-fold. 

CONCLUSIONS 

Paramyxovirus mRNA editing, like ribosomal frame shifting of 
retroviruses (Jacks and Varmus, 1985) or coronaviruses (Brierley et al., 1987, 
1989), appears to be composed of two parts; a pause, and a slippery sequence 
which allows for alternate base pairing (Brierley et al., 1989). The slippery 
sequence of paramyxoviruses (3'UUYUCCC) is fairly clear. However, the 
counterpart to the downstream template structure which causes ribosomal 
pausing is difficult to even guess at. DNA dependent RNA polymerases have 
long been known to pause in the middle of genes (Chamberlin, 1976; von 
Hippel et al., 1984; Platt, 1986), and although there is some evidence that this 
is due to an intrinsic property of the template (Reines et al., 1987), its nature 
is equally unclear. Further progress in this form of mRNA editing will 
require some understanding of the nature of the pause. Moreover, the 
reasons why some viruses have chosen to express alternate downstream 
ORFs via ribosomal frame shifting, whereas other have chosen "polymerase 
frame s hifting" , remains obscure. 

The G insertions do not represent mRNA editing in a strict sense, as the 
mRNA has not been altered after its synthesis. However, it is a form of 
editing in that it results in a specific change of the mRNA relative to its 
template which is important for translation. Compared to the "true" forms of 
editing which take place after synthesis of the transcript, the stuttering 
mechanism is clearly different. 
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