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GUG Codon To Start Its C' Proteint
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Parainfluenza virus type 1 (PIV1) and Sendai virus (SEN) are very closely related, but the PIVI P/C gene

does not contain the ACG codon which initiates the SEN C' protein. Nevertheless, a protein corresponding to
the PIV1 C' protein was observed both in vivo and in vitro. The initiation site of this protein maps upstream
of the PIV1 C protein AUG in a region that does not contain an AUG codon. We have used site-directed
mutagenesis to demonstrate that the PIV1 C' protein initiates from a GUG codon, four codons upstream of
where the ACG is found in SEN. Remarkably, this GUG appears to initiate in vivo almost as frequently as AUG
in the same context. However, whereas GUG permits downstream expression of the P and C proteins, AUG in
this context does not. The conservation of an upstream non-AUG initiation codon for C' among PIV1 and SEN
suggests that it is important for virus replication, even though some paramyxoviruses express only the C
protein and others have no C open reading frame at all.

Human parainfluenza virus type 1 (PIV1) and Sendai virus
(SEN) are very closely related paramyxoviruses, only
slightly less closely related than human and bovine PIV3.
Although originally isolated from young infants (16), SEN is
also endemic in mice and is sometimes referred to as murine
PIV1. Together, these four viruses form one related group
within the paramyxovirus genus, whereas simian virus 5,
PIV2, PIV4, and mumps virus form another group (14).
The sequences of the PIV1 NP (17, 19), P/C (18), F (21),

and HN genes (10, 20) have recently been determined. The
P/C gene was of particular interest, because this gene of
SEN expresses multiple proteins by using two overlapping
open reading frames (ORFs), alternate initiation codons, and
edited mRNAs (5, 6, 27) (Fig. 1). The PIV1 and SEN P/C
genes are very similar. In both cases, the first AUG starts the
P protein of 568 residues and the second AUG starts the C
protein of 204 residues in the + 1 frame relative to P.
However, the PIV1 P/C gene has several distinctive fea-
tures. For example, an ORF which codes for a protein
designated V, which was thought to be a common feature of
paramyxoviruses and morbilliviruses, cannot be expressed
in PIV1 because it is interrupted by no fewer than nine stop
codons, and a site for G insertion or editing, which is
necessary for production of the V mRNA, is absent as well
(18). In addition, whereas the SEN P/C gene uses first an
ACG codon and then three successive AUG codons to start
a nested set of four related C proteins, designated C', C, Y1,
and Y2 (5, 6, 11), the PIV1 P/C gene has maintained only the
AUG for the C protein. Nevertheless, when a plasmid-
derived PIV1 P/C gene mRNA was translated in vitro, two C
proteins were clearly identified. In this study, we have used
site-directed mutagenesis to investigate the mechanism of
initiation of the second C protein, designated C', of PIV1.
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PIV1 C' protein initiates from a GUG codon. Two PIV1 P/C
clones, 11-26 and 10-56, were originally sequenced (18).
They were found to be identical, except that 11-26 was 82
nucleotides (nt) longer at its 5' end and contained 74 nt
before the P protein AUG start codon. The 5' end of clone
10-56 began between the P and C protein AUGs, which are
very well conserved between PIV1 and SEN, within the
common sequence 5'CCGNAUGGAUCARGAUGCC.
When mRNA derived from clone 11-26 (designated wt in
Fig. 2A) was translated in a wheat germ extract, three major
products were seen (Fig. 2): the putative P protein with an
electrophoretic mobility slightly less than that of its SEN
counterpart, and two bands which migrated in the range of
the SEN C' and C proteins (comparisons not shown).
Immunoprecipitation with specific antibodies confirmed the
identities of the in vitro-made proteins (Fig. 2B). The same
two bands are found on Western blots (immunoblots) of
PIV1-infected cell extracts developed with polyclonal anti-
serum to the SEN C proteins (not shown). We expected this
antiserum to cross-react with the PIV1 C proteins, as resi-
dues 77 to 204 of these sequences are 88% identical. Both in
vivo during natural infection and in vitro, C' is the predom-
inant C protein in PIV1, whereas the opposite is the case for
SEN (5, 6).
When clone 10-56 mRNA was translated in vitro, C

protein (but not P protein) was made as expected but there
was no evidence that C' was made (not shown). These
results indicated that the two PIV1 C proteins were not due
to partial posttranslational modification of a single protein.
Rather, the PIV1 gene also appeared to code for C', initiated
upstream within the 82 nt missing from the shorter mRNA.
Inspection of this sequence showed no suitable ACG codon
as found in the SEN sequence (Fig. 1). However, there was
a GUG codon in an excellent context for ribosomal initiation
(ACAGUGG), four codons upstream from where the ACG is
found in SEN. To examine whether this GUG was respon-
sible for the C' protein initiation, we used site-directed
mutagenesis to change it to GCG (C' GCG, which has never
acted as an initiation codon in the SEN P/C gene [6]) as well
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FIG. 1. Schematic representation of the P/C gene mRNAs of SEN and PIV1. The mRNAs are represented as horizontal lines whose 5'

and 3' ends are indicated. Hatched boxes (above the line) refer to the P ORFs; open boxes (below the line) refer to the various C ORFs. Each
C ORF attached directly to the mRNA line represents an independently initiated protein. The V ORF of SEN (black box) is shown not
attached to the mRNA line, as it is translated only in edited mRNAs which contain the +1G insertion. The initiation sites are indicated by
letters, and the numbers refer to amino acid positions; for the C proteins, the AUG starting the C protein is set as number 1. The sequence
surrounding the initiation sites of the PIV1 C', P, and C proteins is shown below its mRNA. The initiation codons are underlined, and the
two point mutations changing the GUG start codon are indicated. The horizontal arrows above the sequence indicate a possible stem-loop
structure downstream of the C' GUG, which is predicted to have a free energy of -14 kcal/mol (ca. -59 kJ/mol).

as to AUG (C' AUG). When the plasmid-derived mRNAs
were translated and their products were compared with
those of the wild-type construct (Fig. 2), the results were
entirely consistent with this hypothesis. C' AUG mRNA
made essentially only C'. The bands just above C' and C
(unmarked in Fig. 2) are likely to be posttranslationally
modified forms of these proteins, as a similar situation
occurs for SEN (5, 6). Initiation from the downstream AUGs
for P and C is extremely inefficient in C' AUG, presumably
because the new upstream AUG was nonleaky for scanning
ribosomes. The C' GCG mRNA, on the other hand, made no
C' protein but did make enhanced amounts of P and C,
presumably because the GUG-to-GCG change allowed more
ribosomes to scan downstream. Immunoprecipitation with
specific antibodies again confirmed that these translation
products contained the appropriate sequences (Fig. 2B).
To examine the start codon usage in vivo, the wild-type

and mutant constructs were transferred to the cytomegalo-
virus-promoted vector pSC (12a), expressed in COS cells,
and protein levels were estimated by immunoprecipitation
(Fig. 3 and Table 1). The results were very similar to those
found in vitro. C' AUG made slightly more C' than wild-type
mRNA but virtually eliminated the downstream P and C
initiation, whereas C' GCG eliminated C' synthesis and
increased P and C synthesis. Clearly, the PIV1 C' protein
initiates from this GUG codon and contains 15 residues in
addition to the 204-amino-acid C protein.
Use of non-AUG start codons. Non-AUG ribosomal initia-

tion codons are still relatively rare, but their list is steadily
increasing. For eucaryotes, ACG is used in both adeno-
associated virus (2) and SEN (6, 11) as well as in a form of
phosphoribosylpyrophosphate synthetase (26); CUG is used

in murine retroviruses (murine leukemia virus) (22) and the
cellular proto-oncogenes myc (12), int-2 (1), and pim-1 (24)
as well as in basic fibroblast growth factor (8, 23) and the Itk
receptor tyrosine kinase (3); and GUG has recently been
reported to initiate drosophila choline acetyltransferase (25)
and is now demonstrated to be utilized in PIV1.
Kozak (15) has examined six potential non-AUG initiation

codons in vivo by using them to replace the AUG of model
mRNAs such as chloramphenicol acetyltransferase or pre-
proinsulin. Of these, only GUG worked to any extent, but
only at 3 to 5% of the level of AUG. She has argued that
initiation at non-AUG codons in vivo is necessarily ineffi-
cient, as is the case with AUG start codons in poor contexts,
and that results in vitro showing relatively efficient use of
these codons are probably artifactual. Since then, however,
Saris et al. (24) have reported that the upstream CUG in the
pim-1 mRNA is used at about 50% of the efficiency of AUG
in the same context in COS cells, and the results in Fig. 3 and
Table 1 show even higher efficiencies for the PIV1 GUG
(also in COS cells). To determine whether this remarkably
high efficiency was peculiar to the expression system used,
the wild-type and C' AUG pGEM constructs of Fig. 2 were
also expressed by transfection in BHK cells, and T7 poly-
merase was provided with a recombinant vaccinia virus (9).
When the protein gel of the immunoprecipitated products
was quantitated (Table 1, experiment 2), we found essen-
tially the same results. Replacing this GUG with AUG led to
only a marginal increase (<10%) in C' expression but
nevertheless again effectively eliminated downstream
expression of P and C. The high efficiency of this non-AUG
start site is thus the same, even when estimated in very
different expression systems.
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FIG. 2. Translation of wild-type and mutant mRNAs in vitro.
Polymerase chain reaction was used to introduce base changes into
the pGEM4 PIV1 P/C wild-type clone (13). Briefly, the upstream
25-mer message-sense primer was the mutagenic oligonucleotide
and corresponded to nt 36 to 52 of the sequence (18), except for the
single base change plus a 5' dangling Sacl restriction site. The
downstream primer was a 14-mer corresponding to nt 123 to 136
(antisense strand) 10 nt downstream of a naturally occurring BamHI
site. The fragments amplified by polymerase chain reaction were
digested with Sacl and BamHI and used to replace the same
fragment of pGEM4 PIV1 P/C to create pGEM C' AUG and GCG.
(A) pGEM PIV1 P/C wild type (wt), C' AUG, and C' GCG were

transcribed in vitro, and an equal amount of mRNA (50 ng) was

translated in a wheat germ extract in the presence of [35S]methio-
nine. One-fifth of each reaction was analyzed directly on a 12.5%
polyacrylamide gel. (B) Immunoprecipitation of the proteins ex-
pressed by the wild-type (wt), C' GCG, and C' ATG mRNAs. Lane
m, control reaction in which no mRNA was added to the wheat germ
extract. One-fifth of each reaction was incubated with either a SEN
C and C' antiserum (Anti C) or a PIV1 antiserum to whole virus
(Anti P). Antigen-antibody complexes were recovered and resolved
on a 15% (Anti C) or 12.5% (Anti P) polyacrylamide gel.

In contrast, when the C' ACG start codon in SEN was
changed to AUG, C' expression increased sevenfold (5), and
replacing the ACG of SEN with GUG also led to a modest
(twofold) improvement in the efficiency of C' expression
(20a). GUG then appears more efficient than ACG for
ribosomal initiation, a finding consistent with previous stud-
ies (15). mRNAs designed to use non-AUG start codons at
high efficiency, moreover, may contain additional elements
which are important. Kozak (15a) has shown that the intro-
duction of a modest secondary structure (a stem-loop with a
free energy of -19 kcal/mol [ca. -79 kJ/mol]), when judi-
ciously positioned downstream, can significantly increase
expression from non-AUG codons. There is, in fact, a
modest secondary structure (-14 kcallmol [ca. -59 kJ/mol],
indicated in Fig. 1) which begins 10 nt downstream of the
PIV1 GUG, and this may also contribute to the efficiency of
utilization of this GUG. However, we note that while these
putative elements may allow this GUG to initiate almost as
frequently as an AUG in the same context, the PIV1 GUG is
much less efficient at preventing ribosomes from scanning
downstream. Similar results were also noted by Mehdi et al.
(20a) when they replaced the ACG in SEN with CUG and
GUG. We have no plausible explanation of this apparent
uncoupling of initiation efficiency and leaky scanning within
the present view of ribosomal initiation. Moreover, it is
unclear whether this apparent uncoupling is peculiar to
non-AUG start sites.
Paramyxovirus C protein(s). Little is presently known

Anti P Anti C
FIG. 3. Expression of wild-type and mutant P/C genes in vivo.

The P/C genes of the wild-type (wt), C' AUG, and C' GCG pGEM
constructs were subcloned into pSC (12a), and 5-,ug samples of these
plasmid DNAs were transfected into parallel 5-cm dishes of COS
cells (4). As a control, one culture was mock transfected (lanes m).
All the cultures were labelled with 150 p.Ci of [355]methionine for 1
h at 60 h posttransfection. Cells were disrupted by sonication in
radioimmunoprecipitation assay buffer containing 2% sodium dode-
cyl sulfate and 1% 2-mercaptoethanol, and one-half of each sample
was immunoprecipitated with either polyclonal antiserum to the
SEN C proteins or a mixture of two monoclonal antibodies to the
PIV1 P protein.

about the paramyxovirus C proteins, except that they are
uniformly basic and very underrepresented in virions (7).
Moreover, in some viruses only a single protein is apparently
generated from this ORF, whereas other viruses have no C
ORF at all (14). The C proteins therefore cannot provide an
essential function that is common to all members of this
family. Nevertheless, the fact that many of these viruses
have conserved this ORF suggests that it plays an important
role when it is present. Similarly, the finding that the PIV1
P/C gene has not conserved the ACG which initiates C,' in
SEN but uses a GUG codon four codons upstream instead
suggests that the presence of a non-AUG start codon in this
gene is important in some respect for viral replication.

TABLE 1. Relative synthesis from mutant and wild-type
mRNAs in vivo

Experiment Relative activity" of:
(plasmid) and
mRNA C' P C

Expt 1 (pSC)b
Wild type 154 100 10
C'AUG 168 2 1
C'GCG 3 219 106

Expt 2 (pGEM)C
Wild type 122 100 22
C'AUG 129 + 7 4 + 2 3 ± 1

a In both experiments, the amount of radioactivity in the P protein band of
the wild-type construct was set at 100, and all other values are given relative
to this.

b Values were determined by densitometry from the results in Fig. 3.
c The pGEM constructs were expressed by transfection in BHK cells

superinfected with vTF7-3 (9). The proteins were labelled with [35S]methio-
nine and immunoprecipitated as described for Fig. 3. Radioactivity was
quantitated by a Phosphorimager. Each value for C' AUG is the average and
range of two determinations carried out in separate but parallel transfections.
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On the basis of other instances where non-AUG start
codons are used, there appear to be two rationales for this
situation. In some cases, the upstream non-AUG start codon
is used to create a functionally distinct form of the protein.
For example, in murine leukemia virus, the N-terminally
elongated form of the gag protein (initiated by CUG) con-
tains a signal sequence which targets it to the cell surface in
an uncleaved form, whereas the AUG-initiated gag protein
remains in the cytoplasm and is processed (22). Alterna-
tively, the upstream non-AUG might be used to downregu-
late expression from downstream AUGs (12); for PIV1 and
SEN, this would include the essential P protein (4). Here, a
functionally distinct form of the protein would not be rele-
vant. At present, we have no information on whether C' and
C have distinct subcellular localizations, as there is no
antiserum that can distinguish them available as yet. How-
ever, we have recently found that the SEN C protein(s)
strongly inhibits viral transcription (unpublished data) but
not replication (4). It is therefore now possible to determine
whether C' and C have distinct properties, at least in this
respect. The fact that the C' protein is expressed far more
abundantly than C for PIV1, whereas the opposite is true for
SEN, can be reconciled more easily with the notion that they
represent distinct but common forms of the same function.
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